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A B S T R A C T

Implant-related infections (IRIs) present a significant challenge in clinical treatment because of the formation of 
biofilms. The complex architecture of biofilms not only impedes antibiotic penetration, fostering the evolution of 
multidrug resistance in bacteria under minimal selective pressure but also suppresses the antimicrobial activity 
of macrophages and induces their pyroptosis in large quantities. This excessive pyroptosis impairs the collective 
immune function of macrophages, enabling pathogens to evade immune system clearance and rendering 
infection difficult to eradicate. Existing treatment strategies often necessitate extensive surgical debridement, 
which not only causes significant harm to patients’ physiological health and quality of life but also results in 
limited therapeutic outcomes. To address these challenges, this study developed a mesoporous silica nanoparticle 
system (MRL) modified with the RGD (Arginine-Glycine-Aspartic acid) tripeptide and loaded with the antimi
crobial peptide LL-37. The LL-37 released from MRL can not only directly disrupt bacterial cell membranes, 
preventing bacteria from developing resistance through conventional mutation mechanisms, but also enhance 
antimicrobial activity by modulating macrophage polarization toward the M1 phenotype. However, LL-37 may 
induce and exacerbate macrophage pyroptosis within biofilms. Therefore, we modified the nanoparticles with 
RGD to increase macrophage viability and reduce their number of deaths, thereby alleviating the immunosup
pression caused by excessive macrophage pyroptosis. In vitro and in vivo experiments demonstrated that MRL, 
while preserving the antimicrobial activity and immunomodulatory function of LL-37, significantly reduced 
macrophage pyroptosis and protected the collective immune activity of macrophages. Thus, the fine-tuned 
regulation of immune response was achieved, providing new insights and strategies for the treatment of IRIs.

1. Introduction

Biofilms are highly structured microbial communities that adhere to 
host tissues or abiotic surfaces. In implant-related infections (IRIs), 
bacteria colonize the surfaces of implanted medical devices and secrete 

an extracellular polymeric substance (EPS), forming a protective matrix 
[1–3]. This structured barrier enhances bacterial resistance to antibi
otics and the host immune system, making the treatment of IRIs 
fundamentally distinct from that of common infections. For common 
infections, current treatment strategies rely primarily on the synergistic 
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action of antibiotics and the host immune system [4]. Antibiotics exert 
bactericidal or bacteriostatic effects by targeting specific bacterial life 
processes or structures, thereby disrupting bacterial survival and repli
cation [5,6]. The host immune system recognizes pathogen-associated 
molecular patterns (PAMPs) on bacteria to activate macrophage 
Toll-like receptors (TLRs), promoting M1 polarization and the release of 
inflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis 
factor-alpha (TNF-α), and interleukin-1β (IL-1β), thereby enhancing 
bactericidal activity [7–9]. Additionally, the host can trigger moderate 
pyroptosis while ensuring an adequate number of macrophages [10]. 
Pyroptosis induces macrophage membrane rupture and the release of 
abundant cytokines and inflammatory mediators, forming a robust im
mune barrier that effectively limits bacterial spread and growth [11]. 
However, in IRIs, biofilm formation greatly hinders infection control, 
fundamentally altering this situation. Patients often require multiple 
surgeries to completely eliminate infection foci [12–14].

Studies have shown that the difficulty in treating IRIs arises from the 
dual interference of biofilms with both antibiotics and the host immune 
response [15,16]. Regarding antibiotics, biofilms significantly reduce 
local drug concentrations by impeding antibiotic penetration, Thus 
providing a natural “shelter” for bacteria and serving as a breeding 
ground for multidrug-resistant strains [17]. In this environment, bac
teria not only gradually develop resistance under low selective pressure 
but also accelerate the spread of resistance genes through horizontal 
gene transfer [18]. The development of drug-resistant bacteria severely 
undermines the therapeutic efficacy of existing antibiotics and signifi
cantly increases the risk of treatment failure and infection recurrence 
[19]. With regard to the host immune response, biofilms not only inhibit 
macrophage polarization toward the M1 phenotype but also induce 
excessive pyroptosis in macrophages on a large scale [20–22]. Unlike 
normal pyroptosis, excessive pyroptosis triggered by biofilms may 
temporarily increase local inflammation but result in substantial 
depletion of macrophages, drastically reducing their collective immune 
activity [23–25]. This dual interference ultimately enables pathogens 
within the biofilm to evade immune surveillance and establish persistent 
infections.

In response to these challenges, various innovative anti-infection 
strategies have been proposed in recent years. For instance, 
CeO2@MSN, as a nanoplatform, integrates the antibacterial properties 
of cerium dioxide with the high surface area and stability of mesoporous 
silica, enabling efficient biofilm penetration and enhanced antimicrobial 
agent delivery [26]. However, its antibacterial efficacy primarily relies 
on electrostatic interactions between its positively charged surface and 
the biofilm, limiting its ability to actively modulate the host immune 
system. Additionally, another category of ultrasound-driven micro/
nanorobots (MNRs) utilizes ultrasound guidance to achieve precise 
navigation and targeted drug delivery to infected sites [27]. However, 
their complex material composition raises concerns regarding meta
bolism and long-term biocompatibility. More recently, studies have 
further proposed a microbubble-based ultrasound-stimulated exocytosis 
system (EMB-Hu), in which Fe3O4 nanoparticles are encapsulated within 
a red blood cell membrane [28]. This system enhances the penetration of 
antimicrobial agents into biofilms while simultaneously activating im
mune responses. However, the efficacy of EMB-Hu microbubbles is 
highly dependent on ultrasound energy regulation, and their penetra
tion depth and localized precision may be limited in treating 
deep-seated infections. Furthermore, while the metal ions in these 
nanoparticles exhibit powerful antibacterial activity, their potential 
tissue toxicity remains a major limitation for clinical application. In 
contrast, antimicrobial peptides (AMPs), a class of novel antibiotic al
ternatives, have garnered significant attention due to their strong ability 
to penetrate biofilm matrices, low toxicity, and limited resistance 
development [29,30]. Among them, LL-37 is an endogenous human 
antimicrobial peptide with broad-spectrum antibacterial activity [31]. 
LL-37 directly disrupts bacterial cell membranes to exert antibacterial 
effects, making it difficult for bacteria to develop resistance through 

common mechanisms such as mutation or horizontal gene transfer [32]. 
Additionally, it can modulate macrophage polarization toward the M1 
phenotype, thus alleviating the immune suppression induced by biofilms 
[33]. However, studies have shown that LL-37 may also induce pyrop
tosis in macrophages within the infection microenvironment, further 
exacerbating pyroptosis in macrophages within biofilms and leading to 
further depletion of macrophage populations [34]. Therefore, it is 
crucial to preserve antimicrobial and immunomodulatory functions of 
LL-37 while avoiding excessive pyroptosis.

