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A B S T R A C T

Lupus nephritis (LN) poses a severe risk for individuals with systemic lupus erythematosus (SLE), prompting 
extensive research into targeted delivery systems capable of modulating immune responses and clearing cell-free 
DNA (cfDNA). Here, we propose a novel renal homing nanogel that acts as a cfDNA scavenger and a dexa
methasone (DXM) delivery carrier for LN treatment. Based on the generation 3 polylysine dendrimers, the 
created cationic nanogels (G3DSP) exhibit minimal toxicity and outstanding DXM loading efficiency. Our studies 
confirm that these nanogels can competitively bind with anionic cfDNA in vitro, leading to the suppression of toll- 
like receptor 9 (TLR9) activation. When administered systemically to MRL/lpr mice, the nanogels preferentially 
localize to and are retained in the inflamed kidneys, releasing their payload in response to reactive oxygen 
species (ROS), therefore effectively ameliorating SLE symptoms. Consequently, G3DSP nanogels emerge as a 
promising effective combined therapy for LN, minimizing cfDNA accumulation in vital organs and delivering 
immunomodulatory benefits through DXM.

1. Introduction

Lupus nephritis (LN), a prevalent and potentially fatal complication 
of systemic lupus erythematosus (SLE) [1,2], involves complex immu
nological mechanisms, prominently featuring the production of 
anti-dsDNA antibodies and cell-free DNA (cfDNA) [3,4]. This cfDNA can 
aberrantly trigger endosomal toll-like receptors (TLRs), catalyzing a 
cascade of signaling events that lead to the unregulated production of 
proinflammatory autoantibodies [5–7]. Dexamethasone (DXM), a 
corticosteroid, is a cornerstone in LN management [8–10]. Through 
intravenous administration, DXM can demonstrate broad suppressive 
effects on the immune response and achieve disease remission [11–13]. 
However, due to systematic toxicity caused by the off-target effects, 
long-term employment of DXM is limited [14–17]. Furthermore, it is 
important to note that DXM alone is unable to eliminate the pathogenic 
cfDNA that disrupts innate immune tolerance during the progression of 
LN. Therefore, there is an urgent need for innovative approaches that 

can augment the therapeutic efficacy of DXM, minimize its adverse ef
fects, and effectively clear cfDNA to halt the progression of LN.

Here, we proposed a novel inflamed kidney-targeting nanogel as 
DXM carrier and cfDNA scavenger to treat LN. In organisms, cell frag
ments and metabolic wastes can be cleared by organelles through ionic 
interactions [18–21]. For example, the cfDNA is a class of nucleic acid 
debris with negative charges, which can be recognized and absorbed by 
various organelles and bio-actives with positive charges [22–25]. Bases 
on this phenomenon, cfDNA-binding polymers have been extensively 
explored to dampen inappropriate TLR activation and combat inflam
matory disorders [26–29]. As a natural biological polymer with positive 
charges, cationic peptide dendrimers have attracted increasing interest 
for their unique multivalency, function amplification capability, 
drug-loading property, intrinsic biocompatibility, and superior biode
gradability [30–34]. They can transmigrate through various biological 
barriers and be easily ingested by cellular lysosomes, making them 
promising candidates for nanomedicine [35–39]. Additionally, nanogels 
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are a type of hydrogel that has been widely utilized as drug carriers in 
various biomedical applications [40–44]. Thus, it is conceivable that the 
cationic dendrimers based nanogels feature great potential in targeted 
DXM delivery and neutralizing cfDNA in the inflamed kidney, thereby 
alleviating the progression of LN.

