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Purpose: Mesangial cells-mediated glomerulonephritis refers to a category of immunologically mediated glomerular injuries
characterized by infiltration of circulating inflammatory cells, proliferation of mesangial cells, and the common pathological
manifestation to the later stage is renal fibrosis, accompanied by excessive accumulation of extracellular matrix (ECM). Treatment
regimens include glucocorticoids and immunosuppressive agents, but their off-target distribution causes severe systemic toxicity.
Hence, specific co-delivery of “anti-inflammatory/anti-fibrosis” drugs to the glomerular mesangial cell (MC) region is expected to
produce better therapeutic effects.
Methods: A novel kidney-targeted nanocarrier drug delivery system targeting MCs was constructed using passive targeting resulting
from the difference in pore size between the glomerular endothelial layer and the basement membrane, and active targeting based on
the specific binding of antibodies and antigens. Specifically, a liposome-nanoparticle hybrid (PLGA-LNHy) was formed by coating the
surface of PLGA nanoparticles (NPs) with a phospholipid bilayer, and then PLGA-LNHy was co-modified with PEG and α8 integrin
antibodies to obtain PLGA immunoliposomes (PLGA-ILs).
Results: The results showed that the obtained NPs had a core-shell structure, uniform and suitable particle size (119.1 ± 2.31 nm), low
cytotoxicity, and good mesangial cell-entry ability, which can successfully accumulate in the glomerular MC region. Both dexa-
methasone (DXMS) and captopril (CAP) were loaded onto PLGA-ILs with a drug loading of 10.22 ± 1.00% for DXMS and 6.37 ±
0.25% for CAP (DXMS/CAP@PLGA-ILs). In vivo pharmacodynamics showed that DXMS/CAP@PLGA-ILs can effectively improve
the pathological changes in the mesangial area and positive expression of proliferating cell nuclear antigen (PCNA) in glomeruli as
well as reduce the expression of inflammatory factors, fibrotic factors and reactive oxygen species (ROS). Thus, renal inflammation
and fibrosis were relieved.
Conclusion: We have provided a strategy to increase nanoparticle accumulation in MCs with the potential to implement regulatory
effects of anti-inflammatory and anti-fibrosis in glomerulonephritis (GN).
Keywords: MCs, renal inflammatory, renal fibrosis, tem

Introduction
The prevalence of chronic kidney disease (CKD) is increasing worldwide, and the mortality rate continues to be unacceptably
high. CKD is estimated to affect more than 100 million patients in China.1,2 Glomerulonephritis (GN) is the major component of
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chronic kidney disease, and it continues to be one of the leading causes of end-stage kidney disease (ESKD) in China and
worldwide3 with a high prevalence and strong concealment.4 The main pathogenesis is immune inflammation injury; the initial
phase of the disease is based on inflammation with the activation of immune cells. As the disease progresses, many
immunoglobulins deposit in glomeruli leading to glomerular sclerosis associated with renal fibrosis and tubular atrophy, and
themain clinical symptoms include proteinuria, hematuria, hypertension, and edema.5 Furthermore, oxidative stress is also one of
the main causes of kidney injury.Wojcicka et al proposed the possible role of ROS in the pathogenesis of glomerulonephritis and
proved that ROS was involved in glomerular injury.6 Hence, early detection and timely intervention can significantly reduce the
complications of patients with GN and improve their survival rates. Unfortunately, there is no specific radical cure for GN, and
therapy based on the use of glucocorticoids (GC) and non-specific immunosuppressive drugs commonly administered in GN
remains the primary therapeutic weapon.Moreover, this long-term treatment able tomoderate immune glomerular injury remains
a nonspecific therapy with severe side effects and insufficient efficacy.7,8 In addition, anti-inflammatory therapy with these drugs
alone does not reverse part of the pathological tissue where fibrosis has begun, making it difficult to obtain a good prognosis for
patients with GN.9

Based on the above clinical challenge in the treatment of GN, we propose the following scientific hypotheses:
simultaneous restraint of the stage of inflammatory response and prevention of the stage of fibrosis formation can
effectively control the inflammatory response and slow down or even reverse the fibrosis process of GN using a renal
targeting delivery system with high efficiency and low toxicity. First, glomerular mesangial cells (MCs) are one of the
most important intrinsic cells in the glomeruli, accounting for 30% to 40% of the total number of glomerular cells, and
maintaining glomerular hemodynamics and structural integrity of the microvascular bed. The proliferation and fibrosis of
glomerular MCs are the basic pathological processes of GN.10 Hence, MCs are an ideal target for the treatment of GN.
Research into the development of renal targeting delivery systems began in the 1990s,11 and the concurrent rapid
development of nanotechnology, macromolecular carrier technology, and nanotechnology-based renal targeting delivery
systems have been successfully developed.12 At present, novel renal delivery systems focusing on different lesions of
nephropathy have also been designed to further improve specific targeting. Interestingly, an injectable hydrogel cross-
linked via self-assembled triblock polymeric micelles is developed to help reduce renal interstitial fibrosis.13 Guo et al
found that tripterin-loaded albumin NPs with a particle size of 95 nm easily accumulated in the MC region, which could
improve the curative effect on MC proliferative nephritis.14 Virus-mimetic NPs have also been designed to specifically
target renal MCs and therefore increase intracellular drug accumulation, providing a more refined therapy for diabetic
nephropathy.15 Wang et al designed glomerular-targeted liposomes loaded with siRNA, which could reduce proteinuria,
inflammation, and excessive ECM deposition in IgA nephropathy model mice.16 In our previous study, 3,5-dipentade-
cyloxybenzamidine hydrochloride (TRX-20) ligand-modified PEGylated liposomes were designed to explore the possi-
bility of targeting glomerular MCs.17 Combined with the renal ultrastructure and previous studies, we found that NPs
with tunable diameters can extravasate the effective filtration area of glomerular endothelial cells (10–70 nm), but cannot
traverse the mesangial support area (70–130 nm, under pathological conditions: > 200 nm), thus remaining in MCs.

Apart from passive targeting via the enhanced permeability and retention effect, active targeting could be pursued
with the use of specific ligands or antibodies in liposomes.18 According to the in vitro study by Scindia et al, the immune
complex prepared using the MC antibody molecule α8 integrin as a targeted molecule had good MC targeting
properties.19 Therefore, we believe that the most effective treatment strategy for GN is to realize high efficiency and
low toxicity through the combination of passive and active MC-targeted drug delivery systems.