To address these issues, we propose an innovative drug delivery 
strategy based on mesoporous silica nanoparticles (MSNs). Owing to 
their high surface area, large pore size, excellent biocompatibility, and 
functionalizable surface properties, MSNs have been widely used in the 
field of drug delivery applications [35,36]. In this study, LL-37 was 
loaded into MSNs, and its local concentration was controlled via phys
ical sustained release, thereby reducing the risk of inducing macrophage 
pyroptosis. However, relying solely on physical sustained release is 
insufficient to precisely regulate the pyroptotic response of macro
phages. To overcome this limitation, we further functionalized the MSNs 
surface by introducing RGD (arginine-glycine-aspartic acid) tripeptides. 
RGD is a cell-recognition sequence that binds to integrin receptors, 
facilitating the adhesion of MSNs to macrophages, increasing cell 
viability, and reducing cell death [37–39]. Therefore, we further func
tionalized the surface of MSNs with RGD tripeptides, with the goal of 
alleviating excessive pyroptosis in macrophages. Through this design, 
RGD-modified MSNs successfully reduced excessive pyroptosis in mac
rophages while preserving the antimicrobial and immunomodulatory 
functions of LL-37, thus protecting the host’s immune defense and 
providing a novel approach for the treatment of IRIs.

2. Results and discussion

2.1. Synthesis and characterization of MRL

The synthesis of MRL is illustrated in Scheme 1. MSNs are widely 
used in drug delivery because of their excellent physicochemical prop
erties, such as high specific surface area, tunable pore size, excellent 
chemical stability and biocompatibility. To synthesize MRL, MSNs were 
first aminated to obtain MSNs-NH2. This modification endows the 
nanoparticles with greater chemical reactivity, forming the basis for 
subsequent synthesis reactions. Subsequently, RGD was grafted onto the 
surface of MSNs-NH2 via an amidation reaction to produce MR, and LL- 
37 was successfully adsorbed into the mesopores and onto the surface of 
MR through electrostatic and hydrophobic interactions, resulting in the 
formation of the MRL complex. The morphology of the prepared nano
particles was observed via transmission electron microscopy (TEM) 
(Fig. 1a). TEM images revealed that the MSNs exhibited excellent dis
persibility, uniform size distribution, and a highly ordered mesoporous 
structure. As expected, after the addition of LL-37, the core color of the 
nanoparticles deepened, indicating that the particle density increased 
with the adsorption of LL-37. Moreover, MRL maintained a regular 
spherical structure and good dispersibility, suggesting that the modifi
cation and loading process had minimal impact on the structural sta
bility of the material. Additionally, the diameters of 100 nanoparticles 
were measured via ImageJ software to analyze the size distribution. The 
average diameters of spherical MSNs and MSNs-NH2 were approxi
mately 75.93 nm and 75.53 nm, respectively, while the average diam
eter of MR increased to 77.24 nm. After the addition of LL-37, the 
average diameter of MRL increased to 106.26 nm (Fig. 1b). This result 
aligns with the increased density and further supports the successful 
assembly of LL-37 within the nanoparticles through surface adsorption 
and mesoporous loading. Next, the mesoporous structure of the material 
was characterized via N2 adsorption-desorption isotherms. The isotherm 
for MR displayed a typical type IV characteristic (Fig. S1, Supporting 
Information), indicating a large pore volume, high specific surface area, 
and significant mesoporous structure. The corresponding mesopore 
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volume, Brunauer-Emmett-Teller (BET) specific surface area, and mes
opore size were calculated to be 0.65 cm3 g− 1, 507.34 m2 g− 1, and 4.94 
nm, respectively. The large mesoporous structure and high specific 
surface area provided more binding sites for LL-37, ensuring its uniform 

distribution on the material surface and within the mesopores. The 
mesoporous structure of MR also provides physical protection for LL-37, 
reducing its interaction with proteases in biological fluids and signifi
cantly enhancing its stability [40]. This protective mechanism enables 

Scheme 1. Synthesis of mesoporous silica nanoparticles (MRL) modified with RGD and adsorbed with the antimicrobial peptide LL-37. MRL eradicated biofilms 
associated with implant-related infections through direct bactericidal and coordinated modulation of macrophage polarization and pyroptosis.
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LL-37 to remain active in vivo for an extended period, thereby pro
longing its half-life and reducing the required dosage.

In further elemental mapping analysis (Fig. 1c), silicon (Si), oxygen 
(O), nitrogen (N), and carbon (C) were observed to be uniformly 
distributed across the MRL nanoparticles, confirming the successful 
modification of MSNs-NH2 with RGD and LL-37. Zeta potential testing 

revealed that the MSNs had a zeta potential of − 17.8 mV, which was 
attributed to the abundance of Si-OH groups on the surface, indicating 
high polarity (Fig. 1d). After amino functionalization of the MSNs with 
APTES, the zeta potential of the MSNs-NH2 increased to +17.9 mV, due 
to the positive charge resulting from amine protonation. Following RGD 
grafting, the zeta potential of MR decreased to − 10.2 mV, likely due to 