In this study, we utilized a third-generation poly-lysine dendrimer 
(G3K) nanogel as the preferred nanocarrier for delivering DXM and as a 
cationic scavenger of cfDNA for the treatment of LN. The nanogel car
riers, renowned for their outstanding biocompatibility attributed to 
their peptide-based natural composition, were synthesized by employ
ing dithio-bis-(succinimidyl propionate) (DSP) to crosslink generation 3 
polylysine (G3K) precursors. The resultant cationic nanogels (G3DSP) 
were demonstrated to be readily endocytosed by macrophages and 
disrupt the interaction between cfDNA and TLR9, showing competitive 
DNA binding affinity and stronger blockade of inflammation in vitro. In 
addition, the high levels of reactive oxygen species (ROS) in inflamed 
cells can accelerate the degradation of nanogels, contributing to the 
responsive drug release capacity of G3DSP. Moreover, after intravenous 
injecting G3DSP nanogels into MLR/lpr mice, these cationic nanogels 
displayed preferential accumulation and longer retention in the 
inflamed kidney. Especially, by loading DXM into the G3DSP nanogels 
(DXM@G3DSP), they exhibited significant cfDNA scavenging ability 
and targeted drug delivery property in vivo, thereby effectively pre
venting LN and alleviating disease symptoms. These findings underscore 
the promising role of cationic nanogels in treating LN and suggest a 
refined approach for the application of DNA scavengers.

2. Results and discussion

2.1. Fabrication of DXM-loaded cfDNA scavenger nanogel with renal 
homing ability

The preparation of cationic nanogel cfDNA scavengers was carried 
out using poly (L-lysine, K) dendrimers (G3K) (Fig. 1). A previously 

described procedure was used to successfully manufacture G3K with a 
precise molecular structure [30,31,45]. The synthesis of G3K was veri
fied using the 1H NMR spectrum (Fig. S1) and Matrix-assisted laser 
desorption/ionization time-of-flight mass spectrum (MALDI-TOF-MS, 
Fig. S2).

1H NMR spectra showed that G3DSP nanogels were successfully 
fabricated by crosslinking G3K with a disulfide-containing linker (DSP) 
(Figs. S3 and S4). Since the gel composition and charge density drive the 
nucleic binding performance, cationic dendritic generation 4 poly K 
(G4K), cationic linear chitosan (CS), and anionic alginate (ALG) were 
used to prepare G4DSP, CSDSP, and G3ALG nanogels respectively as 
controls. Transmission Electron Microscope (TEM) scanning revealed 
the well-defined spherical dendritic morphologies of G4DSP, G3DSP, 
and G3ALG nanogels (Fig. 2a–d). The hydrodynamic sizes of nanogels 
evaluated by dynamic light scattering (DLS) were about 100–250 nm 
with narrow distribution. Notably, G4DSP, G3DSP, and CSDSP showed a 
positive zeta potential (+10 to +70 mV), while G3ALG demonstrate a 
negative surface charge of − 20mV (Fig. 2e).

The G3DSP nanogels could hold their shape after 7 days of PBS in
cubation (Fig. S5). Once the DSP-linked nanogels have been endocy
tosed, intracellular ROS can destroy the disulfide and hasten the 
dissolution of nanogels. Following a 12-h incubation with 1 mM H2O2, 
the cross-linked architecture was destabilized, leading to the dispersion 
of G3K dendrimer units within the aqueous solution and an expansion of 
G3DSP’s hydrodynamic diameter to approximately 800 nm (Fig. 2f and 
g). This ROS–responsive degradation capability motivated us to select 
this biomaterial as multifunctional drug carriers for the combined 
therapy of LN.

Before proceeding with the biological assessment, the nanogels un
derwent co-cultivation with mouse macrophages (RAW 264.7 cells) to 
determine their cytocompatibility using the CCK-8 assay. The results 
indicated that G3DSP nanogel exhibited minimal cytotoxicity across all 
concentrations tested, up to a maximum of 500 μg/mL, whereas G4DSP 
nanogel may exhibit cytotoxic effects in the specific conditions and 

Fig. 1. Schematic illustration of DXM-loaded cfDNA scavenger nanogel with renal homing ability for LN treatment.
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concentrations (Figs. S6 and S7). This favorable biocompatibility is 
likely due to the nanogels’ composition of naturally sourced peptides 
and their protein-mimicking spherical architecture.

2.2. G3DSP demonstrates strong DNA scavenging ability

Having successfully confirmed their exceptional in vitro biocompat
ibility, we proceeded to investigate the DNA binding efficiency (BE) of 
nanogels using an ethidium bromide (EtBr) competitive binding assay. 
G4DSP and G3DSP nanogels demonstrated a higher DNA trapping af
finity in both phosphate-buffered saline (PBS) at pH 7.4 and serum en
vironments containing 10 % w/v fetal bovine serum (FBS), compared to 
CSDSP nanogels which exhibited a reduced surface charge density 
(Fig. 2h and Fig. S8). Notably, the anionic G3ALG nanogels lacked the 
capacity to bind negatively charged nucleic acids (NAs). This outcome 
suggests that upon intravenous injection and subsequent circulation in 
the bloodstream, the DNA scavenging ability of cationic nanogels re
mains unaffected by potential protein corona formation around the 
nanogels.