DXMS is currently the first-line drug used in the clinical treatment of GN,20 which can combine with the unique GC-
reactive molecules on the DNA sequence to activate the anti-inflammatory gene transcription process and play an anti-
inflammatory role. Additionally, several studies have shown that DXMS can inhibit the growth and reproduction of cells
by regulating members of the MAPK family, such as ERK and JNK, which probably also accounts for certain anti-
fibrosis effects of DXMS.21,22 However, many studies have shown that the use of glucocorticoids could not contribute to
an adequate anti-fibrosis effect, which is not conducive to the prognosis of GN.9 Therefore, the introduction of anti-
fibrosis drugs is necessary. CAP is a synthetic angiotensin converting enzyme (ACE) inhibitor with antioxidant effect and
can also effectively inhibit the formation of renal fibrosis and scarring by inhibiting the production of transforming
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growth factor-β (TGF-β).23–25 In view of their action characteristics of, simultaneous targeted delivery of DXMS and
CAP to the focal sites of GN is a meaningful strategy for achieving the regulation of ” inflammation/ fibrosis.”

In this study, both α8 integrin antibodies and PEG-modified liposome-PLGA nanoparticle hybrids termed PLGA-ILs
were prepared and DXMS-and CAP-loaded PLGA-IL delivery systems termed DXMS/CAP@PLGA-ILs were con-
structed for anti-inflammatory/anti-fibrosis targeting therapy to GN (Figure 1). This co-delivery system was character-
ized, and the ability of PLGA-ILs to target MCs was evaluated by cellular uptake, section staining, and in vivo imaging.
The establishment of an animal model of GN and pharmacodynamic evaluation was performed to evaluate the anti-
inflammatory and anti-fibrosis profiles of DXMS/CAP@PLGA-ILs.

Materials and Methods
Materials
Poly (D,L-lactic-co-glycolide) (PLGA, Mw 4000−15,000, lactide:glycolide 75:25), 2-Iminothiolane hydrochloride (2-
IT), coumarin-6 (C6), mouse anti-proliferating cell nuclear antigen (PCNA) polyclonal antibodies, mouse anti-the
inflammatory chemokine CCL2 (CCL2) polyclonal antibodies and mouse anti-β-actin polyclonal antibodies were

Figure 1 The overall strategy and mechanism of DXMS/CAP@PLGA-ILs targeting MCs. (A) The novel functionalized NPs (DXMS/CAP@PLGA-ILs) were constructed in
this study. (B) DXMS/CAP@PLGA-ILs in blood circulation enter the glomerulus. The NPs between 70–130 nm can penetrate the glomerular endothelial space (70–130 nm)
into the glomerular MCs area, but cannot penetrate the glomerular basement membrane (10–70 nm) and passively target to the region of glomerular MCs. (C) The
mechanism of “anti-inflammation/anti-fibrosis”for GN after DXMS/CAP@PLGA-ILs MCs. “①” DXMS/CAP@PLGA-ILs enters cells through receptor-mediated endocytosis;
“②” Lipid bilayer releases CAP through membrane fusion, Inhibits the production of TGF-β, and exerts anti-fibrosis effect; “③” DXMS molecules are released into the
cytoplasm and enter the nucleus to exert anti-inflammatory effects.
Abbreviations: DXMS, dexamethasone; CAP, captopril; MCs, mesangial cells; GN, glomerulonephritis; TGF-β, transforming growth factor-β.

International Journal of Nanomedicine 2022:17 https://doi.org/10.2147/IJN.S347164

DovePress
1533

Dovepress Zhou et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


purchased from Sigma-Aldrich (USA); 1.2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene
glycol) −2000] (Mal-DSPE-PEG2000) and 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine -N-[methoxy (polyethylene
glycol)-2000] (DSPE-PEG2000) were obtained from Laysan Bio (USA); vitamin E-TPGS (TPGS) was purchased from
Macklin Biochemical Co., LTD; (Shanghai, China); TGF-β ELISA Kits were obtained from Ponstar Biotech Co., LTD
(Chengdu, China), DXMS and CAP were supplied by Meilun Biotech Co., LTD (purity ≥ 99%; Dalian, China); α8
integrin antibodies was supplied from Santa Cruz (USA). The near-infrared dye cyanine 5.5 NS acid was purchased from
AAT Bioquest (USA). Rhodamine (RHOD), 4’,6-diamidino-2-phenylindole (DAPI), BSA, and a dialysis membrane with
a 25−7000 Da cut-off were provided by the Chinese Solarbio Company (Beijing, China). DMEM/F12 medium and FBS
were purchased from Hyclone (USA), trypsin and fetal bovine serum (FBS) were obtained from Gibco (USA); Habu
snake venom (HSV) was purchased from WAKO (Japan). The other chemicals used in this study were of analytical
grade.

Male SPF Kunming mice (20 ± 2 g) were purchased from Chengdu Dossy Experimental Animals Co., Ltd. (Chengdu,
China) and maintained in a pathogen-free environment under controlled humidity and temperature. The animal experi-
ments were conducted in accordance with the protocol of the National Act on the Use of Experimental Animals (China)
and were approved by the Sichuan Committee on Laboratory Animals (approval number SYXK2014-187). All experi-
ments were performed according to the requirements of the People ’s Republic of China National Act on the use of
experimental animals.

Preparation and Characterization of the NPs
A nanometer-scale precipitation approach was used to produce NPs with particle sizes ranging from 70 nm to 130 nm.
Briefly, 10 mg PLGA, 3 mg DXMS, and 3 mg TPGS were dissolved in 3 mL of acetone as an organic phase solution, and
then slowly added to 15 mL of 1% poloxam 188 aqueous solution under magnetic stirring at 40 ± 2°C.26 Subsequently,
the formation of PLGA NPs was further driven by continuous stirring for 15 min, and the organic solvent was allowed to
evaporate simultaneously. The solution was then applied to a filter to remove the oversized NPs, and then the solution
was centrifuged for 15 min at 12,000 rpm, and the DXMS@PLGA NPs were harvested as the sediment. Finally, the
mixture was resuspended in 10 mL of deionized water.