Fig. 1. Synthesis and characterization of MRL. a) Representative transmission electron microscopy (TEM) images of MSN, MSN-NH2, MR, and MRL. Scale bar: 
100 μm. b) Nanoparticles size distribution of MSN, MSN-NH2, MR, and MRL. c) EDS elemental spectrum of the MRL. d) Zeta potential of MSN, MSN-NH2, MR, and 
MRL nanoparticles. e) TGA curves of MSN, MSN-NH2, MR, and MRL. f) FT-IR spectra of MSN, MSN-NH2, MR, and MRL nanoparticles, with an enlarged view of 
characteristic peaks in the local region.
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the deprotonation of -COOH groups in RGD, further confirming the 
successful modification of MSNs with RGD. Notably, after further 
loading of LL-37, the zeta potential of MRL shifted to a positive value 
(+5.5 mV), indicating the successful binding of positively charged LL-37 
to MR. This finding also suggests that the negatively charged MR may 
facilitate LL-37 binding through electrostatic attraction. Thermogravi
metric analysis (TGA) was employed to further analyze the composition 
of the MRL. As shown in Fig. 1e, the initial weight loss of the MSNs at 
approximately 100 ◦C was attributed primarily to the evaporation of 
adsorbed water. For MSNs-NH2, weight loss in the 240–700 ◦C range 
was associated with the decomposition of aminopropyl groups. For MR, 
weight loss in the same temperature range was attributed to the 
degradation of RGD. The weight loss of MRL was greater than that of 
MR, particularly at 400 ◦C, which was attributed to the degradation of 
LL-37. Fourier transform-infrared (FT-IR) spectroscopy was employed to 
verify the successful modification and preparation of the composite 
material (Fig. 1f). The characteristic peak at 1067 cm− 1 corresponded to 
the stretching vibration of O-Si-O in MSNs, and the peak at 799 cm− 1 

corresponded to the symmetric stretching vibration of Si-OH. For MSNs- 
NH2, the peaks observed at 2925 cm− 1 and 2853 cm− 1 were attributed to 
C–H stretching vibrations resulting from the amine functionalization of 
the MSN surface. The peak at 1654 cm− 1, which was absent in the 
spectra of the MSNs and MSNs-NH2 but was observed in the MR and 
MRL spectra, was attributed to -NH bending and -CN amide stretching, 
further confirming the successful formation of amide bonds. Addition
ally, a slight shift in the 1654 cm− 1 peak corresponding to amide bond 
bending vibrations was observed in the FT-IR spectrum of MRL 
compared with MR, possibly due to interactions between LL-37 and MR. 
Finally, the loading efficiency and release properties of LL-37 were 
investigated. The BCA method was employed to measure the concen
tration of LL-37 in solution, and the encapsulation rate and drug loading 
rate were calculated as 24 ± 1.47 % and 19.95 ± 0.94 %, respectively, 
based on the change in LL-37 concentration before and after loading. To 
ensure consistency across groups, subsequent experiments were 
designed on the basis of equivalent drug-loading rates for all experi
mental groups. Additionally, LL-37 release was calculated by measuring 
changes in its concentration in the supernatant. The release profile 
shown in Fig. S2 (Supporting Information) indicates rapid release within 
the first 24 h, followed by a slow and sustained release trend, reaching a 
cumulative release of 78.37 % at 72 h.

To evaluate the biocompatibility of MRL, a CCK-8 assay was con
ducted to assess the effects of MR, LL-37, and MRL on cell viability. 
Fig. S3 (Supporting Information) and Fig. S5 (Supporting Information) 
demonstrate that both L929 cells and BMDMs exhibited good viability 
when co-incubated with MR and MRL at concentrations up to 256 μg 
mL− 1. However, compared to L929 cells, LL-37 exhibited greater 
toxicity toward BMDMs at the same concentration, likely due to its effect 
on inducing pyroptosis of BMDMs (Fig. S4, Supporting Information). 
Furthermore, no significant hemolysis was observed for MR or MRL, 
both of which exhibited strong hemocompatibility at concentrations up 
to 512 μg mL− 1. Even for LL-37, only mild hemolysis was observed at 
concentrations as high as 256 μg mL− 1 (Fig. S6, Supporting Informa
tion). Therefore, 256 μg mL− 1 was selected as the optimal concentration 
for subsequent immunomodulation and antimicrobial experiments.

In summary, the MRL demonstrated excellent biosafety, superior 
dispersibility, stable and uniform spherical structures, large specific 
surface area, and pore volume, as well as outstanding sustained release 
properties. These properties enable MRL to efficiently penetrate dense 
biofilm matrices and achieve a uniform distribution across different 
regions of the biofilm. Even at low concentrations, MRL exhibited 
exceptional biological effects, providing a robust foundation for its 
synergistic immunomodulatory and biofilm clearance capabilities.

2.2. Bactericidal and anti-biofilm activities of MRL

Traditional antibiotics for the treatment of IRIs are often limited by 

resistance and serious adverse effects, which pose significant challenges 
for the effective clearance of the infection. To evaluate the antibacterial 
efficacy of MRL, methicillin-resistant Staphylococcus aureus (MRSA) and 
Escherichia coli (E. coli) were selected as representative pathogens of IRIs 
for in vitro experiments.

We first assessed the bactericidal kinetics of MRL by co-culturing 
bacteria with MR, LL-37, or MRL, measuring the optical density of the 
bacterial suspensions at specific time points, and then plotted the growth 
curves (Fig. S7, Supporting Information). The results showed that the 
growth and proliferation of MRSA and E. coli were significantly inhibited 
after treatment with LL-37 and MRL, whereas the MR group exhibited 
little to no inhibitory effect. To further verify the effects of MRL on 
planktonic bacteria, MRSA and E. coli co-incubated with nanoparticles 
were transferred onto agar plates for continued cultivation, and bacte
rial survival rates were quantified (Fig. 2a–c). In contrast, no significant 
difference (ns) was detected between the MR group and the control 
group, indicating that MR alone had limited inhibitory effects on bac
terial survival, whereas LL-37 and MRL exhibited significant bacteri
cidal activity.

