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Abstract
Asthma is a chronic disease with typical pathological features such as airflow limitation, airway inflammation and 
remodeling. Of these, neutrophilic asthma is considered to be the more severe and corticosteroid-resistant subtype 
of asthma. Increasing evidence suggests that patients with neutrophilic asthma often accompany with dysbiosis of 
the internal microbiota, where the increased abundance of non-typeable Haemophilus influenzae (NTHi) is closely 
related to the neutrophilic asthma phenotype. Furthermore, emerging evidence suggests that reactive oxygen 
species (ROS) are pivotal in the pathogenesis of neutrophilic asthma. In this study, matrix metalloproteinase-9 
(MMP-9)-responsive, catalase-loaded nanogels (M-CAT-NGs) were synthesized, which was composed of MMP-9-
sensitive peptide (VPMS), arginine-grafted chitosan and maleimide (CS-Arg-Mal), catalase (CAT), sodium citrate 
(SC) and ε-poly(L-lysine) (ε-PLL). The M-CAT-NGs showed potent antimicrobial effects and exerted excellent 
therapeutic effects in the presence of MMP-9 by causing VPMS rupture and responsive release of CAT. In vitro 
experiments revealed that M-CAT-NGs effectively inhibited the proliferation of NTHi, Staphylococcus aureus (S. 
aureus), and Escherichia coli (E. coli), while also demonstrating the capacity to modulate the inflammatory response 
induced by lipopolysaccharide (LPS) and hydrogen peroxide (H2O2) stimulation. In vivo experiments demonstrated 
that nebulized inhalation of M-CAT-NGs was effective in reducing airway hyperresponsiveness (AHR), alleviating 
inflammation, downregulating the expression level of ROS in the lung tissues, thus enabling the effective 
management of neutrophilic asthma. Thus, the development of M-CAT-NGs has shown strong potential for the 
clinical management of neutrophilic asthma by modulating the inflammatory response.
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Introduction
Asthma is a chronic, heterogeneous disease marked by 
persistent airway inflammation triggered by environ-
mental factors and allergens. The intricate interplay 
between genetic predisposition and environmental expo-
sures has positioned asthma among the most challeng-
ing non-communicable diseases globally [1, 2]. Asthma 
is typically characterized by symptoms including cough-
ing, wheezing, chest tightness, and breathlessness [3, 4]. 
Inhaled corticosteroids (ICS) and bronchodilators remain 
the current mainstay of clinical treatment of asthma and 
can alleviate symptoms in most patients, but even with 
high doses of ICS and/or long-term oral corticosteroids 
(OCS), approximately 5–10% of asthma patients still 
experience no improvement in symptoms [5–7]. Studies 
have shown that these patients typically exhibit a mark-
edly elevated neutrophil percentage, demonstrate resis-
tance to corticosteroid therapy, and suffer from a severe 
disease course associated with high hospitalization and 
mortality rates. This form of asthma, often triggered by 
infections, is referred to as neutrophilic asthma [8, 9]. 
Currently, there are no recognized therapeutic strategies 
for neutrophilic asthma. Therefore, it is crucial to foster 
the development of innovative therapeutics and strate-
gies aimed at addressing neutrophilic asthma.

Neutrophilic asthma has been associated with a dis-
ruption in the balance of the pulmonary microbial eco-
system [10–13]. In particular, an elevated abundance of 
potentially pathogenic Proteobacteria (e.g., nontypeable 
Haemophilus influenzae (NTHi)) is closely linked to the 
manifestation of a severe neutrophilic asthma phenotype 
[14–16]. NTHi strains are infrequently associated with 
diseases beyond the respiratory tract and are regarded as 
primary pathogens of the respiratory mucosa. These bac-
teria can impair ciliary function and interact with mucus, 
facilitating their adhesion to the mucosal surfaces of the 
respiratory tract [17, 18]. NTHi has excellent ability to 
evade mucosal immunity and invasion, and can enter 
local respiratory tract tissues, survive within cells, and 
colonize within the respiratory tract [19]. Meanwhile, 
reactive oxygen species (ROS) are produced abundantly 
in neutrophils and macrophages and continue to be 
produced with NTHi infection [20]. High levels of ROS 
can further activate some inflammatory pathways, lead-
ing to the increase of inflammation levels in vivo [21]. 
Therefore, antibacterial therapy and modulation of the 
inflammatory response are very necessary for the man-
agement of neutrophilic asthma. In addition, researches 
have demonstrated that within the microenvironment of 
respiratory diseases, the concentration of matrix metal-
loproteinase-9 (MMP-9) mainly secreted by neutrophils 
and macrophages is higher than that in the normal envi-
ronment [22]. MMP-9 can further lead to sustained neu-
trophil recruitment and exacerbate asthma symptoms by 

disrupting normal alveolar structure and promoting air-
way inflammation, mucus production and airway remod-
eling [23, 24]. Therefore, ROS and MMP-9 represent 
crucial therapeutic targets in the management of neu-
trophilic asthma, and nanomedicines can be reasonably 
designed based on ROS and MMP-9 to treat neutrophilic 
asthma.

Oxidative stress is intricately associated with the patho-
genesis of asthma, playing a pivotal role in the develop-
ment of airway hyperresponsiveness, airway remodeling, 
neutrophilic inflammation and the emergence of corti-
costeroid resistance [25]. Oxidative stress is commonly 
recognized as a signaling mechanism for many cellular 
processes, including proliferation, senescence, differ-
entiation, signaling, transcription factor activation, and 
apoptosis [26]. As pro-oxidants, ROS contain hydroxyl 
radicals (·OH), superoxide anion (·O2

−), and hydrogen 
peroxide (H2O2), etc. ·O2

−, one of the most common 
ROS, can be very rapidly converted to H2O2 and O2 by a 
reaction catalyzed by superoxide dismutase (SOD) [27]. 
Under the catalysis of eosinophil and neutrophil per-
oxidases, H2O2 interacts with halides to form hypoha-
lites, hypobromous acid (HOBr), and hypochlorous acid 
(HOCl), which then damage epithelial cells and promote 
the onset and development of asthma [28]. Therefore, 
scavenging H2O2 and thus reducing the accumulation 
of ROS in vivo is essential for the treatment of asthma. 
Catalase (CAT), the most abundant antioxidant enzyme 
in the body, is commonly found in the liver, alveolar epi-
thelial cells, and erythrocytes, and serves as the most 
efficient catalyst for the decomposition of H2O2 [29]. 
However, native CAT is typically characterized by inher-
ent instability and a remarkably brief half-life in vivo. 
Recently, scientists have increasingly turned to nanotech-
nology as a means to safeguard CAT, enabling its stable 
delivery to diseased tissues where it can exert its thera-
peutic effects [30].