Subsequent investigations were focused on determining whether the 
cationic nanogels could impede TLR activation through competitive 
cfDNA neutralization. The positively charged G4DSP and G3DSP nano
gels both demonstrated significant inhibitory effects on TLR9 activation, 
which was induced by the NA-based TLR agonist CpG-ODN2006 
(Fig. 3a). In contrast, the anionic G3ALG nanogels exhibited minimal 
interference with TLR activation. Additionally, it was observed that 
none of the nanogels responded to TLR stimulation that was mediated by 

a non-NA activator, specifically the tri-acylated lipopeptide Pam3CSK4.
Following this, we delved into the potential mechanism of inflam

mation suppression via cellular uptake. We co-incubated Quasar 670- 
labeled CpG-ODN2006 (simulation of cfDNA) with FITC-labeled nano
gels and RAW264.7 cells for a duration of 12 h (Fig. S9). The intracel
lular and extracellular movements of these compounds were 
meticulously monitored using Confocal Laser Scanning Microscopy 
(CLSM) at intervals of 4, 8, and 12 h. The introduction of G3DSP 
nanogels resulted in a marked decrease in the uptake of cfDNAs within 
the cells (Fig. S10), indicating that the cationic nanogels possess the 
ability to identify and sequester extracellular inflammatory cfDNAs, 
thereby reducing their internalization.

2.3. Competitive binding ability of G3DSP toward internalized cfDNA

In the experiments described, cells were exposed to nanogels and 
CpG simultaneously. However, under practical conditions, pathogenic 
cfDNAs might be absorbed by immune cells before therapeutic agents 
can act. To simulate this, CpG was first incubated with Ramos Blue™ 
reporter cells for 4 h, then any unbound CpG was thoroughly removed 
before introducing G3DSP nanogels. At 250 μg/mL, G3DSP nearly 
completely inhibited TLR9 activation. Remarkably, even at a reduced 
concentration of 25 μg/mL, TLR9 activation was suppressed by 60 %, 
showcasing G3DSP’s dose-responsive antagonistic properties against 
TLR9 (Fig. S11).

Further studies to verify the competitive binding of nanogels to 
cfDNAs already inside cells involved tracking Quasar 670-labeled CpG 

Fig. 2. The characterization of nanogels. a–d) Particle size distribution and TEM visuals for G4DSP, G3DSP, CSDSP, and G3ALG nanogels. e) Zeta potential of 
nanogels. f) TEM images of G3DSP nanogels after incubation in buffer containing 1 mM H2O2 for 0 days, 3 day, and 7 days. g) Changes in G3DSP nanogels’ size 
distribution after a 12-h exposure to 1 mM H2O2 at 37 ◦C. h) Evaluation of nanogels’ DNA trapping ability in PBS and 10 % FBS at a 1:1 nanogel-to-DNA mass ratio. 
Data are expressed as mean ± standard deviation (SD). Statistical significance was assessed using one-way ANOVA with Tukey post hoc tests, where *** signifies P 
< 0.001.
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2006 and FITC-labeled G3DSP nanogels. Initial absorption of CpG by 
endolysosomes within 4 h suggested TLR9 engagement (Fig. 3b and 
Fig. S12). After the removal of CpG, G3DSP cationic nanogels were 
added, and their colocalization within cells was observed for 12 h. A 
pronounced accumulation of nanogels within the endolysosomal com
partments was noted, forming a distinctive white punctate pattern. In 
contrast, G3ALG and CSDSP nanogels showed minimal interaction with 
CpG, even after 12 h (Fig. 3c and Fig. S13).