To investigate the anti-biofilm effects of MRL, we evaluated biofilm 
inhibition in different treatment groups via crystal violet staining 
(Fig. 2d–f). The results revealed that the biofilms of MRSA and E. coli in 
the control group exhibited uniform and dense purple staining, indi
cating the successful formation of stable biofilms in vitro for both bac
teria. The biofilm density in the MR group was comparable to that in the 
control group, suggesting that MR alone had no significant anti-biofilm 
effect. However, in the LL-37 and MRL treatment groups, biofilm 
staining was significantly reduced. In particular, for E. coli, the staining 
became lighter and showed noticeable unevenness, indicating disrup
tion of the biofilm structure. To directly observe the disruption of bio
films, bacterial biofilms were examined via confocal laser scanning 
microscopy (CLSM) and scanning electron microscopy (SEM) (Fig. 2g; 
Fig. S8, Supporting Information). The results showed that in the control 
and MR groups, the biofilm structures of MRSA and E. coli were compact 
and intact, exhibiting primarily green fluorescence. In contrast, in the 
LL-37 and MRL treatment groups, the biofilm structures became loose 
and fragmented, with abundant orange-red fluorescence, indicating that 
LL-37 and MRL had strong disruptive effects on the biofilms of MRSA 
and E. coli, significantly increasing bacterial mortality. To assess bac
terial membrane integrity and damage, β-galactosidase activity was 
measured via an ONPG hydrolysis assay (Fig. 2h and i), which indirectly 
reflects bacterial metabolic function and cell membrane damage. The 
results revealed that OD420 values were low in the control and MR 
groups, indicating that bacterial cell membranes and metabolic func
tions were not significantly affected. In contrast, the LL-37 and MRL 
treatments significantly increased ONPG hydrolysis levels, with the 
highest degree of hydrolysis observed in the MRL group. These results 
demonstrate that MRL exerts antibacterial effects by disrupting the 
integrity of bacterial cell membranes. Additionally, protein leakage 
resulting from bacterial membrane disruption was quantified via the 
BCA method (Fig. S9, Supporting Information). The results revealed low 
protein leakage levels in the control and MR groups, whereas the LL-37 
and MRL treatments significantly increased protein release, which was 
consistent with the results of the ONPG assay. Collectively, these find
ings demonstrate that MRL has exceptional potential in combating 
planktonic bacteria and biofilms, suggesting new research directions 
and therapeutic strategies for addressing IRIs-related infections.

2.3. Modulation of macrophage phenotypes by MRL

During the early stages of pathogen infection, macrophages play a 
crucial role in the immune response against pathogens [41]. Macro
phages can exhibit two primary phenotypes, M1 and M2, depending on 
the conditions within the infection microenvironment (Fig. 3a) [42]. M1 
macrophages are rapidly activated during the initial stages of infection 
and are characterized by the expression of the marker CD86 [43]. They 
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Fig. 2. Antibacterial properties of MRL. a) Representative images of SPM from MRSA and E. coli after incubation with different samples. b, c) Quantitative analysis 
corresponding to the SPM results (n = 3). d) Macro images illustrating the anti-biofilm effects on MRSA and E. coli biofilms on different substrates after crystal violet 
staining. Biofilm biomass of e) MRSA and f) E. coli after different treatments (n = 3). g) Representative SEM images of MRSA and E. coli biofilms, as well as 
representative CLSM 3D reconstruction images of MRSA and E. coli biofilms after bacterial viability/death (Syto9/PI) staining, scale bars = 1.5 μm (top) and 150 μm 
(bottom). h, i) Membrane permeability assessment of MRSA and E. coli treated with different conditions, measured by ONPG hydrolysis (n = 3). n represents the 
number of biologically independent experiments, and one-way ANOVA was used for statistical analysis. The data are presented as the means ± SD; ns means no 
significance, p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 3. MRL regulates macrophage polarization in vitro. a) The process of macrophage polarization. b) Representative CLSM images of macrophages cultured on 
different samples (green: iNOS or Arg-1; red: F-actin; blue: nucleus), scale bar = 50 μm. c-f) Flow cytometric analysis of CD86 (M1) and CD206 (M2) expression in 
macrophages cultured on different samples (n = 3). g, h) Quantification of the relative MFI from macrophage immunofluorescence staining (n = 3). i, j) RT‒qPCR 
results of IL-6 and IL-1β expression (n = 3). n represents the number of biologically independent experiments, and one-way ANOVA was used for statistical analysis. 
The data are presented as the means ± SD, p < 0.05, **p < 0.01, and ***p < 0.001.
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rapidly bind to and engulf pathogens, forming phagosomes that digest 
the pathogens internally [44]. Additionally, they express inducible nitric 
oxide synthase (iNOS), creating a strong oxidative stress environment 
that disrupts the cell membranes, proteins, and nucleic acids of patho
gens, leading to their direct destruction [45]. This phagocytic and 
degradative activity can rapidly inhibit pathogen proliferation during 
the early stages of infection. Additionally, M1 macrophages secrete large 
quantities of pro-inflammatory cytokines, such as IL-6 and IL-1β, which 
enhance local inflammatory responses and recruit neutrophils and other 
immune cells to the infection site, providing rapid immune support [46]. 
In contrast, M2 macrophages lack direct bactericidal activity and are 
characterized by the expression of the marker CD206 [47]. They express 
arginase-1 (Arg-1), which converts arginine into urea and ornithine, 
establishing a competitive relationship with iNOS to mitigate prolonged 
oxidative stress that could damage host tissues [48]. Furthermore, M2 
macrophages secrete anti-inflammatory cytokines such as IL-10, which 
effectively suppressing the pro-inflammatory activity of M1 macro
phages, preventing tissue damage caused by excessive inflammation, 
and contributing to anti-inflammatory and tissue repair functions [49].

M1 and M2 macrophages play opposing roles during the early stages 
of infection, and the balance between these phenotypes critically in
fluences the efficacy of infection control [50]. In an optimal immune 
response, M1 macrophages dominate the early stages of infection, 
characterized by high expression of CD86 and iNOS, along with the 
secretion of cytokines such as IL-6 and IL-1β, to rapidly eliminate 
pathogens. However, in orthopedic implant-related infections, the 
extracellular polymeric substance (EPS) within biofilms hinders the M1 
polarization of macrophages, resulting in an increased proportion of M2 
macrophages. Excessive expression of Arg-1 and high secretion of IL-10 
further suppress pro-inflammatory responses, leading to insufficient 
immune activation within the infection microenvironment. Conse
quently, pathogens evade immune surveillance, proliferate extensively, 
and spread, ultimately progressing into chronic infections.