It was reported that positively charged Chitosan (CS) 
not only exhibited antibacterial effects but also interacted 
with negatively charged mucoproteins in tracheal mucus, 
thereby prolonging the retention time of drugs on the 
mucosal surface [31]. The antibacterial activity could be 
further enhanced by modifying the side chains of CS with 
L-arginine (Arg). Arg could exert antibacterial activity by 
altering membrane permeability through proton motive 
force interference and inducing intracellular acidifica-
tion [32]. In view of the pathophysiological mechanism 
of the increased expression of MMP-9 in the lung tissues 
of patients with neutrophil asthma, we selected MMP-
9-sensitive peptide (Ac-GCRDVPMS↓MR GGDRCG 
(VPMS, Figure S1) as one of the components for the syn-
thesis of nanogels. In addition, 3-maleimidopropionic 
acid N-hydroxysuccinimide ester (Mal) provided cross-
linking sites between CS-Arg and VPMS, while sodium 
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citrate (SC) engaged in ionic interactions with CS-Arg, 
serving a physical cross-linking function. Besides, ε-PLL 
exerted its bactericidal effects through two primary 
mechanisms: (i) The cationic properties of ε-PLL enable 
electrostatic interaction with negatively charged bacte-
rial membranes, compromising membrane integrity and 
inducing cytoplasmic leakage; (ii) It disrupts critical met-
abolic processes, ultimately inhibiting bacterial growth 
and proliferation [33]. Furthermore, CAT could exert its 
potent antioxidant effects through a highly efficient cata-
lytic mechanism. The enzyme’s heme prosthetic group 
(Fe³⁺-protoporphyrin IX complex) directly decomposes 
cytotoxic H2O2 into water and molecular oxygen, making 
it one of nature’s most efficient antioxidant systems [34]. 
Therefore, we built MMP-9-responsive, catalase-loaded 
nanogels (M-CAT-NGs) through ionic crosslinking and 
chemical conjugation (Scheme 1), which consisted of Arg 
and Mal grafted CS (CS-Arg-Mal), CAT, VPMS, SC and 
ε-PLL. The M-CAT-NGs were designed to possess the 
following advantages: (1) protecting CAT from degra-
dation and improving bioavailability in vivo; (2) MMP-9 
responsiveness, which could release CAT in response to 
the asthma environment, while reducing the content of 
MMP-9 and improving the treatment effect; (3) excellent 
antimicrobial properties and the ability to inhibit bacte-
rial infections in asthma environments due to the pres-
ence of Arg and ε-PLL; (4) excellent ROS scavenging 
ability, which could regulate the inflammatory response 

and improve the inflammatory state. Nebulized inhala-
tion of M-CAT-NGs could significantly reduce airway 
hyperresponsiveness, alleviate the inflammatory state 
and achieve a significant therapeutic effect on neutro-
philic asthma mice. The adoption of this strategy has 
demonstrated promising potential in the management 
of neutrophilic asthma, paving the way for the clini-
cal application of polymer-based nanomedicines in its 
management.

Materials and methods
Materials and agents
CS, Arg, 2-(N-morpholino)ethanesulfonic acid (MES) 
monohydrate, N-(3-(dimethylamino)propyl)-N′-
ethylcarbodiimide hydrochloride (EDC·HCl), N-hydroxy-
succinimide (NHS), Mal-NHS, ε-PLL, albumin from 
chicken egg white (OVA), amikacin disulfate and sodium 
citrate were provided by Aladdin Reagent. Aluminum 
hydroxide (Al(OH)3), CAT and acetyl-β-methylcholine 
chloride were purchased from Sigma-Aldrich. VPMS 
and Ac-GCRDVpMSmRGGDRCG (p is D-Pro, m is 
D-Met, VpMS) were synthesized by ChinaPeptides Co., 
Ltd. MMP-9 protein and Cy5-NHS were provided by 
MedChemExpress. Staphylococcus aureus (S. aureus, 
ATCC 25923), Escherichia coli (E. coli, ATCC 25922) and 
Non-typeable Haemophilus influenzae (NTHi, ATCC 
49247) were provided by Basic Medical Sciences College, 
Jilin University. The Cell Counting Kit-8 (CCK-8) was 

Scheme 1  Schematic illustration of MMP-9-responsive, catalase-loaded nanogels (M-CAT-NGs) for the management of neutrophilic asthma
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obtained from Dojindo Laboratories, while ELISA kits 
for mouse IL-6, IL-1β, and TNF-α were obtained from 
Invitrogen. All antibodies used for flow cytometry were 
supplied by BD Biosciences.

Synthesis and characterization of CS-Arg-Mal
MES monohydrate was first dissolved in ultrapure water, 
followed by the addition of Arg into the MES solution. 
Then, EDC·HCl and NHS were added sequentially to the 
solution. The mixture was subjected to stirring for 2 h to 
facilitate the activation of Arg with NHS. Meanwhile, CS 
was introduced into the MES solution and stirred. After 
that HCl was gradually added until complete dissolu-
tion of CS was achieved. Following this, the activated Arg 
solution was gradually incorporated into the CS solu-
tion. The resulting mixture was then stirred continuously 
for 48  h. Then, the resulting solution was then dialyzed 
against deionized water for 72 h, followed by lyophiliza-
tion to obtain the final product. The lyophilized product 
was taken and reconstituted with water to adjust the pH 
to acidic range. Mal-NHS was first dissolved in DMSO 
and subsequently introduced into the aqueous solution 
containing the lyophilized product from the preceding 
step. The reaction was then allowed to proceed for 36 h. 
Afterwards, the product was dialyzed in water and lyoph-
ilized to obtain CS-Arg-Mal.

CS, Arg, and CS-Arg-Mal were dissolved in D2O, 
while Mal-NHS was solubilized in DMSO. The 1H NMR 
spectra of CS, Arg, Mal-NHS, and CS-Arg-Mal were 
acquired at 500  MHz using a Bruker spectrometer. KBr 
was blended with CS, Arg, Mal-NHS, or CS-Arg-Mal 
and compacted into a disk for Fourier transform infrared 
spectroscopy analysis. This was conducted using a Bruker 
Vertex 70 spectrometer, providing further evidence of the 
successful synthesis of CS-Arg-Mal.

Synthesis and characterization of M-CAT-NGs
As an example, 2.16  mg of a MMP-9-sensitive peptide 
crosslinker, Ac-GCRDVPMS↓MRGGDRCG (VPMS) 
or a MMP-9 insensitive peptide control, Ac-GCRD-
VpMSmRGGDRCG (VpMS, by converting the amino 
acids in the critical site to D-isoform (indicated by lower-
case letters)), was dissolved in 2 mL of water as solution 
I [35]. 7.2 mg of CAT was dissolved in 2 mL of water as 
solution II. 7.2 mg of CS-Arg-Mal was dissolved in 4 mL 
of water to obtain solution III. 7.2 mg of SC was dissolved 
in 8 mL of water as solution IV. 7.2 mg of ε-PLL was dis-
solved in 16 mL of water as solution V. Solutions II to V 
were sequentially added to solution I. The mixed solution 
was allowed to stir thoroughly, and the pH was adjusted 
to 7 to obtain M-CAT-NGs (32 mL, the negative control 
was called CAT-NGs). The synthesis method of M-NGs 
was the same as that of M-CAT-NGs except that CAT 
was not added. The size distribution and zeta potential 

were assessed using dynamic light scattering (DLS). And 
the diameter and morphology were evaluated by TEM.