A PEG-modified liposome-PLGA nanoparticle hybrid termed PLGA-LNHy was produced by the thin film ultrasonic
dispersion method with liposomes. First, a lipid mixture containing 16 mg soy lecithin, 4 mg cholesterol, 2 mg
mPEG2000-DSPE, 0.5 mg Mal-PEG2000-DSPE and 7.9 mg TPGS27,28 was dissolved in 10 mL of chloroform, and
dried under vacuum at 50°C in a rotary evaporator to remove the organic solvent and form a dry film. Subsequently, 10
mg CAP was added to the PLGA NPs colloidal solution, and then the colloidal solution was applied to a rotary
evaporator to hydrate the dried film. The resulting suspension was ultrasonicated in an ice bath and successively extruded
through an extrusion apparatus to obtain the DXMS/CAP@PLGA-LNHy colloidal solution. Finally, the DXMS/
CAP@PLGA-LNHy was collected by centrifuging at 12,000 rpm and the free DXMS and CAP in the supernatant
were removed. The drug loading rate of DXMS/CAP@PLGA-LNHy was determined by using HPLC method after
demulsification by adding methanol.

The solutions of 0.2 mL α8 integrin antibodies (200 g/mL) and 0.8 mL 2-IT28,29 (3.75 μg/mL, oxygen removal) were
incubated at 37°C in the dark for 1 h, then the activated 1 mL antibody solution was added to the dialysis bag (deionized
water pretreatment). Dialysis bags were placed into 100 mL dialysate at 4°C for 4 h with magnetic stirring. The dialysate
was changed every 1 h, and the dialysis bags were kept suspended all the time. Ultimately, DXMS/CAP@PLGA-LNHy
colloidal solution (2 mL) and the purified antibody solution (1 mL) were added into a sterile centrifuge tube and
incubated at 37°C overnight in the dark to obtain a DXMS/CAP@PLGA-IL colloidal solution.19 PLGA NPs, PLGA-
LNHys, and PLGA-ILs without drug loading were also prepared.

C6-loaded PLGA NPs (C6@PLGA NPs) were prepared as described above except 0.5 mg C6 was dissolved in 3 mL
of the organic phase solution at the beginning. RHOD-loaded PLGA-LNHys (RHOD@PLGA-LNHys) were prepared as
described above, except that 1 mg RHOD was dissolved in 10 mL of chloroform at the beginning. C6 and RHOD-loaded
PLGA-ILs (C6/RHOD@PLGA-ILs) were prepared as above except 0.5 mg C6 was dissolved in 3 mL organic phase
solution and 1 mg RHOD was dissolved in 10 mL of chloroform at the beginning.
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Free Cy5.5 was prepared using 0.1 mg Cy5.5NS dissolved in 10 mL deionized water. Cy5.5@PLGA NPs,
Cy5.5@PLGA-LNHys, and Cy5.5@PLGA-ILs were prepared as above except 0.1 mg Cy5.5NS were dissolved in 3
mL organic phase solution at the beginning.

The particle size and zeta potential of PLGA NPs, PLGA-LNHys, and PLGA-ILs were determined by using a zeta
potential/particle sizer (NanoZS ZEN3600, Malvern, UK). After negative staining with 2% sodium phosphotungstate
solution, the morphology of PLGA NPs, PLGA-LNHys, and PLGA-ILs were examined by transmission electron
microscopy (TEM, Libra200 FE, ZEISS, Germany).

In vitro Release of DXMS and CAP from NPs
The in vitro DXMS release profile of DXMS/CAP@PLGA-ILs was determined using the dialysis method. Briefly, 2 mL
of nanoparticle colloidal solution and 3 mL PBS were added to the dialysis bag (7000 Da) suspended in 95 mL of release
medium of PBS at 37 ± 0.5°C. The solution (1 mL) was removed from the outside medium for measurements at 0 h, 0.5
h, 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h, and replaced with 1 mL of fresh medium at the same time. The sample solution was
filtered through a 0.45 μm microporous filter membrane. The amount of DXMS and CAP released in the filtrate was
determined by HPLC.

Cell Toxicity Assay
The cytotoxicity of the different formulations was evaluated using a CCK-8 assay. MCs in the logarithmic growth phase
were incubated in 96-well plates at 1×105 cells per well and incubated for 24 h at 37°C. The medium was then removed,
followed by treatment with PLGA NPs, PLGA-LNHys, and PLGA-ILs for 24 h (with an equivalent dose of PLGA:
0.125, 0.25, 0.5, 1, and 2 μg/mL). After the medium was discarded, fresh medium (90 μL) and CCK8 reagent (10 μL)
were added to each well and incubated for another 3 h before measurement. Absorbance at 450 nm was measured using a
microplate reader (Multiskan FC, Thermo Scientific, USA). Relative cell viability was calculated using the following
equation:

Cell viability = (Asample-Ablank)/(Anegative control-Ablank) ×100%.

Immunofluorescence and Cellular Uptake
A sterile cover glass was placed in a 6-well culture plate and MCs in the logarithmic growth phase were seeded in 6-well
plates at a density of 2×105 cells per well and incubated overnight. The cells were fixed and permeabilized with 0.1%
Triton X-100 after incubation. Cells were blocked with 3% BSA for 30 min and incubated with primary antibodies (α8
integrin antibody) in 0.2% (v/v) BSA in PBS overnight at 4°C. The diluted secondary antibody (Cy3 labeled) solution
was incubated at 37°C for 50 min. Images were acquired using a fluorescence microscope.

The cells were prepared as described above and incubated to a fusion degree of more than 90% at 37°C. After the
medium were discard, 0.5 mg/mL (with an equivalent dose of PLGA) of C6/RHOD@PLGA-ILs, RHOD@PLGA-
LNHys, and C6@PLGA NPs were added to the wells (n = 3) and placed in an incubator for 22 h. Then, the 6-well plates
were washed three times with PBS after discarding the medium, and 1 mL of 4% paraformaldehyde solution was added
and fixed for 15 min. Next, the cover glass was cleaned twice with PBS and anti-fluorescence quenching sealant
containing DAPI was dropped on it for staining and sealing. The fluorescence distribution was captured with a
fluorescence microscope (BX 53, Olympus, Tokyo, Japan), and the relative fluorescence intensity was analyzed using
ImageJ software for semi-quantitative comparison.

Fluorescent in situ Hybridization
To further verify the targeting location of different types of nanocarriers in the kidney, fluorescent in situ hybridization
was performed. Kunming mice were randomly divided into C6/RHOD@PLGA-IL, RHOD@PLGA-LNHy, C6@PLGA
NP, and normal groups. Mice in the experimental group were injected with C6/RHOD@PLGA-ILs, RHOD@PLGA-
LNHys, and C6@PLGA NPs at an equivalent dose of 10 mg/kg PLGA, while mice in the normal group were injected
with the same volume of normal saline through the tail vein. All mice were sacrificed and dissected 4 h after injection,
and then the kidneys were collected and rinsed with PBS, frozen in optimal cryotomy temperature (OCT) compound, and

International Journal of Nanomedicine 2022:17 https://doi.org/10.2147/IJN.S347164

DovePress
1535

Dovepress Zhou et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


sectioned into 4−5 µm thick. Before staining, sections were fixed at 4°C with precooled acetone for 10−20 min, and then
rinsed three times with PBS solution for 5 min each. Finally, the sections were stained and sealed with an anti-
fluorescence quenching sealant containing DAPI. The fluorescent distribution was captured using a fluorescence micro-
scope (BX 53, Olympus, Tokyo, Japan).