2.4. G3DSP promotes macrophage differentiation to anti-inflammatory 
M2 subtype

As the overproduction of ROS is the main cause of activation of 
macrophages, we investigated the in vitro ROS-scavenging ability of 
nanogels. Confocal microscopy results revealed that G3DSP nanogels 
can efficiently eliminate the overproduced ROS in activated macro
phages (Fig. 4a). Based on this, we assessed the M1-to-M2 macrophage 
phenotypic shift under an inflammatory condition. Macrophages 
exhibiting the M1 phenotype are known to secrete various inflammatory 

cytokines in LN, potentially accelerating the progression of SLE. A 
promising therapeutic strategy for LN involves shifting macrophages 
from the M1 phenotype to the M2 phenotype, characterized by the 
markers iNOS (M1) and CD206 (M2). The efficacy of cationic nanogels 
in promoting M2 polarization was evaluated using mouse bone marrow- 
derived macrophages (BMDMs). BMDMs treated with G3DSP displayed 
an increased presence of CD206 and a significant reduction in iNOS 
levels, as determined by immunofluorescent staining of these specific 
cell surface markers, signifying a successful shift from M1 to M2 
phenotype (Fig. 4b and c). In contrast, G3ALG and CSDSP demonstrated 
a limited capacity to reprogram macrophages.

Additionally, a panel of genes linked to pro-inflammatory and anti- 
inflammatory mechanisms, such as TNF-α, IL-6, Arg-1, and IL-10, were 
quantified using qRT-PCR. Relative to the control, macrophages 
cultured with G3DSP nanogels exhibited a pronounced reduction in the 
mRNA expression of TNF-α and IL-6, alongside an increase in Arg-1 and 
IL-10 levels (Fig. 4d). This pattern was echoed in the supernatant, where 
enzyme-linked immunosorbent assay (ELISA) confirmed the diminished 
release of pro-inflammatory cytokines and an elevated presence of the 

Fig. 3. Modulation of cellular inflammatory response by nanogels through cfDNA binding. a) The nanogels effectively downregulate NA-driven TLR9 activation in 
Ramos Blue™ cells, showcasing their potential in inflammatory response control. b) Time-lapse analysis of intracellular transport reveals the colocalization of Quasar 
670-labeled CpG and FITC-labeled cationic G3DSP nanogels within RAW264.7 cells. The white arrows pinpoint the colocalization sites. Key: DAPI (D), Lysosome 
Tracker (L), FITC-labeled G3DSP (F), and Quasar 670-labeled CpG. c) The colocalization ratio, representing the interaction between Quasar 670-CpG and various 
FITC-cationic nanogels over time, was quantified using Image J. This ratio compares the colocalization area (white spots) to the total relevant area (green and purple 
spots). The data are presented as mean ± SD, with statistical significance determined by one-way ANOVA and subsequent Tukey post hoc tests, where * indicates 
0.01 < P < 0.05, ** signifies 0.001 < P < 0.01, and *** denotes P < 0.001.

H. Zhu et al.                                                                                                                                                                                                                                     Bioactive Materials 43 (2025) 330–339 

333 



anti-inflammatory cytokine IL-10 in BMDMs treated with G3DSP 
(Fig. 4e). These findings collectively affirm the anti-inflammatory 
properties of G3DSP, which appears to facilitate the transition of mac
rophages to the anti-inflammatory M2 phenotype.

2.5. G3DSP achieves an extremely fast targeting accumulation in kidney 
of MRL/lpr mice

While the ability of cationic nanogels to identify and neutralize 
pathogenic cfDNAs has been established in vitro, their efficacy in tar
geting within a living organism was yet to be determined. To investigate 
this, we employed near-infrared fluorescence (NIRF) imaging to track 
the distribution of Alexa Flour 750-labeled nanogels (Fig. S14) in MRL/ 