Therefore, stimulating macrophages surrounding implants to 
polarize toward the M1 phenotype to promote infection clearance is a 
promising strategy. Hence, we further investigated the effects of MRL 
treatment on macrophage phenotype changes. Resting murine bone 
marrow-derived macrophages (BMDMs) were treated with different 
substrates, and their polarization status was assessed via immunofluo
rescence staining (Fig. 3b–g, h). In the control and MR groups, iNOS and 
Arg-1 expression levels were relatively low, indicating that BMDMs did 
not exhibit significant M1 or M2 polarization under basal conditions. In 
contrast, the LL-37 and MRL groups presented significantly greater 
mean fluorescence intensities of iNOS than the other groups did, indi
cating that LL-37 and MRL strongly induced M1 polarization of BMDMs 
and enhanced bactericidal and pro-inflammatory functions via high 
iNOS expression. Additionally, the LL-37 and MRL groups presented 
lower mean fluorescence intensities of Arg-1, further corroborating 
these findings. Flow cytometry was subsequently used to analyze the 
proportion of macrophages polarized toward the M1 phenotype. As 
shown in Fig. 3c and d, the proportion of CD86+ cells increased from 9.6 
% to 28.9 % and 23.9 % in the LL-37 and MRL groups, respectively, 
while the proportion of CD206+ cells decreased from 6.8 % to 2.5 % and 
3.2 % (Fig. 3e and f), respectively. These results indicate that LL-37 and 
MRL significantly increase the proportion of M1 macrophages in 
BMDMs, thereby enabling the host to mount an effective immune 
response against implant-related infections. Additionally, the RT‒qPCR 
results shown in Fig. 3i, j and Fig. S10 (Supporting Information) illus
trate the capacity of macrophages to express pro-inflammatory cyto
kines (IL-6, IL-1β,iNOS and CD86) following intervention with different 
substrates. The results revealed that the IL-6 and IL-1β expression levels 
were significantly higher in the LL-37 and MRL treatment groups than in 
the other groups, indicating that the LL-37 and MRL treatments induced 
the secretion of large amounts of pro-inflammatory cytokines by mac
rophages, increasing proinflammatory responses and boosting local 
immune activity. These findings, which are consistent with previous 

immunofluorescence staining and flow cytometry results, further 
confirm that MRL has the potential to rapidly eliminate bacteria by 
stimulating BMDMs to transition to the M1 phenotype during the early 
stages of implant-related infections, thereby preventing rapid pathogen 
proliferation and spread, and effectively inhibiting biofilm formation.

2.4. The effect of MRL on macrophage pyroptosis

When the body is invaded by foreign pathogens, macrophages un
dergo moderate pyroptosis to help control early-stage infections. 
Pyroptosis is a form of programmed cell death characterized by the 
activation of inflammasomes (NLRP3) and the cleavage of Gasdermin D 
(GSDMD), which results in the formation of membrane pores to rapidly 
release pro-inflammatory cytokines such as IL-1β (Fig. 4a) [51]. Mod
erate pyroptosis not only directly eliminates pathogens but also en
hances local antimicrobial effects by releasing pro-inflammatory 
cytokines that attract additional immune cells to the infection site [52].

However, in the biofilm microenvironment associated with implant- 
related infections, this process may be excessively activated, leading to a 
marked reduction in the number of macrophages and impairing their 
overall antimicrobial capacity. In biofilms, components such as lipo
polysaccharides (LPS), lipoproteins, and peptidoglycans upregulate the 
NLRP3 expression in macrophages [53]. Subsequently, bacterial toxins 
and metabolic products within extracellular polymeric substances (EPS) 
induce potassium ion (K+) efflux, further activating NLRP3 and causing 
its hyperactivation [54]. Activated NLRP3 recruits and activates 
caspase-1 (cysteine-aspartic acid protease 1), a key effector protein in 
the pyroptosis process. Caspase-1 then cleaves GSDMD, generating 
GSDMD-N fragments that insert into the cell membrane to form pores, 
leading to macrophage membrane rupture [55]. This results in the 
release of substantial intracellular contents, including IL-1β, causing 
extensive irreversible macrophage death, impairing collective immune 
activity, and allowing biofilm pathogens to evade immune attack, ulti
mately leading to recurrent and persistent infections around implants 
[56]. Furthermore, LL-37 released by MRL can further induce and 
exacerbate pyroptosis in macrophages within biofilms. Thus, regulating 
macrophage pyroptosis within the biofilm microenvironment to main
tain a balanced state is critical for effectively treating implant-related 
infections. Therefore, we synthesized MRL nanoparticles through RGD 
modification to enhance macrophage viability, reduce cell death, and 
alleviate immunosuppression caused by excessive macrophage pyrop
tosis. We further investigated the role of MRL in regulating macrophage 
pyroptosis. Specific doses of LPS and Nigericin (a K+ ionophore) were 
added to the macrophage culture medium to simulate the pyroptotic 
microenvironment of macrophages within biofilms in vitro [57].

We labeled macrophages with Annexin V-FITC and PI and then used 
flow cytometry to evaluate the effects of different treatments on 
macrophage pyroptosis (Fig. 4b; Fig. S11, Supporting Information). 
Compared with the control group, the LPS + Nig treatment increased the 
proportion of dead cells represented in the upper right quadrant (Q2) 
and lower right quadrant (Q3) of the flow cytometry plot from 9.57 % to 
35.5 %, confirming that the LPS + Nig simulated biofilm microenvi
ronment induces significant pyroptosis in macrophages. The addition of 
MR reduced the proportion of dead cells to 9.32 %, indicating that MR 
significantly inhibited macrophage pyroptosis and improved cell sur
vival rates. Compared with the LPS + Nig group, the addition of LL-37 
further increased the proportion of dead cells to 60.20 %, indicating 
that LL-37 exacerbated the pyroptosis effect induced by LPS + Nig, 
resulting in greater macrophage death. Following MR and MRL treat
ment, the proportion of dead cells decreased to 9.32 % and 25.50 %, 
respectively, further demonstrating the protective effects of our material 
on macrophages.