In vivo and ex vivo Imaging
To further verify the distribution of NPs in vivo, in vivo and ex vivo imaging was carried out. Kunming mice were randomly
divided into saline, free Cy5.5, Cy5.5@PLGA NP, Cy5.5@PLGA-LNHy and Cy5.5@PLGA-IL groups (n = 3). The
experimental group of 5-week-old Kunming male mice were injected into the tail vein at an equivalent dose of 10 mg/kg
PLGA, while the control group was injected with the same amount of free Cy5.5, and the normal group was injected with
the same volume of saline. At 0.5, 1, 2, 4, 12, and 24 h after injection, the mice were anesthetized and imaged using an in
vivo imaging system (IVIS Spectrum, Maestro, USA). The excitation wavelength was measured at 683 nm, and the
emission wavelength was set at 703 nm. The mice were sacrificed and dissected after live imaging. The anatomical heart,
liver, spleen, lung, kidney, and brain were washed with PBS and subjected to ex vivo fluorescence imaging.

In vivo Efficacy Studies
Animal Model and Treatment
To demonstrate the anti-inflammatory and anti-fibrosis therapeutic efficacy, we evaluated the therapeutic effects of
DXMS/CAP@PLGA-ILs in a mouse model of mesangial proliferative glomerulonephritis (MesPGN), the most common
pathological form of GN, which is characterized by MC proliferation and mesangial matrix accumulation, and inflam-
mation-related cytokines play an important role in its pathology.30,31 Habu snake venom (HSV) was used to induce the
mouse model of MesPGN.32,33 To improve the success rate of modeling, HSV was injected twice through the caudal
vein. Normal rats were injected with normal saline. HSV was injected through the tail vein (0.5 mg/kg) and repeatedly
injected once again after 3 days. The HSV-induced mouse models were randomly divided into five groups: (1) normal
group, (2) DXMS/CAP@PLGA-IL group, (3) a mixture of DXMS and CAP treatment group (DXMS/CAP group); (4)
DXMS treatment group (DXMS group); and (5) CAP treatment group (CAP group). The treatment groups were
administered DXMS/CAP@PLGA-ILs, DXMS, CAP, and DXMS/CAP at an equivalent dose of 1 mg/kg of DXMS or
2 mg/kg of CAP, respectively, and the normal group was administered normal saline instead. The injection was carried
out once every two days, three times a week.

Periodic Acid-Schiff (PAS) Staining
After treatment for a week, the renal tissues of mice were collected. Kidney tissues were fixed in a 4% paraformaldehyde
solution. The samples were then transferred to 70% ethanol. They were then processed using a graded ethanol series and
embedded in paraffin. The paraffin sections were cut into 5 μm-thick slices using a microtome (Microm HM 315
microtome, Walldorf, Germany) and stained with PAS. Tissue sections were examined for glomerular histopathology and
photographed under a light microscope (BX5, Olympus, Tokyo, Japan).

Immunohistochemical Analysis
To evaluate the in vivo efficacy, immunohistochemical staining of proliferating cell nuclear antigen (PCNA) were
conducted on kidney tissue sections to observe the expression of PCNA in glomerulus of each group. Sections of kidney
tissues were deparaffinized and neutralization with endogenous peroxidase using 3% H2O2 for 10 min at room
temperature. After washing with 0.01 M PBS (pH=7.4), the sections were immersed in citrate buffer, followed by
microwaving for antigen retrieval (30 min). Sections were preincubated with blocking serum for 20 min and then
incubated with primary antibodies (anti-PCNA antibody was diluted to 1:500) overnight at room temperature. Following
washing with PBS, the sections were incubated with HRP-labeled secondary antibodies at 37 °C for 40 min and then
washed in PBS. Finally, the color was developed via a 15 min incubation with DAB solution and the sections were
weakly counterstained with hematoxylin at room temperature for 3 min. The slides were observed under a light
microscope (BX5, Olympus, Tokyo, Japan).
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Quantitative RT-PCR
After treatment for a week, the renal tissues of mice were collected. Total RNA was extracted from isolated renal cortex
using the RNAsimple Total RNA Kit (TianGen, China) following the manufacturer’s instructions. First-strand cDNAwas
obtained by reverse transcription of total RNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo, USA). The
resulting cDNA and corresponding primers were used for SYBR Green quantitative real-time PCR to assay the levels of
CCL2. The primers were designed based on the mRNA sequences in GenBank and were synthesized by Shanghai
Shenggong Biotechnology (Shanghai, China). The forward primer sequence was 5’TGTGCTGACCCCAAGAAGG3’.
The reverse primer sequence was 5’CACTGTCACACTGGTCACTCCT3’. Mouse specific primers were used and β-actin
was used as the endogenous control and the sequence of the forward primer was 5’CACGAAACTACCTTCAACTCC3’,
while the sequence of the reverse primer was 5’CATACTCCTGCTTGCTGATC3’. The experiment PCR conditions
followed the manufacturer’s instructions. The normalized fold expression of the tested gene relative to the normal control
was calculated based on the 2−ΔΔCt method,34 where Ct is the mean threshold cycle difference.

Western Blot
Similarly, to demonstrate the anti-inflammatory therapeutic efficacy, the expression levels of CCL2 was measured using
Western blot. After treatment for a week, the renal tissues of mice were collected. Protein lysates from the kidney tissues
were prepared following standard protocols, and the protein content was determined using the BCA protein assay kit
(ThermoFisher, USA). Then, proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
under reducing conditions. After electrophoresis, samples were transferred to polyvinylidene fluoride (PVDF) mem-
branes, blocked with 5% skimmed milk in TBS-T for 1 h, washed with TBS-T, and then incubated overnight at 4°C with
primary antibodies (anti-CCL2-antibody was diluted to 1:200). The membranes were then washed and incubated with
secondary antibodies for 1 h at room temperature. After washing with TBS-T, the blots were developed using the
chemiluminescence method and observed under a ChemiDoc imaging system (ChemiDoc, BioRad, Singapore).