Enzymatic digestion of VPMS by MMP-9
MMP-9 was activated by APMA (4-aminophenylmer-
cury acetate) in TCNB buffer. VPMS was dissolved in 
TCNB solution (20 µM, 200 µL) and then added to 200 
µL of TCNB buffer containing active MMP-9 (0.4 mM). 
The VPMS fragments after enzymatic digestion were 
determined by HPLC-MS.

In vitro release assay of M-CAT-NGs
To investigate the stimuli-responsive drug release behav-
ior of the nanogels, the in vitro release profile of CAT 
from M-CAT-NGs was assessed using a dialysis method 
in the presence or absence of MMP-9. Briefly, 1 mL 
of M-CAT-NGs mixed with MMP-9 was loaded into 
a dialysis bag (MWCO: 500  kDa) and immersed in 100 
mL of PBS (pH 7.4) under gentle agitation using a mag-
netic stirrer. At predetermined time intervals (1, 2, 3, 4, 
5, 6, 7, 8, 12, 24, and 48 h), 1 mL of the release medium 
was collected and replaced with an equal volume of fresh 
PBS. A control group without MMP-9 was established to 
investigate the basal release profile of M-CAT-NGs under 
non-stimulated conditions. Additionally, a group con-
taining only MMP-9 group was included to account for 
potential interference from the enzyme. Under the con-
ditions of containing MMP-9 and without MMP-9, the 
CAT released by M-CAT-NGs was quantitatively deter-
mined by the BCA method. Furthermore, a group con-
taining only MMP-9 was added to eliminate the potential 
interference of this enzyme. The BCA method was used 
to quantify the CAT released by M-CAT-NG in the pres-
ence and absence of MMP-9.

Stability and enzyme activity test
To explore the stability of the nanogels over time, the 
particle size changes of M-CAT-NGs and M-NGs were 
tested, respectively. The enzyme activities of the samples 
were evaluated by using the rate of H2O2 decomposition 
after incubation with different samples. Briefly, 1.5 mL 
of PBS, 0.1 mL of the sample, 1.2 mL of water, 0.2 mL 
of H2O2 were added to the centrifuge tube sequentially, 
and 1 mL of 0.5 M H2SO4 was added after 4 min as the 
experimental group. For the control group, 1.5 mL of 
PBS, 0.1 mL of the sample, 1.2 mL of water, 1 mL of 0.5 M 
H2SO4, 0.2 mL of H2O2 were added to the centrifuge tube 
sequentially. The absorbance of the solution was subse-
quently assessed at 240 nm, with the difference reflecting 
the decomposition of H2O2.

Fluorescent measurement of intracellular ROS
RAW264.7 cells were subsequently loaded with 5 µM of 
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) in 
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phosphate-buffered saline (PBS) and incubated at 37  °C 
for 25  min. Fluorescence was then assessed at excita-
tion and emission wavelengths of 485  nm and 530  nm, 
respectively.

In vitro cytotoxicity test
L929, RAW264.7, and Beas-2b cells were individually cul-
tured in DMEM medium. Cells in the logarithmic phase 
were harvested and seeded into 96-well plates. Follow-
ing this incubation period, the medium was removed, 
and various solutions were added to the wells for co-
incubation with the cells. Cell viability was assessed after 
24–48  h using the CCK-8 reagent, following the manu-
facturer’s instructions.

In vitro ROS test
Cell viability was assayed by CCK-8 to select an appro-
priate H2O2 concentration to stimulate Beas-2b and 
RAW264.7 cells to produce ROS. The cells were then co-
incubated with 0.96 mg/mL of M-NGs or CAT or CAT-
NGs or M-CAT-NGs, respectively. Ultimately, the cells 
were incubated with 5 µM of DCFH-DA in PBS. Micro-
plate reader and fluorescence microscopy were used to 
observe the remaining intracellular ROS.

Cellular uptake test
M-CAT-FITC-NGs were synthesized to explore cellular 
uptake of nanogels. The specific methods were as follows: 
20  mg of CAT and 3  mg of FITC were dissolved in 5.6 
mL of alkaline buffer and 1.5 mL of DMSO, respectively. 
Subsequently, the FITC solution was added to the CAT 
solution. The resulting solution was dialyzed in PBS for 
three days, followed by freeze-drying to get CAT-FITC. 
The preparation method for M-CAT-FITC-NGs was the 
same as the method described above for CAT-FITC. 
RAW264.7 cells were incubated with CAT-FITC and 
M-CAT-FITC-NGs for 12  h, and after treating the cells 
with Hoechst 33,342 as a nuclear dye, observed under a 
confocal laser scanning microscope (CLSM).

In vitro anti-inflammatory test
RAW264.7 cells were stimulated using 1  µg/mL LPS 
and then the supernatant was removed. 0.36  mg/mL of 
M-NGs or CAT or M-CAT-NGs was added to the cell 
culture flasks for 24 h and then the cell supernatants were 
harvested for ELISA analysis.

Antibacterial test
In this study, the antimicrobial effect of the M-CAT-NGs 
was verified using NTHi, E. coli, and S. aureus. The anti-
bacterial efficacy of CS-Arg-Mal, CAT, ε-PLL, M-NGs, 
and M-CAT-NGs was evaluated through the minimum 
inhibitory concentration (MIC) test and bacterial live-
dead staining, among other methods. In the MIC assay, 

1 × 10⁶ CFU/mL of NTHi, E. coli, or S. aureus was co-
incubated with varying concentrations of the samples 
using a two-fold dilution technique. After a designated 
incubation period, the absorbance at 600  nm was mea-
sured to ascertain the MIC. The antibacterial activ-
ity against the above three bacteria was investigated in 
a coated plate counting assay using 0.48  mg/mL of the 
samples. Bacteria were co-cultured with a mixture of PBS 
or M-CAT-NGs for 24  h and subsequently subjected to 
serial dilutions using a ten-fold gradient. A volume of 
20 µL from each diluted solution was evenly spread on 
agar plates and incubated for a specified duration. The 
colonies that formed were counted to assess the bacterial 
inhibitory efficacy of M-CAT-NGs.

To obtain scanning electron microscope (SEM) images, 
bacterial solutions co-incubated with PBS or nanogels 
were subjected to dehydration using a gradient of ethanol 
(25%, 50%, and 75%). The bacteria were then resuspended 
in anhydrous ethanol, and the resulting suspension was 
deposited onto a silicon wafer to dry before imaging. Fur-
thermore, the co-incubation culture mixtures were resus-
pended in PBS, and washed three times. Subsequently, 
staining was performed using a bacterial live-dead stain-
ing kit for 30  min, followed by imaging with a fluores-
cence microscope.