Fig. 4. Induction of M1 to M2 macrophage polarization in vitro by nanogels. a) In vitro ROS-scavenging of nanogels confirmed by confocal microscopy. b) and c) 
Immunofluorescence staining showcases the macrophage landscape: CD68 (universal macrophage marker in red), iNOS (M1 marker in green), CD206 (M2 marker in 
green), and cell nuclei (in blue). d) Quantitative real-time PCR (qRT-PCR) analysis reveals the mRNA expression levels of M1 markers (IL-6 and TNF-α) and M2 
markers (Arg-1 and IL-10) in activated macrophages. e) Evaluation of pro-inflammatory and anti-inflammatory cytokines in the supernatant of BMDMs treated with 
nanogels. The data are presented as mean ± standard deviation (SD). Statistical significance was determined in comparison to the control group, using one-way 
ANOVA with subsequent Tukey post hoc tests, where * indicates 0.01 < P < 0.05, ** signifies 0.001 < P < 0.01, and *** denotes P < 0.001.
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lpr mice following intravenous (i.v.) injection. Upon organ analysis at 2- 
and 24-h post-treatment, we observed a pronounced accumulation of 
G4DSP and G3DSP nanogels in the kidneys (Fig. 5a, b, and c), suggesting 
a preferential accumulation of nanogels with a higher positive charge 
density in inflamed renal tissue. Remarkably, the G3DSP nanogels 
exhibited a unique ability to localize selectively to the kidneys without 
dispersing to other organs.

Furthermore, the signal intensity of G4DSP and G3DSP nanogels 
persisted robustly even 24 h after administration. In contrast, mice 
treated with G3ALG and CSDSP nanogels displayed a significant 
decrease in NIR signal, becoming nearly undetectable after 24 h, indi
cating that targeting precision and retention correlate with charge 
density (Fig. S15a). The mass of G3DSP nanogel per mass of kidney 
tissue after 24 h of each injection achieved 0.84 mg/g based on the 
standard curve that correlates nanogel fluorescence intensity to con
centration (Fig. S15b). Immunofluorescence analysis of tissue sections 

further confirmed the renal homing ability of cationic dendrimer 
nanogels (Fig. 5d and Fig. S15c). The observed targeting phenomenon of 
the cationic nanogels is likely due to the minor vascular leakage in the 
renal system and the accumulation of negatively charged cfDNA in the 
inflamed kidneys of MRL/lpr mice.

2.6. G3DSP relieves SLE progression of MRL/lpr mice

Combinational SLE treatment is thought to be a potential method for 
achieving synergistic therapeutic benefits while minimizing medication 
dosage and adverse effects. In this study, we used a synergistic combi
nation of DXM, a traditional corticosteroid widely used in clinical 
autoimmune disorders, and G3DSP, an cfDNA scavenger. The DXM was 
loaded into the network of G3DSP nanogel during crosslinking process, 
termed as DXM@G3DSP, to improve the poor water solubility of DXM. 
The drug loading content (DLC) and drug loading efficiency (DLE) of 

Fig. 5. Mechanistic insights into GSDSP’s therapeutic efficacy in LN Treatment. a) Distribution mapping of nanogels within extra-articular tissues and joints, 
captured at 2- and 24-h post-injection using ex vivo NIRF imaging. b) Analysis of the average NIRF intensity from the cationic nanogels in an ex vivo distribution 
study conducted on MRL/lpr mice, measured 2 h following intravenous injection. c) A). liver; B). heart; C). spleen; D). lung; E). kidneys; F). lymph nodes. d) Various 
organs (heart, liver, spleen, lung, and kidney) in the G3DSP group were preserved, sectioned, and DAPI-stained 24 h after nanogel administration. Immunofluo
rescence images illustrate nanogel localization. DAPI staining is shown in blue, and nanogels are depicted in red. Data were presented as mean ± SD. Statistical 
significance was determined in comparison to the G3ALG group, using one-way ANOVA with subsequent Tukey post hoc tests, where *** denotes P < 0.001.
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DXM were determined as 19.5 % and 91.7 %. The drug release patterns 
of DXM from DXM@G3DSP were then assessed in the absence and 
presence of ROS. The release curve demonstrated that the DXM was 
slowly and constantly released from nanogels at both pH values 
(Fig. S16). However, nearly 90 % of the DXM was released within 7 days 
at in the present of ROS and only 65 % at physiological environment, 
indicating the desired endo-lysosomal degradation of DXM@G3DSP.