ELISA
After treatment for a week, the renal tissues of mice were collected. The levels of inflammatory factors including tumor
necrosis factor α (TNF-α), Interleukin-6 (IL-6), Interleukin-1β (IL-1β), and fibrotic factors including TGF-β, alpha-
smooth muscle actin (α-SMA), fibronectin (Fn) in kidney tissue homogenate were measured using ELISA kits according
to the manufacturers’ protocols. In addition, ROS levels was also measured using ELISA kits.

Statistical Analysis
All the experiments were repeated at least three times. The results were presented as mean±SD. Statistical analysis was
produced by SPSS 23.0 software and graphed by Graphpad Prism 8.0.2. Statistical significance was defined at *P < 0.05,
**P < 0.01, ***P < 0.001. The threshold for statistical significance was P < 0.05.

Results
Preparation and Characterization of NPs
We prepared stabilized PLGANPs with a size of around 112.5 ± 2.52 nm (Table 1), and then encapsulated them with liposomes
and modified with PEG2000 and α8 integrin antibodies to prepare PLGA-LNHys and PLGA-ILs. The prepared PLGA NPs,
PLGA-LNHys and PLGA-ILs all showed blue opalescence and the “Dundall effect” was produced by laser irradiation. The size,
potential, and aggregation state of nanocarriers are key factors for their application. The sizes of PLGA-LNHy and PLGA-IL
were controlled by a miniature liposome extruder to ensure that the prepared NPs had an ideal particle size. The particle size and
zeta potential were examined; results displayed that the average particle size of PLGA-LNHy was 115.1 ± 3.51 nm, and the zeta
potential was −15.2 ± 0.4 mV with PDI of 0.259 ± 0.026. With the gradual assembly of PLGA-IL, the particle size increased to
119.1 ± 2.31 nm, and the zeta potential decreased to −10.1 ± 0.2 mVwith PDI of 0.211 ± 0.07 (Table 1). TEMconfirmed that the
particle sizes corresponded with the mean particle size determined by the Malvern Nano-ZS instrument, PLGA NPs were
spherical in structure, and the morphological structure of PLGA-LNHys were consistent with that of PLGA-ILs (Figure 2A–C).
In brief, the particles were generally spheroids, with a liposome layer as the outer shell and a PLGANPs as the core. Furthermore,
the drug loading of DXMS/CAP@PLGA-ILs was directly evaluated using HPLC, which revealed that DXMS and CAP were
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successfully encapsulated with 10.22 ± 1.00% and 6.37 ± 0.25% of drug loading, respectively. Moreover, the in vitro release of
DXMS and CAP fromDXMS/CAP@PLGA-ILs was examined in PBS (pH 7.4). HPLCmethod determined that the cumulative
release of DXMS in DXMS/CAP@PLGA-ILs for 24 h was 77.23 ± 2.96% and the cumulative release of CAP in DXMS/
CAP@PLGA-ILs for 24 h was 83.18 ± 3.77% (Figure 2D).

Cytotoxicity
The toxicity of nanoparticle carriers is usually related to their particle size, surface charge, and concentration properties,
and the effect varies among different types of cells. Cell viability indicated that the cell survival rate of MCs cultured
with PLGA NPs, PLGA-LNHys, or PLGA-ILs was above 83.6% at PLGA concentrations ranging from 0.125 to 2 mg/
mL (Figure 3A). According to ISO10993-5, the survival rate of cells above 83.6% was considered to be level 0 or 1
toxicity,35 which implies that all groups were considered safe for MCs.

Immunofluorescence and Cellular Uptake
Under the fluorescence microscope, the nucleus (DAPI staining) is blue when excited by the corresponding UVexcitation
wavelength, and the red on the cell surface is the binding of antigen and antibody (the second antibody is marked red by
Cy3) (Figure 3B). Red fluorescence was visible on the cell surface, indicating that the surface of MCs showed the
expression of α8 integrin antigen and confirming that the MC characteristics were not altered in the cultured cells.

Table 1 Physicochemical Properties of the Prepared NPs

Samples Particle Size a (nm) PDIb Zeta Potentialc (mV)

PLGA NPs 112.5 ± 2.52 0.153 ± 0.079 −24.7 ± 0.3
PLGA-LNHys 115.1 ± 3.51 0.259 ± 0.026 −15.2 ± 0.4

PLGA-ILs 119.1 ± 2.31 0.211 ± 0.07 −10.1 ± 0.2

Notes: aData of particle size represented as mean ± SD (n = 3). b Polydispersity index. cData of zeta potential represented as mean±SD (n = 3). dData of Drug-loading
capacity represented as mean±SD (n = 3).

Figure 2 The characterization of nanocarriers and in vitro release of DXMS/CAP@PLGA-ILs. (A) TEM of PLGA NPs (Scale bars: 100 nm). (B) TEM of PLGA-LNHys (Scale
bars: 100 nm). (C) TEM of PLGA-ILs (Scale bars: 100 nm). (D) In vitro DXMS and CAP cumulative release profiles under PBS. Data were expressed as mean ± SD (n = 3).
Abbreviations: DXMS, dexamethasone; CAP, captopril; TEM, transmission electron microscopy; PBS, phosphate-buffered saline.
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Figure 3 Cell studies of PLGA-ILs in vitro. (A) Cytotoxicity results of PLGA NPs, PLGA-LNHys and PLGA-ILs at PLGA concentrations ranging from 0.125 to 2 mg/mL. (B)
Immunofluorescence detection of MCs surface protein α8-integrin (×400). (C) Cellular uptake of PLGA NPs, PLGA-LNHys and PLGA-ILs in vitro. Blue, green and red
represent DAPI, C6 and RHOD fluorescence, respectively. Scale bars: 50 μm. (D) Relative fluorescence density of PLGA NPs, PLGA-LNHys and PLGA-ILs uptake by MCs.
(E) Distribution of NPs in the kidney, “→” represents mesangial region. Blue, green and red represent DAPI, C6 and RHOD fluorescence, respectively. Scale bars: 25 μm. All
data were measured as mean ± S.D, ** = P < 0.01, *** = P < 0.001, n=3. Statistical significance was determined by one-way ANOVA with Tukey post hoc test.
Abbreviations: MCs, mesangial cells; C6, coumarin-6; RHOD, Rhodamine.
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To function as a drug delivery vehicle, PLGA-ILs must enter the cells effectively and release their payload into the
cytoplasm.36 For this reason, cellular uptake was performed on MCs to elucidate the uptake ability of various
nanocarriers, including PLGA-ILs, PLGA-LNHys, and PLGA NPs labeled with fluorescent probes. Under the same
exposure, DAPI binding to DNA in the nucleus exhibited dark blue fluorescence for labeling the nucleus, C6
encapsulated in PLGA NPs showed green fluorescence at a certain excitation wavelength, while RHOD loaded into
the liposome bilayer turned out red; after excitation green and red fluorescent signals overlapped into bright yellow
fluorescent signals after combination. As shown in Figure 3C, as expected, the bright yellow fluorescence intensity of C6/
RHOD@PLGA-ILs is stronger than that of C6@PLGA NPs and RHOD@PLGA-LNHys, indicating that α8 integrin
antibody was crucial for the intracellular aggregation of PLGA-ILs. Semi-quantitative fluorescence analysis was
performed by dividing the optical densities of C6 and DAPI (Figure 3D). The amount of PLGA-ILs taken up by MCs
was 2.43 times higher than that of PLGA NPs, while PLGA-LNHys uptake was only 1.79 times higher than that of
PLGA NPs. The semi-quantitative fluorescence results were consistent with the fluorescence observations.