Establishment of murine model
All animal experiments were conducted in accordance 
with the guidelines sanctioned by the Animal Care and 
Use Review Committee of Jilin University and received 
approval from the Animal Ethics Committee of the Col-
lege of Basic Medical Sciences at Jilin University (No. 
2023 − 444). Female BALB/c mice (6–8 w) were divided 
into 6 groups (n = 6), including NC (normal control 
group), OVA&NTHi (OVA, NHTi, and PBS treatment 
group), M-NGs (OVA, NHTi, and empty material group 
without encapsulated catalase treatment group), CAT 
(OVA, NHTi, and native catalase treatment group), 
M-CAT-NGs (OVA, NHTi, and M-CAT-NGs treatment 
group), and AM (OVA, NHTi, and amikacin treatment 
group). On days 0, 7, and 14, mice in the OVA&NTHi, 
M-NGs, CAT, M-CAT-NGs, and AM groups were sen-
sitized with Al(OH)₃ and OVA. In parallel, the NC group 
received an equivalent volume of sterile saline. Between 
days 21 and 23, mice in the OVA&NTHi, M-NGs, CAT, 
M-CAT-NGs, and AM groups were subjected to daily 
challenges with OVA solution. Mice in the NC group 
underwent sham sensitization and were similarly chal-
lenged with equal volumes of saline. On day 24, all 
mice were anesthetized with pentobarbital; those in 
the OVA&NTHi, M-NGs, CAT, M-CAT-NGs, and AM 
groups were inoculated intratracheally with NTHi (10⁶ 
CFU/mL, 30 µL saline), while the NC group received the 
same volume of sterile saline. From days 25 to 27, the 
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NC and OVA&NTHi groups were nebulized with sterile 
saline for 30  min daily; mice in the M-NGs group were 
nebulized with 0.96 mg/mL of M-NGs for 30 min daily; 
those in the CAT group received 0.96 mg/mL of catalase 
under the same conditions for 30 min daily, mice in the 
M-CAT-NGs group were nebulized with 0.96 mg/mL of 
M-CAT-NGs for 30 min daily, and mice in the AM group 
were nebulized with 0.2 mg/mL of amikacin for 30 min 
daily. On day 28, all mice were anesthetized and eutha-
nized in preparation for subsequent experiments.

Biodistribution of free CAT and M-CAT-NGs in mice
BALB/c mice (6–8 w, n = 6) were nebulized with CAT-
FITC and M-CAT-FITC-NGs (synthesized in the same 
way as the Cellular Uptake Test section) for 30 min, and 
were euthanized 1  h, 12  h and 24  h post-nebulization. 
The organs of the mice were harvested and subsequently 
imaged using an in vivo imaging system (IVIS Spectrum, 
Perkin Elmer).

Collection of BALF
The mouse trachea was meticulously dissected and con-
nected to a syringe containing sterile PBS, allowing the 
lung lumen to be thoroughly flushed with PBS three con-
secutive times. The recovered fluid was centrifuged and 
the precipitated cells were taken for flow cytometry.

Flow cytometry
Cells isolated from the BALF were labeled with anti-
bodies. The mixture was agitated three times at 10  min 
intervals, after which the labeling process was halted with 
PBS. The labeled cells were subsequently analyzed using 
flow cytometry.

ELISAs test
The levels of IL-6, IL-1β, and TNF-α in both cell cul-
ture supernatants and lung tissues were quantified using 
ELISA kits. All procedures were performed following the 
guidelines provided by the manufacturer and repeated 
three times.

Lung function measurement
Lung function test was conducted using the Buxco pul-
monary function testing system [36, 37]. Briefly, the 
mice were anesthetized and tracheally intubated, with 
their tracheas connected to the machine’s spirometer, 
barometric pressure sensor, and pressure sensor. Subse-
quently, the mice were exposed to varying concentrations 
of acetylcholine, while lung function parameters were 
automatically assessed by the spirometer.

In vivo ROS test
Mouse lungs were collected, frozen and sectioned, and 
after quenching tissue autofluorescence, the tissues were 

incubated with ROS staining solution (37  °C, 30  min) 
and DAPI staining solution (37  °C, 5  min) in a light-
proof incubator. Then the tissues were blocked and 
photographed.

In vivo safety evaluation
Female BALB/c mice were randomized into 4 groups 
(n = 6) to assess the in vivo safety of M-CAT-NGs. NC 
mice were nebulized with saline. Simultaneously, the 
other three groups of mice were subjected to daily nebu-
lization with 0.96 mg/mL of M-NGs, CAT, and M-CAT-
NGs, respectively. On day 3, all mice were euthanized, 
and the blood were collected to assess liver and kidney 
functions. Major organs were harvested for Hematoxy-
lin-Eosin (H&E) staining.

H&E staining
The lungs of the mice were harvested. Then, the lungs 
were fixed with paraformaldehyde, embedded in paraffin, 
and subsequently sectioned. The paraffin sections were 
then stained with hematoxylin and eosin to evaluate the 
histopathological features.

Alcian blue periodic acid schiff (AB-PAS) staining
Similar to H&E Staining, the lungs of the mice were col-
lected and fixed with paraformaldehyde. The fixed tissues 
were embedded in paraffin, sectioned, and subsequently 
stained with AB-PAS to evaluate mucus secretion in the 
lungs.

Statistical analysis
The results are presented as the mean ± standard error 
of the mean (s.e.m.), as specified. The dataset was pro-
cessed, and graphics were generated using Prism 9.0 and 
OriginPro 8.1. Paired t-tests and one-way analysis of vari-
ance (ANOVA) were employed for multiple comparisons 
when more than two groups were analyzed. A p-value of 
less than 0.05 was considered statistically significant.

Result and discussion
Synthesize and characterization of M-CAT-NGs
The M-CAT-NGs synthesis route was shown in Fig.  1a. 
The synthetic route of CS-Arg-Mal was shown in Fig. 
S2. 1H NMR spectra (Fig. S3) demonstrated that Arg and 
Mal could be successfully conjugated with CS backbone 
by EDC/NHS coupling chemistry. The signal peaks at 
3.25–3.48 ppm (e’), 1.43–1.85 ppm (d’), and 2.28–2.51 
ppm (c’) represented the three methylene groups in Arg, 
and the signal peak at 6.74–6.87 pm (i’) represented the 
carbon-carbon double bond of Mal. The FTIR spectra 
of CS, Arg, Mal and CS-Arg-Mal were shown in Fig. 1b. 
In the spectra of CS-Arg-Mal, a characteristic peak at 
1701  cm− 1 indicating the carbon-oxygen double bond 
in Mal, an absorption peak at 1630  cm− 1 indicating the 
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presence of guanidinium group, and characteristic peaks 
at 833 cm− 1 and 697 cm− 1 representing the carbon-car-
bon double bond in Mal were observed.