To explore the specific molecular mechanisms by which MRL regu
lates macrophage pyroptosis, we applied Western blotting to measure 
key pyroptosis-related proteins (Fig. 4c–g; Fig. S12, Supporting Infor
mation). The biofilm microenvironment simulated by the LPS + Nig 
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Fig. 4. Influence of MRL on the regulation of macrophage pyroptosis. a) Molecular mechanisms involved in the process of pyroptosis. b) Annexin V/PI staining 
was employed to identify and quantify cell death in macrophages following various treatments (n = 3). c) The relative protein expression levels of the pyroptosis- 
related proteins NLRP3, Caspase-1, GSDMD, IL-1β, and Cleaved-GSDMD were assessed via Western blotting. d-g) Quantification of the relative protein expression 
levels of NLRP3, Caspase-1, GSDMD, and IL-1β (n = 3). h-k) qRT‒PCR was used to assess the relative expression levels of NLRP3, Caspase-1, GSDMD, and IL-1β in 
macrophages (n = 3). n represents the number of biologically independent experiments, and one-way ANOVA was used for statistical analysis. The data are presented 
as the means ± SD, p < 0.05, **p < 0.01, and ***p < 0.001.
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group significantly increased the expression of pyroptosis-associated 
proteins in macrophages, as evidenced by elevated levels of NLRP3, 
Caspase-1, GSDMD, IL-1β, and Cleaved-GSDMD. In contrast, MR and 
MRL suppressed the expression of these key proteins, indicating that 
RGD mitigates macrophage pyroptosis and preserves both macrophage 
functionality and population. We then measured the relative mRNA 
expression levels of NLRP3, Caspase-1, GSDMD, and IL-1β in macro
phages via RT-qPCR, and the results were consistent with the protein 
expression levels (Fig. 4h–k).

Our study demonstrated that MRL can both promote macrophage 
polarization toward the M1 phenotype and inhibit excessive pyroptosis, 
thereby preserving macrophage populations and mitigating immune 
dysfunction caused by pyroptosis. Previous studies have shown that 
macrophages primarily eliminate infections through phagocytosing 
bacterial debris and necrotic tissue [58]. Therefore, we further investi
gated the changes in the antibacterial activity of macrophages following 
MRL treatment in vitro. The macrophages were co-cultured with MRSA 
and E. coli under various conditions. Surviving bacteria in the cell‒ 
bacteria co-culture system were quantified via the spread plate method 
(SPM) to evaluate the bactericidal capacity of the macrophages in each 
group. As shown in Fig. S13 (Supporting Information), the colony counts 
in the MR group, particularly in the MRL group, were significantly 
reduced, indicating that macrophages treated with MR and MRL effec
tively killed bacteria in the co-culture system. These results suggest that 
MR and MRL inhibited excessive macrophage pyroptosis, preserved 
viable macrophage populations, and enhanced their collective bacteri
cidal capacity. Quantitative analysis revealed that after treatment with 
LPS + Nig + LL-37, the survival rate of MRSA was the highest, increasing 
from 100.00 % ± 11.08 % (control group) to 222.10 % ± 16.76 %, 
followed by the LPS + Nig group (195.1 % ± 21.95 %). In contrast, after 
treatment with MR and MRL, macrophage-mediated bacterial killing 
increased, resulting in a decrease in bacterial survival rates to 108.10 % 
± 15.47 % and 93.82 % ± 17.62 %, respectively. Similar results were 
observed for E. coli. These findings demonstrate that MRL effectively 
enhances the phagocytic and bactericidal effects of macrophages.

2.5. In vivo effects of MRL on the inhibition of IRIs

To further validate the anti-biofilm efficacy of MRL in vivo and 
investigate its immunomodulatory mechanisms and potential effects on 
macrophage polarization and pyroptosis, additional studies were con
ducted. We established a subcutaneous implant infection model in mice, 
as shown in Fig. 5a, which illustrates the timeline from model estab
lishment to treatment and evaluation. On day 0, titanium implants 
cultured with MRSA were inserted subcutaneously into the mice to 
induce implant-related infections. Treatment began on day 2 with MRL 
injections, followed by a second treatment on day 3 to reinforce efficacy. 
Histological analysis was performed on days 4 and 14 to assess the 
therapeutic outcomes.

Fig. 5b presents the wound healing process at the infection site on the 
backs of the mice across different treatment groups from day 0 to day 14. 
Throughout the observation period, the wounds in the control group 
exhibited persistent infection and deterioration. By day 4, noticeable 
purulent discharge and tissue ulceration were observed. By days 10 and 
14, the wounds worsened further, with increased tissue necrosis and no 
signs of healing. In the MR group, wound healing was slightly better 
than that in the control group, but persistent purulent discharge and skin 
ulceration were still observed, and the healing process was relatively 
slow, indicating that MR had limited efficacy in suppressing infection 
progression. Compared with the control group, the wounds in the LL-37 
treatment group began to show scabbing and mild signs of healing by 
day 4, with reduced infection severity. The wound area subsequently 
decreased slightly, but redness and swelling persisted, indicating 
ongoing inflammation. The MRL group exhibited the most significant 
anti-infective and healing effects. By day 7, the wounds were mostly dry 
with no apparent purulent discharge, demonstrating effective infection 

control. By day 10, the wound area continued to decrease with good 
tissue repair, and by day 14, the wounds had nearly healed completely. 
Fig. 5c shows changes in body weight over time in the different treat
ment groups, which were monitored from day 0 to day 14. The MRL 
treatment group showed sustained weight gain throughout the obser
vation period, indirectly reflecting the superior anti-infective and 
healing effects of MRL in vivo, which significantly improved the overall 
health of the mice.