Subcellular Localization of NPs
MCs are the major target in the progression of GN because of their ability to clear circulating immune complexes,
produce pro-inflammatory mediators, and deposit immunoglobulin and immune complexes in the mesangial matrix.37 To
determine the exact location of PLGA-ILs in the kidney, frozen kidney sections were collected and stained with DAPI.
According to the characteristics of the glomerular physiological structure, all three NPs should theoretically pass freely
through the endothelial fenestrations and enter the mesangium. C6@PLGA NPs had a small distribution of particles in
the MC region, even in the kidney, suggesting that PLGA NPs could not quickly escape the capture of the reticuloen-
dothelial system to target MCs. In contrast to C6@PLGA NPs, RHOD@PLGA-LNHys slightly distributed in the MC
region because of PEG modification in phospholipid bilayers. However, it was found that C6/RHOD@PLGA-ILs
showed higher intensity and good co-localization with MCs than the other two NPs (Figure 3E), suggesting that α8
integrin antibodies of PLGA-ILs specifically combined with the α8 integrin antigen on the MC surface plays a role in
active targeting. These results further demonstrate that MCs have a strong retention force on PLGA-ILs.

In vivo Imaging and Tissue Distribution
The renal targeting efficiency of Cy5.5@PLGA NPs, Cy5.5@PLGA-LNHys, and Cy5.5@PLGA-ILs after intravenous
injection in Kunming mice were further evaluated using an in vivo imaging system. During 0.5 h−4 h after injection, the
distribution of each nanocarrier mostly accumulated in the liver of mice, and the near-infrared fluorescence signal was
stronger than that in the kidney, which may be attributed to both NPs and long-circulating liposomes being mainly
captured by the liver system.38 Surprisingly, the fluorescence intensity in the liver significantly decreased and even
vanished during 12 h−24 h. At the same time, the fluorescence intensity in the kidneys became stronger (Figure 4A). In
general, the fluorescence intensity of Cy5.5@PLGA-ILs in the kidney was stronger than that of free Cy5.5,
Cy5.5@PLGA NPs, and Cy5.5@PLGA-LNHys, which confirmed that this particular size and antibodies-mediated active
targeting maximized nanoparticle content and glomerular targeting and could accumulate more in the kidney. The treated
mice were sacrificed, and the main organs were removed and analyzed at different times. In vitro images of the organs
(Figure 4B) and the semi-quantitative fluorescence both confirmed this result (Figure 4C) that due to combining the effect
of a phospholipid bilayer and α8 integrin antibodies, the distribution of Cy5.5@PLGA-ILs in the kidney was significantly
higher than that of free Cy5.5, PLGA NPs and Cy5.5@PLGA-LNHys fluorescence.

In vivo Anti-Inflammatory/Anti-Fibrosis Therapy
The in vitro and in vivo biodistribution results showed excellent glomerulus accumulation of PLGA-ILs; therefore, we
investigated the therapeutic efficacy of DXMS/CAP@PLGA-ILs against GN. In view of this simple, feasible, and short-
time consuming method, the HSV-induced MesPGN model was used in this study. The lesions stimulate the production
of numerous cytokines, such as TGF-β, accompanied by the infiltration of neutrophils and macrophages, and the
proliferation of MCs, leading to an increase in the number of nucleated cells in the glomeruli.39 The PAS technique is
perhaps the most versatile and widely used technique for the demonstration of glycoproteins, carbohydrates, and mucins.
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Therefore, we stained the sections with PAS and compared the therapeutic effects of the drugs based on the pathological
changes observed. PAS stained kidney sections from the normal group displayed prominent glomerular complete
structure and a clearly visible profile, while the disordered glomeruli began to show significant MC cluster-like
proliferation and various special proteins were deposited in the region of MCs from the HSV model group, resulting
in the proliferation of the mesangial region severely compressing the glomerular capillary loop and narrowing the lumen,
and even glomerular sclerosis in some cases. From PAS-stained sections, the pathological manifestations of the
mesangial region in the mouse MesPGN model were largely attenuated by DXMS/CAP@PLGA-ILs treatment, and
rescued glomerular lesions significantly more efficiently than other treatments (Figure 5A), indicating that all types of
cell infiltration and proliferation were effectively controlled after treatment with DXMS/CAP@PLGA-ILs.

PCNA is a well-known scaffold for many DNA replication and repair proteins and plays an important role in the
regulation of DNA replication.14 The expression of PCNA began to rise in the late G1 cell proliferation cycle, which
indicated that the cells were in a proliferating state and is commonly used as a cell proliferation marker.40

Immunohistochemical staining was used to observe the expression of PCNA in the glomeruli of each group. The
immunopositive reaction products were brown particles in the nucleus, and positive expression was also observed in
some cytoplasm (Figure 5B). According to the immunostaining results, moderate positive expression of PCNA was
detected in glomeruli on day 3 after disease induction compared to the normal group, which was prominently reduced
following treatment with DXMS/CAP@PLGA-ILs. Taken together, kidney sections from mice treated with DXMS or
CAP showed a mild positive reaction for PCNA expression as compared to the faint positive reaction in the DXMS/CAP
and DXMS/CAP@PLGA-IL groups.