The size distribution of CAT was centered at 
639.3 ± 9.7  nm, M-NGs was centered at 164.1  nm and 

that of M-CAT-NGs was centered at 199.3 nm (Fig. S4-5, 
Fig. 1c). The TEM results showed that the size of M-CAT-
NGs was approximately 129.8  nm (Fig.  1d), which was 
marginally smaller than the values obtained through DLS 
analysis (Table S1). This discrepancy could be due to the 

Fig. 1  (a) Synthesis route of M-CAT-NGs. (b) FTIR spectra of CS, Arg, Mal-NHS and CS-Arg-Mal. (c) Size distribution analysis of M-CAT-NGs suspended in 
PBS, as determined using a Malvern Nano-ZS90 (n = 3). (d) TEM image of M-CAT-NGs. (e) Zeta potentials of CAT, M-NGs and M-CAT-NGs (n = 3). (f) Relative 
enzyme activities of M-CAT-NGs and CAT (n = 3). (g) Relative enzyme activities of CAT and M-CAT-NGs after 4 h of trypsin incubation. (h) The VPMS frag-
ment cleaved by MMP-9, determined by UPLC-MS. (i) Relative enzyme activities of M-CAT-NGs and CAT-NGs relative to CAT in the presence of MMP-9 
(n = 3), *p < 0.05, ***p < 0.001
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swelling of M-CAT-NGs in solution. The zeta potentials 
of CAT, M-NGs and M-CAT-NGs were − 9.17 mV, 9.1 
mV and 10.3 mV (as shown in Fig. 1e, Table S1). This was 
a reassuring result, as it has been shown that positively 
charged nanoparticles typically achieve superior internal-
ization and enhanced cellular uptake efficiency compared 
to their negatively charged nanoparticles [38]. These 
results demonstrated that nanoencapsulation of CAT 
yields uniformly sized particles with reversed surface 
charge (from negative to positive), both of which were 
advantageous for subsequent in vivo experiment.

To investigate the stimuli-responsive drug release 
behavior of the nanogels, the in vitro release profile of 
CAT from M-CAT-NGs was assessed using a dialy-
sis method in the presence or absence of MMP-9. As 
demonstrated in Fig. S6, M-CAT-NGs exhibited MMP-
9-dependent release kinetics, with approximately 80% of 
CAT released within 10 h under MMP-9-present condi-
tions. In contrast, the release was significantly slower in 
the absence of MMP-9, with minimal detectable release 
during the initial 3  h and only ~ 25% cumulative release 
by 48  h. The size distribution of the M-CAT-NGs was 
determined in PBS to evaluate their stability. DLS char-
acterization demonstrated that after 7 days of incubation, 
there was no significant variation in the particle size of 
the M-CAT-NGs, indicating that the M-CAT-NGs had 
good physiological stability in PBS (Fig. S7). The relative 
enzyme activities of M-CAT-NGs and CAT were shown 
in Fig.  1f. The results revealed that the enzyme activ-
ity of M-CAT-NGs could reach about 80%, which might 
be caused by the incomplete release of CAT within the 
nanogels within a brief time frame. In addition, to assess 
the protective efficacy of the nanogel on catalase activity, 
CAT and M-CAT-NGs were incubated with trypsin for 
4  h, after which their relative enzymatic activities were 
assessed. As shown in Fig. 1g, after 4 h of trypsin incu-
bation, the enzymatic activity in the M-CAT-NGs group 
surpassed that of the native CAT group by over 400-fold. 
The results indicated that the outer layer of nanogels 
could well protect the enzymatic activity of CAT, which 
was essential to protect the activity of catalase from the 
complex environment in vivo.

To evaluate the sensitivity of VPMS to MMP-9 [31], 
the enzymatic cleavage of VPMS was investigated. 
As shown in Fig.  1h, the main fragment (Ac-GCRD-
VPMS = 453.70, Z = 2) cleaved by MMP-9 was identified 
by ultra-performance liquid chromatography-mass spec-
trometry (UPLC-MS). Moreover, MMP-9-insensitive 
peptide (VpMS) was used to replace VPMS to prepare 
MMP-9-insensitive nanogels (CAT-NGs), and detect the 
effect of MMP-9 on enzyme activity in MMP-9-sensitive 
nanogels (M-CAT-NGs) and MMP-9-insensitive nano-
gels (CAT-NGs). When MMP-9 was added, the enzyme 
activity of M-CAT-NGs was not significantly different 

from that of native CAT, whereas the enzyme activity of 
CAT-NGs was significantly decreased compared to that 
of native CAT (Fig.  1i). The above results reconfirmed 
that VPMS could be cleaved by MMP-9, thus enabling 
M-CAT-NGs to sensitively release CAT.

In vitro anti-inflammatory test
Since the potential toxicity of nanomedicines is a point 
of contention for their biomedical applications [39], 
multiple cell lines were utilized to evaluate their in vitro 
biocompatibility. The survival of L929, RAW264.7 and 
Beas-2b cells was evaluated by CCK-8 assay after treat-
ment with different samples. As shown in Fig. S8, the 
evaluation of cell viability following 24  h of co-culture 
revealed that all material concentrations below 480  µg/
mL exerted no significant effect on the viability of any 
of the three cell lines. When the time was extended to 
48 h, some of the samples at the concentration of 420 µg 
/mL and over exhibited reduction in cell viability, prob-
ably due to the toxic effects caused by the accumulation 
of nanogels ingested into the cells with increasing time. 
Therefore, to ensure the safety of the nanogels, the con-
centration of 360  µg/mL was used for the following in 
vitro experiments.

Additionally, CLSM was utilized to observe the uptake 
of CAT-FITC and M-CAT-FITC-NGs by Beas-2b and 
RAW264.7 cells. The fluorescence images in Fig. 2a dem-
onstrated that M-CAT-FITC-NGs were more readily 
taken up by Beas-2b cells compared to CAT-FITC, which 
could be attributed to the nanogel shell providing favor-
able solubility and positively-charged surface for endo-
cytosis [40]. A similar trend was observed in RAW264.7 
cells, where M-CAT-FITC-NGs exhibited easier uptake 
by cells than CAT-FITC, further supporting the role of 
the nanogels formulation in improving drug delivery effi-
ciency (Fig. S9).

ROS are exacerbated during severe asthma and acute 
exacerbations, which may lead to oxidative damage to tis-
sues, promoting airway inflammation and hyperrespon-
siveness [28]. H2O2 is a key metabolite of oxidative stress, 
and high concentrations of H2O2 can induce inflam-
matory responses that lead to growth arrest and death 
of cells [41]. Therefore, to preliminarily investigate the 
anti-inflammatory effect of nanogels, H2O2-stimulated 
Beas-2b and RAW264.7 cells were used. Based on CCK-8 
results, 1 mmol/L H2O2 was used to stimulate both Beas-
2b and RAW264.7 cells (Fig. S10-11). The level of intra-
cellular ROS was significantly decreased in the Beas-2b 
cells of the M-CAT-NGs group and CAT group com-
pared to the H2O2 stimulation alone group (Fig. 2b, Fig. 
S12). There were higher intracellular ROS levels in the 
CAT-NGs group compared to the M-CAT-NGs group. 
This might be due to the lack of the ability of reactive 
release in CAT-NGs, which resulted in slower kinetics 
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of CAT release from the nanogels, leading to a less effi-
cient ROS scavenging than that of M-CAT-NGs. How-
ever, there was no significant change in the M-NGs group 
compared to the H2O2 group. The result might be due to 
the fact that CAT was the main component to decompose 
H2O2. Since CAT was not contained in M-NGs, the ROS 
level of M-NGs treated cells remained comparable to that 
of the H2O2 group. Similar results were obtained using 
microplate reader to measure the relative expression of 

ROS in the above cells (Fig. S13). Notably, we observed 
similar trends in RAW264.7 cells (Fig. S14-S15).