To further evaluate the bacterial load in the mice after treatment, we 
quantified the bacterial survival rates of the implants and surrounding 
tissues in the different groups via SPM (Fig. 5g–h; Fig. S15, Supporting 
Information). The culture plates of the control group presented abun
dant bacterial colonies. In contrast, in the MR and LL-37 groups, the 
bacterial survival rates on the implants decreased to 33.49 % and 23.47 
%, respectively, while in the surrounding tissues, they decreased to 
35.34 % and 35.20 %, respectively. These results indicate that both MR 
and LL-37 exhibit certain antibacterial effects in vivo, with the anti
bacterial efficacy of MR possibly linked to its ability to inhibit biofilm- 
induced macrophage pyroptosis. In the MRL group, the bacterial sur
vival rates of the implants and surrounding tissues were reduced to 3.68 
% and 1.98 %, respectively, demonstrating superior antibacterial effects. 
These results were further confirmed by SEM images of the implant 
surface. As shown in Fig. 5e, the implant surface in the control group was 
covered with abundant bacteria, which strongly aggregated and cross
linked, forming a thick biofilm structure. In the MR and LL-37 groups, 
the bacterial count was reduced, but significant bacterial attachment 
and noticeable biofilm structures remained. In contrast, the implant 
surface in the MRL group exhibited extensive fibroblast proliferation, 
with minimal bacterial attachment and almost complete disappearance 
of the biofilm, demonstrating significant inhibition of bacterial adhesion 
and biofilm formation. We further observed bacterial infections in the 
surrounding tissues of the implants via Giemsa staining (Fig. 5f). Yellow 
arrows indicate visible bacterial locations. In the control group, 
numerous bacteria were densely distributed in the tissue gaps, causing 
severe structural damage to the tissue. The MR and LL-37 groups showed 
a certain degree of antibacterial effects, but multiple bacterial aggre
gation regions remained in the tissues. Compared with those in the 
control group, bacteria were still concentrated in certain areas, indi
cating that MR and LL-37 exhibited relatively limited antibacterial ac
tivity in vivo and that local pathogens were not fully eradicated. In 
contrast, the MRL group demonstrated better anti-infective ability than 
the other groups did, with almost no visible bacterial infiltration and 
more intact tissue structures. These findings indicate that MRL treat
ment effectively inhibited bacterial infiltration in surrounding tissues, 
achieving significant infection control and preserving the health of the 
surrounding tissue.

To further illustrate infection and overall control of inflammation in 
the different treatment groups, we performed hematoxylin and eosin 
(H&E) staining on the tissues surrounding the implants (Fig. 5d; 
Fig. S16, Supporting Information). The tissue sections from the control 
group presented disorganized tissue structures, significant neutrophil 
infiltration, and inflammatory cell aggregation, reflecting persistent 
infection and chronic inflammation around the implants, which led to 
tissue damage. In the MR and LL-37 groups, the inflammatory response 
was reduced compared to that in the control group, but inflammatory 
cell aggregation and neutrophil infiltration were still observed, with 
limited tissue repair, indicating that MR had some inhibitory effects on 
infection and inflammation but was insufficient to completely eliminate 
the infection. In the MRL group, the tissue sections showed only sporadic 
inflammatory cell infiltration, with nearly complete resolution of the 
inflammatory response and more intact tissue structures, demonstrating 
optimal infection control and tissue repair outcomes.
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2.6. The coordinated regulation of macrophage polarization and 
pyroptosis by MRL in vivo

We further investigated the process by which MRL regulates 

macrophage polarization and pyroptosis in vivo. As shown in Fig. 6a and 
Fig. S17 (Supporting Information), in the control group, biofilms 
significantly inhibited macrophage polarization toward the M1 pheno
type, leading to low iNOS expression that failed to reach effective 

Fig. 5. The antibacterial properties of MRL in a mouse model of subcutaneous implant infection. a) Titanium plates co-cultured with MRSA were implanted 
subcutaneously in mice, and the in vivo experimental protocol was implemented. b) Representative macroscopic images of infected mice following various treat
ments. c) Changes in the body weights of the mice following different treatments (n = 5). d) Representative H&E-stained images of surrounding tissue around the 
implant on day 14, scale bars = 1.5 μm (top) and 150 μm (bottom). e) Representative SEM images of subcutaneous implants on day 14, scale bars = 1.5 μm (top) and 
150 μm (bottom). f) Representative Giemsa-stained images of surrounding tissue around the implant on day 14, scale bars = 1.5 μm (top) and 150 μm (bottom). g) 
Quantitative analysis of bacterial colonies corresponding to the implant (n = 5). h) Quantitative analysis of bacterial colonies corresponding to surrounding tissue (n 
= 5). n represents the number of biologically independent experiments, and one-way ANOVA was used for statistical analysis. The data are presented as the means ±
SD, p < 0.05, **p < 0.01, and ***p < 0.001.

Fig. 6. Coordinated regulation of macrophage polarization and pyroptosis by MRL in vivo. a, b) Representative immunofluorescence images of surrounding 
tissue around the implant: green (M1 marker, iNOS; or M2 marker, Arg-1), red (F4/80, mouse macrophage antigen), and blue (nuclei), scale bar = 100 μm. c, d) 
Representative immunohistochemical images of TNF-α and IL-10 in the surrounding tissue around the implant, scale bars = 100 μm (top) and 25 μm (bottom). e, f) 
Quantification of TNF-α and IL-10 positive area (n = 5). g) Representative Masson staining images of skin tissue on day 14 in the subcutaneous implant infection 
model, scale bars = 100 μm (top) and 50 μm (bottom). n represents the number of biologically independent experiments, and one-way ANOVA was used for statistical 
analysis. The data are presented as the means ± SD, p < 0.05, **p < 0.01, and ***p < 0.001.
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antibacterial levels, which is a key factor in the host’s inability to control 
the infection. In the LL-37 group, the mean fluorescence intensity of 
iNOS was higher, with a noticeable increase in M1 macrophages, indi
cating that LL-37 significantly induced macrophage polarization toward 
the M1 phenotype and activated the host’s antibacterial immune 
response. In the MRL group, the mean fluorescence intensity of iNOS 
was slightly lower than that in the LL-37 group, but the number of 
macrophages increased, suggesting that MRL strongly promoted 
macrophage polarization toward the M1 phenotype while suppressing 
excessive pyroptosis, thereby significantly enhancing the bactericidal 
effect of macrophages. Compared to the control group, the mean fluo
rescence intensity of Arg-1 was lower in both the LL-37 and MRL groups, 
indicating that LL-37 and MRL inhibited macrophage polarization to
ward the anti-inflammatory M2 phenotype to some extent (Fig. 6b; 
Fig. S18, Supporting Information), thereby enhancing early bactericidal 
effects and further supporting the ability of MRL to regulate macro
phages and enhance host immune activity.