CCL2 is formed under the stimulation of pathological conditions and is actively involved in the inflammatory
response, attracting immune cells to the inflammatory site.41,42 Therefore, in order to investigate the anti-inflammatory

Figure 4 (A) In vivo bioluminescence images of mice receiving saline, free Cy5.5, Cy5.5@PLGA NPs, Cy5.5@PLGA-LNHys, or Cy5.5@PLGA-ILs at different time point.
(B) Ex vivo imaging of organs in mice at different time point. (C) Mean fluorescence intensity of kidney at different time points ex vivo imaging. All data were measured as
mean ± S.D, * = P < 0.05, ** = P < 0.01, *** = P < 0.001, n=3. Statistical significance was determined by one-way ANOVA with Tukey post hoc test.
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Figure 5 DXMS/CAP@PLGA-ILs supressed glomerular inflammation and fibrosis. (A) Glomerular histology revealed by PAS staining of kidney tissue sections. The pathological
change was rescued by various degrees with different treatments. Scale bars, 25 μm. (B) Immunohistochemical staining of PCNA in kidney tissue sections. DXMS/CAP@PLGA-ILs
displayed strong therapeutic effects. Scale bars, 25 μm. (C) Real-time PCR kidney inflammatory chemokines CCL2 test results. (D)Western blot inflammatory chemokines CCL2
protein expression test results. (E) Inflammatory factor (TNF-α, IL-6, and IL-1β) levels in renal cortical tissues. (F) Fibrosis factor (TGF-β, α-SMA and Fn) levels in renal cortical
tissues. (G) The expression levels of ROS in renal cortical tissues. All data were measured as mean ± S.D, * = P < 0.05, ** = P < 0.01, *** = P < 0.001. Statistical significance was
determined by one-way ANOVA with Tukey post hoc test.
Abbreviations: DXMS, dexamethasone; CAP, captopril; PAS, periodic acid-Schiff; PCNA, proliferating cell nuclear antigen; CCL2, the inflammatory chemokine CCL2; TNF-
α, tumor necrosis factor α; IL-6, Interleukin-6; IL-1β, Interleukin-1β; TGF-β, transforming growth factor-β; α-SMA, alpha-smooth muscle actin; Fn, fibronectin; ROS, reactive
oxygen species.
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effect of DXMS/CAP@PLGA-ILs, the expression levels of CCL2 were determined by real-time PCR and Western
blotting. We studied the mRNA expression levels of CCL2 in the renal cortex of DXMS/CAP@PLGA-ILs-treated
MesPGN mice, and found that the increase in inflammatory chemokines was significantly reduced (Figure 5C).
Unsurprisingly, the results of Western blotting were consistent with the results of real-time PCR testing (Figure 5D).
These results show that DXMS/CAP@PLGA-ILs could dramatically inhibit the protein expression of CCL2 in the renal
cortex by targeting and releasing drugs, thus reducing stimulation to MCs and inhibiting the proliferation of MCs.

To further evaluate the anti-inflammatory and anti-fibrosis effect of DXMS/CAP@PLGA-ILs in the mouse MesPGN
model of this study. Hence, we measured the expression levels of inflammatory factors and fibrosis factors, including
TNF-α, IL-6, IL-β1, TGF-β, α-SMA and Fn in the renal cortices of mice in the different groups (Figure 5E and F).
Compared with the blank group, the MesPGN model group showed the higher expression levels of TNF-α, IL-6, IL-β1,
TGF-β, α-SMA and Fn. However, these increased indexes were seldom improved after treated with CAP or DXMS or
DXMS/ CAP combination, respectively. Fortunately, DXMS/CAP@PLGA-ILs group demonstrated positive therapeutic
efficacy with reduced the expression levels of TNF-α, IL-6, IL-β1, TGF-β, α-SMA and Fn, indicating that they can be
used for the targeted treatment of inflammation and fibrosis in MesPGN. Moreover, in order to evaluate the antioxidant
stress effect of DXMS/CAP@PLGA-ILs, the expression levels of ROS was determined by ELISA kits (Figure 5G). We
found that the level of ROS was significantly increased in the MesPGN model group. Similar trend of positive
therapeutic efficacy was observed in the DXMS/CAP@PLGA-ILs group compared with other groups, indicating that
DXMS/CAP@PLGA-ILs could play an effective role in the inhibition of oxidant stress. Overall, the results demonstrated
that DXMS/CAP@PLGA-ILs could inhibit the expression of inflammatory factors, fibrosis factors and ROS of MCs in
MesPGN model.

Discussion
GN continues to be one of the leading causes of ESKD in China and worldwide, and renal damage is already in an
irreversible stage when some patients are first diagnosed.43 Currently, treatment remains controversial because none of
the current treatment regimens produce a convincing benefit. As introduced, in the existing targeted therapy studies for
MCs lesions, most researchers think that suppressing inflammation responses of GN is a key to prevent pathological
damage. But the truth is that GN is often accompanied by inflammation and fibrotic lesions, and inflammation runs
through the entire process of renal fibrosis. Therefore, we believe that the most effective treatment strategy for GN is to
realize inhibition of inflammation and fibrosis through the MC-targeted dual drug delivery system.

In this study, we prepared PLGA NPs, PLGA-LNHys and PLGA-ILs, we selected PLGA NPs-based core-shell
liposome polymer NPs as the drug delivery system mainly due to following reasons: (i) PLGA nanoparticle are prepared
by a facile and highly reproducible method; (ii) the nano-cores of PLGA-ILs can be used as internal support skeletons to
provide mechanical stability to the shell. Liposomes as shells are advantageous in that they have good biocompatibility and
can be easily modified; (iii) core-shell nanocarriers could have a synergistic therapeutic effect as they allow for the loading
of multiple drug molecules. Our experimental data also proved the advantages mentioned above. All NPs with PDI values
less than 0.3 are considered to be uniformly dispersed,44 and a negative zeta potential value indicates that there is a charge
difference between PLGA-ILs and the liquid, and that the large repulsive force could maintain a stable nanoparticle
system.45 Previous study results indicated that the drug loading of nanoparticle-coated DXMS usually ranges from 1% to
5%.46,47 However, as a semicrystalline polymer, PLGA can not only incorporate DXMS into its structure and have a high
drug load of approximately 8%,48,49 but also release them over time by a combination of diffusion and degradation. As
expected, the drug load of DXMS and CAP was consistent with expectations. More importantly, the drug loading of DXMS
was more than 8%, which could be related to the use of TPGS as a matrix material of NPs blended with PLGA polymer,
enabling the efficient encapsulation of DXMS.50 It has been reported that DXMS released from PLGA NPs could quickly
reach saturation during the first 4 h of incubation51 with an average cumulative release of approximately 90%. Surprisingly,
the release profile of DXMS/CAP@PLGA-ILs showed a fast release such that the average cumulative release of DXMS
and CAP were only approximately 25% and 29%, respectively, in the first 0.5 h, afterward DXMS and CAP sustained
release reached about 77.23 ± 2.96% and 83.18 ± 3.77%, respectively, and remained stable over time. This proved that
DXMS/CAP@PLGA-ILs could partly attenuate the effect of burst release and lengthen the effect of sustained release,
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which may be due to the PLGA NPs as nano-cores that can be used as internal support skeletons to provide mechanical
stability to the shell. In addition, differences in release between the two drugs may be attributed to CAP in the empty
liposome, and the permeable liposome layer would cause the faster release of CAP, accompanied by the accumulation of
CAP being higher than that of DXMS. DXMS was wrapped in PLGA NPs and drug release from PLGA microspheres was
controlled by polymer degradation,52 which is a result of the polymer backbone hydrolyzing into oligomers and monomers.
Theoretically, the release rate of DXMS should be significantly slower than the release rate of CAP. While this result had no
significant difference, DXMS would most probably be in the vicinity of the nanoparticle surface, leading to an increase in
the release rate.