Following the onset of lupus when the mice were 10 weeks old, a 
dose of 25 mg/kg of body weight of cationic nanogels was injected 
intravenously once a week to treat LN for 4 weeks (Fig. 6a). The specific 
skin lesions in the facial region exhibited a significant reduction in mice 
from the DXM@G3DSP group, resulting in a final nanogel mass ratio to 
kidney of 0.28 mg/g after treatment (Fig. 6b and Fig. S17). In accor
dance with the weight statistics, the DXM@G3DSP group had signifi
cantly smaller spleens and lymph nodes than the other groups 
(Fig. 6c–f). Both DXM@G3DSP and G3DSP nanogels were more effective 
in capturing and neutralizing cfDNAs in the bloodstream (Fig. 6g), likely 
due to their enhanced nucleic acid binding affinity and prolonged in 
vivo retention. Conversely, treatments with G3ALG and CSDSP, which 
lacked positive charges, showed only a slight decrease in systemic 
cfDNA levels. This underscores a direct link between cfDNA reduction 
and the alleviation of LN disease activity. While cfDNA is adsorbed by 
nanogels, it can still be partially internalized by renal cells alongside the 

nanogels. To attenuate the effects of cfDNA, future studies may explore 
loading protein gene silencing agents like siRNA or DNAzyme into the 
nanogels [46,47].

In SLE, multi-organ dysfunction is often accompanied by elevated 
levels of autoantibodies, including blood urea nitrogen (BUN), anti- 
dsDNA antibodies, and serum creatinine. The BUN levels were signifi
cantly higher in the serum of mice treated with PBS, G3ALG, and CSDSP, 
as depicted in Fig. 6h. In stark contrast, the DXM@G3DSP-treated mice 
displayed markedly lower levels of BUN. Further analysis of the 
DXM@G3DSP group revealed a substantial improvement in anti-dsDNA 
Abs and creatinine levels, which are critical indicators of renal function 
(Fig. 6i and j). Additionally, ELISA results indicated that post-treatment 
levels of inflammatory cytokines such as TNF-α, IL-6, and TGF-β were 
significantly reduced (Fig. S18). These outcomes collectively affirm the 
efficacy of DXM@G3DSP nanogels in treating LN and potentially other 
related clinical conditions.

LN stands as a critical marker for adverse outcomes in SLE, often 
leading to renal failure, the primary cause of mortality among SLE pa
tients. Characterized by the accumulation of immune complexes and 
inflammation within the kidney’s glomeruli and tubulointerstitial areas, 
LN presents a formidable challenge. To evaluate its therapeutic poten
tial, DXM@G3DSP was subjected to further scrutiny in LN treatment. 
Compared to the control and other nanogel groups (PBS, G3ALG, CSDSP, 

Fig. 6. Therapeutic impact of DXM@G3DSP on LN progression. a) Timeline showcasing the treatment schedule for MRL/lpr mice. b) Visual analysis of facial skin 
lesions at the 14-week mark. c) and e) Comparative images and data for spleen size across different treatment groups: PBS (I), G3ALG (II), CSDSP (III), G4DSP (IV), 
G3DSP (V), and DXM@G3DSP (VI). d) and f) Lymph node assessments, presented visually and quantitatively, for the same groups. g) Tracking serum cfDNA levels 
post-nanogel treatment at designated intervals. h) BUN, i) anti-dsDNA antibodies, and j) serum creatinine measurements, indicating renal function in treated mice. 
Data are expressed as mean ± standard error of the mean (s.e.m.). Statistical significance was determined using one-way ANOVA with subsequent Tukey post hoc 
tests, where * denotes 0.01 < P < 0.05, ** indicates 0.001 < P < 0.01, and *** signifies P < 0.001.
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and G4DSP), histological analysis via H&E staining of the G3DSP group 
showed reduced glomerular enlargement, cellular infiltration, and 
glomerulonephritis (Fig. 7a). Notably, DXM@G3DSP treatment led to a 
stark inhibition of mesangial cell proliferation within the glomerulus 
(Fig. 7b), indicating a substantial mitigation of glomerular inflamma
tion. The DXM@G3DSP group also exhibited the lowest levels of IgG and 
C3 deposits, suggesting that the dual-action therapy effectively curtailed 
the accumulation of glomerular immune complexes and ameliorated 
renal pathology in MRL/lpr mice (Fig. 7c and d). Pathological kidney 
scores further corroborated these findings, with the highest scores 
observed in the PBS group, followed by G3ALG, CSDSP, G3DSP, G4DSP, 
and the lowest in the DXM@G3DSP group (Fig. S19). Collectively, these 
results underscore the enhanced efficacy of DXM@G3DSP treatment 
over the use of nanogels alone.