As shown in Figs. S19 and S20 (Supporting Information), different 
treatments influence Gasdermin D (GSDMD) expression in macrophages 
within the tissue surrounding the implants. GSDMD is a key effector 
protein in the pyroptosis pathway that is capable of inserting into cell 
membranes to form pores, triggering pyroptosis and the release of pro- 
inflammatory cytokines. In the control group, the green fluorescence 
signal of GSDMD was relatively high, indicating that biofilms sur
rounding the infected implant upregulated GSDMD expression through 
inflammasome activation, thereby inducing macrophage pyroptosis. 
However, as shown in Fig. S15 (Supporting Information), the control 
group did not effectively control the infection, likely because excessive 
pyroptosis induced extensive macrophage death, significantly reducing 
the number of macrophages around the infected area. Although pyrop
tosis can help the host limit infections and clear bacteria, it cannot fully 
compensate for the loss of immune activity caused by the substantial 
reduction in macrophage populations. In the MR group, the fluorescence 
signal of GSDMD was weaker than in the control group, indicating that 
MR effectively inhibited macrophage pyroptosis and preserved macro
phage immune activity. In the LL-37 group, the green fluorescence 
signal of GSDMD was the strongest, suggesting that LL-37 exacerbated 
macrophage pyroptosis in vivo, which was consistent with our in vitro 
results. Compared to the control and LL-37 groups, the fluorescence 
signal of GSDMD in the MRL group was significantly lower, approaching 
that in the MR group. These findings suggest that MRL effectively 
optimized the pyroptosis process in vivo through RGD modification, 
significantly reducing GSDMD expression, which further explains why 
MRL was more effective than LL-37 at controlling implant-related in
fections (Fig. S15, Supporting Information). In the MRL group, macro
phage pyroptosis was maintained at an optimal balance, ensuring 
effective infection clearance while avoiding immune dysfunction caused 
by excessive pyroptosis.

The immunohistochemical analysis shown in Fig. 6c–f indicate that 
under implant-associated infection conditions, TNF-α expression levels 
were low in the control group. This may be due to the biofilm sur
rounding the implant infection both inhibiting macrophage polarization 
toward the M1 phenotype and inducing pyroptosis, thereby reducing 
macrophage populations and resulting in insufficient TNF-α secretion. 
Moreover, IL-10 expression was higher in the control group, further 
confirming that biofilms inhibited macrophage polarization toward the 
M1 phenotype while promoting polarization toward the M2 phenotype. 
In the MR group, TNF-α expression was higher than that in the control 
group, likely because the RGD in the MR suppressed excessive macro
phage pyroptosis, which increased the total macrophage population and 
indirectly increased TNF-α expression levels. However, since LL-37 
exacerbated macrophage pyroptosis, reducing the total number of 
macrophages, the TNF-α expression levels in the LL-37 group were lower 
than those in the MRL group. MRL not only significantly inhibited 
macrophage polarization toward the M2 phenotype by reducing IL-10 
expression levels but also effectively suppressed macrophage 

pyroptosis through RGD modulation, ensuring adequate antibacterial 
capacity around the biofilm.

To further evaluate the therapeutic effects of each group and assess 
the extent of tissue repair and regeneration after infection, we used 
Masson staining to visualize the collagen distribution and content in the 
tissues surrounding the implants (Fig. 6g; Fig. S21, Supporting Infor
mation). In the control group, persistent infection and uncontrolled 
inflammation limited tissue repair, resulting in the least collagen 
deposition. Although LL-37 exhibits certain antibacterial and pro- 
inflammatory effects, excessive pyroptosis impairs its antibacterial ef
ficacy and limits further collagen deposition. MRL enhances macro
phage immune activity while suppressing excessive pyroptosis, 
preserving the number and function of macrophages, improving the 
local immune microenvironment, significantly increasing collagen 
deposition, and promoting tissue repair and regeneration. Additionally, 
H&E staining of major organs (heart, liver, spleen, lungs, and kidneys) 
revealed no apparent toxicity, indicating that MRL exhibits excellent 
biocompatibility in vivo (Fig. S22, Supporting Information).

3. Conclusion

In this study, a mesoporous silica nanoparticle system, MRL, modi
fied with the RGD tripeptide and adsorbed with the antimicrobial pep
tide LL-37, was developed on the basis of an immunomodulatory 
strategy to coordinate the regulation of macrophage pyroptosis and 
polarization for the effective treatment of IRIs. Compared to traditional 
antibiotics, MRL overcomes the limitations of adverse reactions and 
antibiotic resistance due to its excellent sustained-release properties and 
highly conserved antimicrobial mechanism. Both in vitro and in vivo 
experiments demonstrated the superior antibacterial and anti-biofilm 
activities of MRL. Additionally, MRL coordinates the regulation of 
macrophage pyroptosis and polarization, preserves the collective im
mune activity of macrophages, alleviates the immunosuppressive effects 
of biofilms on macrophages, and rapidly, efficiently, and comprehen
sively eliminates IRIs. This study is the first to combine RGD modifica
tion with an LL-37 nanodelivery system. It proposes a targeted strategy 
to regulate macrophage pyroptosis, a key pathological mechanism in 
biofilm infections. This approach may offer new insights for treating IRIs 
and promote the clinical application of anti-biofilm nanomaterials.

Although the initial results are promising, further optimization of 
MRL is needed. In future research, our primary focus will be on 
improving the physicochemical properties of MRL nanoparticles to 
enhance their targeting capacity and biofilm penetration. Furthermore, 
we will explore the combined use of MRL with other antimicrobial 
agents or therapeutic strategies to amplify its therapeutic efficacy. We 
hope these efforts will contribute to advancing the clinical application of 
the MRL system and provide more effective treatment options for IRIs.
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