According to the characteristics of glomerular physiological structure, all NPs with with diameters between 70 and
130 nm in the blood circulation to penetrate the glomerular endothelial space into the glomerular MCs region, rather than
further penetrate the glomerular basement membrane, so as to passively deposit and retain in the area of MCs. Unlike
PLGA NP, PLGA-LNHy and PLGA-IL with a phospholipid bilayer that forms the basic scaffolds of cell membranes
leads to higher uptake capacity by MCs.53 Moreover, PEG modification of PLGA-LNHy and PLGA-IL resulted in longer
circulation time in the body,54,55 making PLGA-LNHy and PLGA-IL repeatedly cross the glomeruli to the MC area. In
contrast with PLGA-LNHy, PLGA-IL by virtue of α8 integrin antibodies modification appear to be superior in specificity
towards MCs. This may be because α8 integrin antigen is only expressed by MCs in the glomerulus, which mediates cell
adhesion and cytoskeleton organization in addition to acting as a signal receptor,56 thus leading to quick binding to the
surface of MCs by PLGA-IL and mediating their internalization. Thus, it is concluded that dual modification with
different functional ligands is superior to single modification. This might also be the reason that an increasing number of
researchers have dedicated their efforts to multifunctional kidney-targeting drug delivery systems.57,58

Traditional anti-Thy-1 nephritis is a classic reversible model of MesPGN.59,60 However, this method cannot be used
to prepare a mouse MesPGN model because of the lack of Thy1 antigen on the surface of mouse MCs. HSV-induced
acute MesPGN model can produce pathological manifestations similar to GN. The injection of HSV through the tail vein
can cause lesions in the mesangial area of the glomerulus, including mesangial dissolution, MC apoptosis, proliferation,
and accumulation of extracellular matrix.61 As verified by a number of studies, kidney inflammation and subsequent
fibrosis are key processes that lead to ESKD. On the one hand, of the many pro-inflammatory cytokines/chemokines,
CCL2, TNF-α, IL-6 and IL-β1 have emerged as the key mediator of inflammation following kidney injury,62,63 and
aberrantly increased inflammatory mediator expression is responsible for sustaining and exacerbating cell recruitment
and the resultant inflammation. During chronic inflammation, due to repetitive or prolonged injury from the inflammatory
process, which evolves into a progressive and irreversible fibrotic process.64,65 On the other hand, TGF-β is a cytokine
essential for the induction of the renal fibrotic response, and the notion that TGF-β mediate tissue fibrosis is supported by
cell biological studies, animal model experiments, and clinical evidence.66 α-SMA and Fn are universally known and
characterized protein used for assessment of fibrosis in several tissues and organs including the kidney and the relative
incorporation of the fibrotic markers α-SMA and Fn into the matrix increases in response to TGF-β.67,68 Considering that
inflammation-related cytokines and fibrosis-related factors play an important role in the pathological process of MesPGN,
we investigated the expression levels of inflammatory chemokine CCL2, TNF-α, IL-6, IL-β1, TGF-β, α-SMA and Fn.
We found that the expression levels of the above factors were significantly increased after HSV modeling, indicating that
HSV can effectively promote the expression of inflammation and fibrosis factors in nephritis mice, and the MesPGN
model was successfully induced by injected HSV twice through tail vein for evaluating the therapeutic effects of DXMS/
CAP@PLGA-ILs in MesPGN. As expected, the kidney of MesPGN model mice showed increased expression of
inflammatory factors and fibrosis factors compared with blank group, but the induction of these factors was significantly
inhibited after administration. The comprehensive situation of cytokine measurement indexes indicated that the anti-
bodies modified nanoparticle DXMS/CAP@PLGA-ILs had stronger “anti-inflammatory/anti-fibrosis” effect on the
kidney of MesPGN model. Furthermore, ROS serve as cell signaling molecules generated in oxidative metabolism
and excessive oxidative stress derived from ROS accumulation deregulates the antioxidative defense system, which is
closely associated with various diseases.69 In glomeruli, ROS are generated by both infiltrating cells and resident
glomerular cells and excessive ROS levels lead to cell death by damaging cellular components, including proteins,
lipid bilayers, and chromosomes. The participation of ROS in glomerular damage was proved in many experimental
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studies.6 CAP could exerts treatment effects by increasing tissue antioxidant activity, scavenging different types of
ROS.70 Through experiment, we verified optimistic therapeutic effect of DXMS/CAP@PLGA-ILs in vivo MesPGN
model, thereby more powerfully proving the excellence of the treatment effect of DXMS/CAP@PLGA-ILs.

Conclusion
In this paper, we prepared PLGA-ILs modified with both α8 integrin antibodies and PEG using a facile nanometer
precipitation methodology and film dispersion method, which exhibited obvious core-shell structure with a uniform
particle size of 119.1 ± 2.31 nm and had remarkable MC targeting ability. In vitro and in vivo experiments revealed that
the mesangial targeting profile of PLGA-ILs was significantly improved compared to PLGA-LNHys and PLGA NPs.
Besides the characteristic of co-delivering anti-inflammatory and anti-fibrosis loaded drugs, PLGA-ILs are not only a
promising delivery platform for MC related diseases, but also have the potential to be more widely investigated for other
applications in the pharmaceutical field. Ultimately, DXMS/CAP@PLGA-ILs showed an outstanding advantage in anti-
inflammation and anti-fibrosis efficiency in MesPGN model mice. Co-delivery of the “anti-inflammatory/anti-fibrosis”
drugs targeting MCs is a novel concept for GN treatment.
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