The clinical application of cationic biomaterials is often hindered by 
their intrinsic toxicity. Mitigating these adverse effects while preserving 
their function as cfDNA scavengers presents a significant challenge. The 
DXM@G3DSP formulation, however, has shown promising therapeutic 
effects in mitigating the progression of LN, coupled with minimal organ 
toxicity (as evidenced in Fig. S20), aligning with previous in vitro find
ings. Moreover, the hepatotoxicity and nephrotoxicity markers—alanine 
aminotransferase (ALT), alkaline phosphatase (ALP), aspartate amino
transferase (AST), creatinine, uric acid, and urea—remained within 
normal ranges in MRL/lpr mice treated with nanogels (Fig. S21), indi
cating exceptional long-term biocompatibility. This favorable profile 
may be attributed to the nanogels’ composition of natural peptides and 
their targeted distribution to inflamed kidneys, which enables localized 
cfDNA scavenging and alleviates LN symptoms without widespread side 
effects.

Synthesizing data from both in vitro and in vivo studies, we propose a 
mechanism for the DXM@G3DSP nanodrug system (Fig. 8). The nano
gels’ positive surface charge facilitates the binding and neutralization of 
anionic cfDNA via electrostatic interactions. This binding impedes the 

intracellular movement of cfDNA, preventing it from activating DNA 
sensors like TLR9 within the endolysosomes [48]. By clearing cfDNA, 
TLR9 activation and subsequent signaling through MyD88 and TRAF6 
are reduced, leading to decreased phosphorylation and degradation of 
IκBα, an NFκB inhibitor. Consequently, NFκB’s nuclear translocation 
and the expression of pro-inflammatory genes are inhibited, diminishing 
inflammation. Additionally, the DXM released from the nanogels serves 
as immunomodulatory ligands, competitively binding to receptors and 
curtailing the release of pro-inflammatory cytokines in LN. This dual 
anti-inflammatory action disrupts critical pathways in LN pathogenesis. 
In essence, DXM@G3DSP nanogels offer a comprehensive approach to 
modulating inflammatory responses in LN, underscoring their potential 
as a therapeutic option and providing valuable insights into their mode 
of action.

3. Conclusion

In this paper, we proposed a desired nanogel to serve as cfDNA 
scavenger and targeted DXM carrier for LN treatment. By using G3K, 
G4K, CS, and ALG to prepare G3DSP, G4DSP, CSDSP, and G3ALG, 
respectively, we confirmed their biocompatibility and compared their 
DNA scavenging ability and TLR inhibitory capacity. Among them, 
G3DSP showed superior DNA binding capacity, realized competitive 
colocalization with cfDNA in lysosomes, and inhibited TLR9 activation 
in vitro. After systemic administrating G3DSP to MRL/lpr mice, these 
nanogels displayed preferential biodistribution and longer retention in 
inflamed kidney. Furthermore, by loading DXM into the cavities of 
G3DSP nanogels, the DXM@G3DSP could effectively prevent LN 
engendered by proinflammatory nucleic acids and alleviate SLE symp
toms through synergistic treatments. Therefore, our study shed new 
light on the promising prospect of cationic peptide dendrimer nanogels 
for cfDNA clearance and targeted corticosteroids delivery in SLE 
treatment.

Fig. 7. Histological analysis of LN treatment via various nanogels. a) Histological examination of renal sections using H&E staining, along with IgG and C3 
immunofluorescence, across various treatment groups: PBS (I), G3ALG (II), CSDSP (III), G4DSP (IV), G3DSP (V), and DXM@G3DSP (VI). b) Assessment of mesangial 
cell density within the glomerulus. c) and d) Quantification of IgG and C3 fluorescence intensity in the glomerulus, performed with Image J software. Data are 
represented as mean ± s.e.m. Statistical significance was determined through one-way ANOVA and subsequent Tukey post hoc tests, where * indicates 0.01 < P <
0.05, ** denotes 0.001 < P < 0.01, and *** signifies P < 0.001.
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