Neutrophilic asthma is usually accompanied with 
bronchial inflammation. Toll like receptors (TLRs) are 
over-activated, leading to the release of large amounts 
of pro-inflammatory factors such as IL-6 and IL-1β, 
and aggravating the level of airway inflammation [42]. 
Meanwhile, activated neutrophils also secrete inflamma-
tory factors such as TNF-α, further exacerbating airway 

Fig. 2  (a) Cellular uptake of CAT-FITC and M-CAT-FITC-NGs on Beas-2b cells for 12 h, measured by CLSM. The scale bar in the image corresponding to each 
sample indicate a length of 20 μm. (b) Representative images of intracellular ROS in Beas-2b cells detected by the peroxide-sensitive probe DCFH-DA. 
The scale bar in the image corresponding to each sample indicate a length of 50 μm. (c-e) Expression levels of IL-1β, IL-6, and TNF-α in Beas-2b cells after 
different sample treatments (n = 3), **p < 0.01, ***p < 0.001
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inflammation and promoting airway remodeling, leading 
to asthma exacerbation [43, 44]. Thus, regulating inflam-
mation is crucial for the effective management of asthma 
[45]. To explore the anti-inflammatory effects of M-CAT-
NGs, 1  µg/mL LPS was used to pre-stimulate Beas-2b 
and RAW264.7 cells for 12 h, followed by co-incubation 
of cells with different samples for 24  h. As shown in 
Fig. 2c-e, LPS stimulation of cells resulted in the produc-
tion of high levels of IL-1β, IL-6, and TNF-α. The three 
inflammatory factors showed similar trends after treat-
ment with different samples. Compared with the LPS 
group, there was no significant change in the inflamma-
tory factors in the M-NGs and CAT-NGs groups, and 
the inflammatory factors in the CAT and M-CAT-NGs 
groups were reduced. Similar to what we observed in 
the ROS scavenging experiments, the anti-inflammatory 
capacity of the M-CAT-NGs group was better than that 
of the CAT-NGs group, which further confirmed the 
role of MMP-9 responsive release. Similar trends were 
observed in RAW264.7 cells (Fig. S16). The above results 

suggested that the M-CAT-NGs might have the ability to 
modulate inflammation, and therefore have a therapeutic 
potential for neutrophilic asthma.

Antibacterial test
Microbial infections have been implicated as significant 
contributors to the onset of neutropenic asthma, and in 
addition to viral infections, respiratory colonization by 
NTHi, Staphylococcus aureus, Pseudomonas aeruginosa, 
and Catamorax can exacerbate symptoms in patients 
with neutrophilic asthma [46–49]. Therefore, antimi-
crobial therapy is also essential in the management of 
neutrophilic asthma. The results of bacterial live-dead 
staining experiments showed that the vast majority 
of NTHi were killed after 24  h of co-incubation with 
M-CAT-NGs compared to the PBS control (Fig. 3a). The 
morphology of the bacteria in the different groups was 
further observed, most of the bacteria in the M-CAT-
NGs-treated group lost their original morphology and 
showed crumpled and fragmented structures, indicating 

Fig. 3  (a) Live-Dead staining images of NTHi following incubation with either PBS or a 0.36 mg/mL M-CAT-NGs solution. The scale bars indicated a length 
of 40 μm. (b) SEM images of NTHi following a 24 h incubation with either PBS or a 0.36 mg/mL M-CAT-NGs solution were presented. The scale bars repre-
sented 2 μm and 1 μm, respectively. (c) Growth curves of NTHi incubated with different samples (n = 3). (d) Counts of colonies on agar plates coated with 
NTHi solution with different samples (n = 3), ***p < 0.001
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that the nanogels might have exerted their antimicro-
bial effect by disrupting the bacterial structure (Fig. 3b). 
In addition, the growth of NTHi at different time points 
after co-culture of M-CAT-NGs or its different com-
ponents with NTHi was measured using a microplate 
reader. As shown in Fig.  3c, except for the CAT group 
where the optical density (OD) value did not change 
much, the OD values of all groups decreased with the 
increase of sample concentration. The excellent bacte-
ricidal ability of M-CAT-NGs was further confirmed by 
the smear plate counting method, in which the bacterial 
solutions were taken out after co-incubation with PBS 
or M-CAT-NGs for 24  h and diluted separately (1014-
fold dilution for PBS group). The large number of bacte-
ria killed in the M-CAT-NGs group could be confirmed 
by the counting results in Fig.  3d. In addition, similar 
results were obtained after incubation of M-CAT-NGs 
with S. aureus and E. coli (Fig. S17-18). The above results 
demonstrated that M-CAT-NGs had good antimicro-
bial capacity by destroying the bacterial structure, which 
might be attributed to its components with antimicrobial 
capacity, such as CS-Arg-Mal and ε-PLL. In fact, CS, Arg 
and ε-PLL have been reported to have good antimicrobial 
properties due to their positively charged moieties capa-
ble of binding to negatively charged compounds on the 
bacterial surface and disrupting the bacterial morphol-
ogy [50–52]. Based on the experimental results above, it 
could be concluded that M-CAT-NGs possessed a strong 
inhibitory effect on different types of bacteria, indicating 
that M-CAT-NGs was expected to alleviate disease pro-
gression of patients with neutrophilic asthma by inhibit-
ing bacterial growth.

Construction of in vivo model and therapeutic effects of 
M-CAT-NGs in mice
Studies have shown that NTHi was a dominant bacte-
rium in the airway of severe asthma patients and that 
NTHi colonization in the airway was strongly correlated 
with the severity of asthma [53]. Therefore, to investigate 
whether M-CAT-NGs could alleviate the symptoms of 
neutrophilic asthma in mice, we established an animal 
model of neutrophilic asthma in mice sensitized by intra-
peritoneal injection of OVA and infected with NTHi. The 
method of constructing the animal model was referred 
to previous studies by our team, as shown in Fig. 4a [44]. 
Briefly, mice were sensitized by intraperitoneal injection 
of 50 µg OVA and 25 µL Al(OH)3 per mouse on days 0, 
7, and 14. From days 21 to 23, the mice were subjected 
to daily challenges with a 5% OVA solution for a dura-
tion of 45 min. In contrast, mice in the NC group were 
sham-sensitized with saline and subsequently chal-
lenged with an equivalent volume of saline. On day 24, 
NTHi (106 CFU, 20 µL) was inoculated into the trachea 
of anesthetized mice and an equal amount of saline was 

injected into the trachea of mice in the NC group. The 
mice were then treated with nebulized drug administra-
tion with PBS, M-NGs, CAT and M-CAT-NGs on days 
25–27. Physiological indices were measured and samples 
were taken from the mice on day 28. As anticipated, the 
protein expression level of MMP-9 in lung tissues of the 
OVA&NTHi group was significantly elevated compared 
to the NC group (Fig. S19), further validating our mate-
rial design strategy.

In vivo biodistribution and toxicity test
To explore the ability of M-CAT-NGs to accumulate in 
the lungs, the distribution and accumulation of CAT and 
M-CAT-NGs in vivo were evaluated in the neutrophilic 
asthma mice after nebulized inhalation. As shown in 
Fig.  4b-c, the M-CAT-FITC-NGs predominantly accu-
mulated in lung and maintained strong fluorescence 
signals even 24  h after inhalation via nebulization. In 
contrast, 1  h after nebulization of CAT-FITC, relatively 
high accumulation of CAT-FITC was observed in the 
lung, liver, and kidney. By 24 h, the fluorescence signal of 
CAT-FITC in lung had significantly decreased (Fig. S20). 
These findings suggested that the nanogel shell substan-
tially enhanced the lung retention of CAT, thereby reduc-
ing its distribution to other organs and lowering the risk 
of systemic side effects.

Airway hyperresponsiveness (AHR) test
AHR is considered a characteristic feature of asthma and 
the most widely used method to assess AHR is the metha-
choline inhalation provocation test [54]. Airway resis-
tance (RI) and dynamic compliance (Cdyn) are important 
indices to assess AHR. Consequently, changes in RI and 
Cdyn with increasing doses of methacholine were inves-
tigated. As shown in Fig. 4d-e, RI in OVA&NTHi group 
was increased significantly compared to NC group, with 
the dose of methacholine rising. At a methacholine con-
centration up to 25  mg/mL, RI reached a maximum, 
implying that neutrophilic asthma mice showed respira-
tory distress. The elevated trend of RI was alleviated after 
M-NGs, M-CAT-NGs, and AM treatments. In addition, 
compared with mice in NC group, mice in OVA&NTHi 
group showed a significant decrease in Cdyn under treat-
ments with different concentrations of methacholine, 
whereas Cdyn was significantly increased in both groups 
after M-NGs, M-CAT-NGs, and AM treatments (Fig. 4f-
g). This indicated that M-NGs, M-CAT-NGs, and AM 
treatments alleviated dyspnea, enhanced respiratory 
depth and more effectively increased in expiratory vol-
ume in OVA&NTHi-treated mice [55]. The improvement 
effect of M-CAT-NGs on Cdyn appeared to be supe-
rior to that of AM, possibly due to the dual functions of 
M-CAT-NGs in antibacterial activity and ROS clearance, 
which contributed to enhanced lung function. Compared 
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with OVA&NTHi group, neither RI nor Cdyn changed 
significantly in CAT group, probably due to native CAT 
was unstable and susceptible to decomposition in vivo, 
while nanogels provided a protective effect to prevent 
CAT from losing its activity, and improved its solubility 
so that it could be more easily and efficiently nebulized 
for inhalation. These results suggested that neutrophilic 
asthma mice had a severe lung function deficit, as evi-
denced by high airway resistance and low dynamic lung 
compliance, which could be alleviated to some extent by 
M-CAT-NGs.

Modulation of the inflammatory response in vivo assay
To investigate whether M-CAT-NGs could exert a miti-
gating effect on airway inflammation in neutrophilic 
asthma mice, the proportion of neutrophils (Ly6G+, 
CD11b+) in BALF and inflammatory factors in lung tis-
sue were examined. As shown in Fig.  5a-b, the propor-
tion of neutrophils was significantly increased in the 
OVA&NHTi group compared with the NC group, 
whereas the proportion of neutrophils was significantly 
decreased in the M-NGs and M-CAT-NGs groups com-
pared with the OVA&NHTi group, and there was no 
significant change in the proportion of neutrophils in 
the CAT group compared with the OVA&NHTi group. 
M-NGs and M-CAT-NGs could significantly reduce 

Fig. 4  (a) Schematic diagram of the establishment of the in vivo model along with the corresponding treatment protocol. (b) Fluorescence image of 
major tissues at 1, 12, and 24 h after nebulized M-CAT-FITC-NGs. (c) The statistics of (b). The insets of (c) represented local magnification. ROI: region of 
interest. (d) The variations in respiratory system resistance in response to various treatments. (e) The alterations in respiratory system resistance following 
treatment with 25 mg/mL methacholine (n = 6). (f) The modifications in lung dynamic compliance in response to various treatments. (g) The variations in 
lung dynamic compliance following administration of 25 mg/mL methacholine (n = 6), *p < 0.05; **p < 0.01; ***p < 0.001
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the proportion of neutrophils in BALF of neutrophilic 
asthma mice probably due to their excellent antibacte-
rial ability and the CAT in M-CAT-NGs could eliminate 
ROS. There was no significant change in the propor-
tion of neutrophils in the CAT group compared to the 
OVA&NTHi group might be due to the CAT shows no 
antimicrobial ability and native CAT is not stable enough 
and easily broken down in vivo. Besides, IL-1β, IL-6 and 
TNF-α associated with asthma were tested and obtained 
similar results (Fig.  5c-e). OVA and NTHi treatment 
could induce the expression of inflammatory cytokines 

and produce an inflammatory response. The expressions 
of IL-1β, IL-6 and TNF-α were not reduced after treat-
ment with CAT but those were significantly decreased 
after M-NGs, M-CAT-NGs and AM treatments. It 
was noteworthy that the expressions of IL-1β, IL-6 and 
TNF-α showed the most significant reduction after 
treatment with M-CAT-NGs. In addition, ROS aggrega-
tion and its mediated oxidative stress damage played an 
important role in asthma [28]. To investigate whether 
M-CAT-NGs could mitigate the accumulation of ROS 
in lung, the expression level of ROS in lung tissues was 

Fig. 5  (a) Flow cytometric analysis of neutrophils (CD11b+/Ly6G+) present in BALF. (b) The count of the percentage of neutrophils in (a) (n = 6). (c-e) 
Expressions of IL-1β, IL-6 and TNF-α in lung after different sample treatments (n = 6), (f) ROS expression in lung tissues after different treatments. The scale 
bar represented 200 μm, ***p < 0.001
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measured. As shown in Fig.  5f, the level of ROS pro-
duction in lung tissues was significantly increased after 
OVA&NTHi treatment compared with NC group. Com-
pared with the OVA&NTHi group, M-NGs, M-CAT-
NGs and AM treatment led to a decrease in ROS levels 
in lung tissue, among which the reduction was most sig-
nificant after M-CAT-NGs treatment. There was no sig-
nificant change in the CAT group, indicating that M-NGs 
and AM might reduce the production of ROS in lung 
tissue through their antibacterial effects, while M-CAT-
NGs could exert therapeutic effects from two perspec-
tives: antibacterial activity and encapsulation of CAT to 
form nanogels, thereby enhancing CAT solubility and 
improving its bioavailability. The above results suggested 
that M-CAT-NGs could regulate inflammatory responses 
in vivo and potentially treat neutrophilic asthma.

Morphologic changes in lung tissue
Pathologically, the main features of asthma included 
chronic inflammation, airway tissue remodeling, disrup-
tion of epithelial integrity [56], cupped cell hyperpla-
sia [57, 58], and dysregulation of mucus secretion [49]. 
To investigate whether M-CAT-NGs could ameliorate 
pathological changes in lung tissue, lung tissues from 
mice were stained with H&E and observed. As illustrated 
in Fig. 6a and Fig. S21, the OVA&NHTi group exhibited 
pronounced thickening of the bronchioles and alveolar 

septa when compared to the NC group, increased alveo-
lar fusion. No significant improvement in the bronchi 
and alveoli was observed after CAT treatment. M-NGs 
and M-CAT-NGs groups showed attenuated bronchio-
lar thickening in the lung tissues, with the alveolar septa 
relatively intact, and a significant reduction in the num-
ber of inflammatory cell infiltrates. This might be due to 
both M-NGs and M-CAT-NGs had good antimicrobial 
capacity, especially M-CAT-NGs also increased the bio-
availability of CAT and promoted the uptake of M-CAT-
NGs by the epithelial cells, which reduced the effect of 
bacterial infections on the integrity of the alveolar-capil-
lary barrier and moderated inflammatory responses and 
reduced the infiltration of inflammatory cells [59].

Studies have shown that infection with NTHi in asthma 
patients leads to goblet cells proliferation, upregulation 
of the mucin MUC5AC [60], and airway mucus became 
more abundant and viscous, resulting in ciliary dysfunc-
tion, coupled with mucus embolism and compromised 
mucosal ciliary clearance [61]. Bronchial stasis impaired 
pathogen clearance, thereby facilitating the coloniza-
tion of NTHi. Consequently, NTHi robustly induced the 
transcription of MUC5AC via the upregulation of the 
MAPK pathway, while also enhancing the expression of 
the highly insoluble MUC2 mucin through NF-κB and 
TGF-β/Smad signaling [62]. Diffuse mucus occlusion 
of the airways could lead to localized atelectasis, which 

Fig. 6  (a) Histological examination of the lungs of mice in each group by H&E staining. (b) Bronchial AB-PAS staining images of lung tissues in each group 
of mice. The scale bars indicated 100 μm and 50 μm, respectively
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could worsen symptoms in patients with asthma and 
greatly increase asthma mortality [63]. Consequently, 
alleviating mucus secretion within the airways is cru-
cial for the effective management of asthma. The results 
of AB-PAS staining showed significantly higher levels 
of airway mucus secretion in the OVA&NTHi group 
compared with the NC group, indicating that sensitiza-
tion with OVA, coupled with NTHi infection, mark-
edly elevated mucus secretion levels within the airways 
of the mice (Fig.  6b and Fig. S22). Compared with the 
OVA&NHTi group, the M-CAT-NGs group showed a 
significant decrease in mucus, which might be attributed 
to the fact that M-CAT-NGs inhibited bacterial coloniza-
tion within the mucus layer, contributing to an enhanced 
mucus environment, leading to a decrease in mucus. 
Similarly, mucus in the airways of mice was also signifi-
cantly reduced after nebulization with M-NGs compared 
to the OVA&NTHi group whereas no significant change 
in mucus was observed in the CAT group, which might 
be attributed to the excellent antimicrobial capacity of 
M-NGs and M-CAT-NGs, which inhibited the growth of 
NTHi, thus alleviating mucus obstruction in the airway. 
To detect the longer-term therapeutic effect after medi-
cation, we conducted lung function tests and pathologi-
cal section examinations on mice on the 14th and 31st 
days after the cessation of M-CAT-NGs treatment. As 
shown in Fig. S23, M-CAT-NGs-treated mice exhibited 
comparable respiratory parameters to NC controls. H&E 
and AB-PAS staining revealed resolution of in treated 
mice at both timepoints, with no rebound pathology (Fig. 
S24).

H&E staining observations and blood biochemical 
indicator tests were conducted to investigate whether the 
structure and function of major organs in mice would be 
damaged by M-CAT-NGs. As depicted in Fig. S25, treat-
ment with 0.96  mg/mL of M-NGs, CAT, and M-CAT-
NGs did not result in any significant alterations to the 
organ tissue structure when compared to the NC group. 
Specifically, no pathological alterations were observed in 
the myocardial striations, and the fundamental structural 
components of the liver-namely, the central vein, hepatic 
sinusoids, and bile ducts-exhibited clear structural integ-
rity. The splenic capsule and trabeculae, white and red 
medulla, and parenchymal marginal regions were also 
structurally intact. The interstitium and parenchyma of 
the lungs were well defined. The glomeruli and tubules 
of the kidneys also did not show any pathologic changes. 
Similar results were obtained in the blood biochemi-
cal indices, and there were no significant changes in all 
indices such as alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (AKP), 
uric acid (UA), blood urea nitrogen (BUN) and creati-
nine (CRE) in all groups of mice compared with the con-
trol group (Fig. S26), which indicated that M-NGs, CAT 

and M-CAT-NGs had no significant effect on the hepatic 
and renal functions of mice. In conclusion, M-NGs, CAT, 
and M-CAT-NGs showed no significant toxicity to mice, 
either in terms of morphology or liver and kidney func-
tions, providing strong evidence of safety in vivo.

The in vivo results demonstrated that M-CAT-NGs 
exhibited significant therapeutic effects in OVA&NTHi-
induced neutrophilic asthma mice, which were mainly 
reflected in the ability of M-CAT-NGs to significantly 
improve the lung function of neutrophilic asthma mice, 
reduce the proportion of neutrophilic cells, decrease 
the mucus secretion of the airways, restore the normal 
morphology of the airways, clean ROS from the lungs, 
and alleviate inflammation in the lungs. The therapeutic 
effects of M-NGs were similar to those of M-CAT-NGs, 
but M-NGs exhibited no significant role in cleaning 
ROS in vivo. This might be due to M-NGs did not con-
tain the key component, i.e. CAT, for decomposing ROS. 
Although free-form CAT showed good efficiency in 
decomposition of H2O2in vitro, it did not show therapeu-
tic effects in neutrophilic asthma mice in vivo. This result 
might be due to free CAT was unstable and susceptible to 
destruction and loss of bioactivity.

Conclusion
In this study, we successfully synthesized a kind of mul-
tifunctional nanogels (M-CAT-NGs) through ionic 
crosslinking and chemical conjugation. The obtained 
M-CAT-NGs possessed excellent antimicrobial ability 
and were able to release CAT responsively in the pres-
ence of MMP-9. In vitro experiments confirmed that 
M-CAT-NGs had excellent anti-inflammatory abilities, 
which could reduce H2O2-induced ROS production and 
down-regulate LPS-induced expression of IL-1β, IL-6, 
and TNF-α. In vivo experiments showed that M-CAT-
NGs could effectively accumulate in the lungs, and the 
treatment with M-CAT-NGs significantly improved 
AHR, inhibited neutrophil accumulation in the lungs, 
reduced ROS levels in lung tissues, relieved airway 
mucus obstruction, and attenuated airway inflammation 
by regulating inflammatory responses. In conclusion, 
the CAT-loaded MMP-9-responsive nanogels achieved 
encouraging therapeutic effects in OVA&NTHi-induced 
neutrophilic asthma mice, and showed great potential in 
terms of antimicrobial, anti-inflammatory, and therapeu-
tic efficacy in treating neutrophilic asthma.
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