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Introduction: Arteriovenous graft (AVG) is an important option for establishing hemodialysis access in patients with end-stage 
chronic kidney disease (CKD). Decellularized tissue-engineered vascular graft (dTEVG), due to its excellent biocompatibility and 
regenerative potential, holds promise for use in AVG; however, poor remodeling remains a challenge. Quercetin (Qu) can effectively 
regulate macrophage polarization and promote tissue remodeling and regeneration, yet its low bioavailability limits its clinical 
application.
Methods: Here, we developed a nano-localized drug delivery system using Qu-loaded poly(lactic-co-glycolic acid) (PLGA) 
nanoparticles (Qu@PNPs), prepared via a nanoprecipitation method and subsequently modified onto the surface of dTEVG. In vitro 
and in vivo experiments were performed to assess the biocompatibility of Qu@PNPs and their effect on macrophage polarization. 
Additionally, the impact of Qu@PNPs modification on dTEVG remodeling was evaluated in both subcutaneous and AVG rat models.
Results: Our study results demonstrated that Qu@PNPs exhibited good biocompatibility and achieved sustained drug release on 
dTEVG. Furthermore, these drug-loaded nanoparticles inhibited M1 macrophage polarization while promoting M2 polarization, 
significantly improving the in vivo remodeling of dTEVG, as evidenced by increased early recellularization and peripheral 
neovascularization.
Conclusion: Together, the development of the nano-localized drug delivery system effectively enhanced the application of Qu, 
providing experimental evidence for its use in dTEVG. Additionally, it offers new strategies and approaches for optimizing dTEVG 
design and clinical translation.
Keywords: arteriovenous graft, decellularized tissue-engineered vascular graft, macrophage polarization, nanoparticles, quercetin, 
graft remodeling

Introduction
Chronic kidney disease (CKD) has become an increasingly serious public health issue worldwide.1,2 Most end-stage 
CKD patients rely heavily on hemodialysis as their primary renal replacement therapy, with reliable vascular access 
being crucial for successful treatment.3–5 The arteriovenous graft (AVG) is an essential alternative for hemodialysis 
treatment.4,6 Synthetic grafts are currently the preferred option for constructing AVG in clinical practice, primarily made 
from expanded polytetrafluoroethylene (ePTFE) and Dacron.7 However, their use is often associated with complications 
such as infection, thrombosis, and intimal hyperplasia.8,9 In light of these limitations, decellularized tissue-engineered 
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vascular graft (dTEVG), which offers superior biocompatibility and regenerative potential, represent a promising 
alternative solution.

Over the past few decades, dTEVG constructed from decellularized natural vascular tissue has gained increasing 
attention due to their low immunogenicity and retention of natural vascular structures.10–12 An ideal dTEVG can support 
host cell growth and regenerate a bioactive vascular structure resembling native blood vessels.13,14 However, studies have 
shown that dTEVG still faces challenges such as insufficient recellularization and poor remodeling during in vivo 
adaptation.15–17 Good recellularization in AVG is crucial for restoring the biological function of acellular grafts in 
hemodialysis, as the risk of graft rupture, pseudoaneurysm, thrombosis, stenosis, and infection significantly increases 
after repeated punctures.18,19

Quercetin (Qu), a naturally occurring flavonoid that is widely available and can be synthesized in vitro, has been 
found to regulate macrophage polarization by primarily inhibiting M1 polarization and promoting M2 polarization.20–23 

Recent studies have shown that macrophage polarization plays a crucial role in graft remodeling.24,25 However, whether 
Qu regulates dTEVG remodeling remains unclear. Moreover, Qu’s clinical application has been limited by its poor 
chemical stability and low water solubility.26,27 To address these limitations, we designed a localized drug delivery 
system based on poly(lactic-co-glycolic acid) (PLGA) nanoparticles (PNPs). Specifically, drug-loaded PNPs were 
prepared using the nanoprecipitation method.28 The carboxyl groups on the nanoparticle surface were then activated 
via 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-Hydroxy succinimide (NHS) chemical coupling and con
jugated with the amino groups on the surface of dTEVG to form stable amide bonds, thereby successfully constructing 
the localized drug delivery system.29 Among them, PLGA was selected as the drug carrier due to its excellent 
biocompatibility, controlled degradation properties, and favorable drug loading and sustained release capabilities.30,31

In summary, through this study, we aim to reveal Qu’s potential in improving dTEVG remodeling, explore the 
relationship between Qu, macrophage polarization, and graft remodeling, and provide new insights and strategies for the 
further optimization and application of dTEVG.

Material and Methods
Preparation and Characterization of Nanoparticles
PLGA (Sigma-Aldrich, St. Louis, USA) was selected as the substrate for the nanoparticles. Qu-loaded PNPs (Qu@PNPs) 
were prepared using the nanoprecipitation method.28,32 In brief, an appropriate amount of Qu (Sigma-Aldrich) was 
dissolved in 5 mL of acetone (Aladdin, Shanghai, China), and 3 mL of this solution was mixed with 30 mg of PLGA in 
the organic phase. Meanwhile, polyvinyl alcohol (PVA) (Aladdin) was dissolved in pure water to prepare 1% (w/v) PVA 
aqueous phase. The organic phase was slowly injected into the aqueous phase at a volume ratio of 1:10. The mixture was 
stirred at a constant speed for 30 minutes in an ice bath, then the acetone was removed under reduced pressure to obtain 
a nanoparticle suspension. The nanoparticle suspension was centrifuged at 21,130 ×g for 15 minutes and washed three 
times to thoroughly remove impurities. The purified nanoparticles were then freeze-dried and stored at 4°C. Drug-free 
PNPs were prepared using the same method. Additionally, Rhodamine B (Sigma-Aldrich)-loaded PNPs (RB@PNPs) 
were synthesized for subsequent fluorescence visualization of the nanoparticles.

The particle size and zeta potential of PNPs and Qu@PNPs were measured using a nano-ZS90 dynamic light 
scattering (DLS) particle size analyzer (Malvern, Shanghai, China). The detection methods for particle size and zeta 
potential were conducted according to the specifications of the Zetasizer software. In brief, the nanoparticle suspension 
was diluted with pure water to the working concentration. One milliliter of the diluted sample was placed in a cuvette for 
particle size measurement, while an equal amount of the sample was used in the zeta potential cell for zeta potential 
assessment.

The morphology of PNPs and Qu@PNPs was observed using a transmission electron microscope (TEM) (HITACHI, 
Tokyo, Japan). The procedure was as follows: First, 20 µL of the nanoparticle suspension was pipetted onto a carbon- 
coated copper grid and left for 3–5 minutes to allow excess liquid to be absorbed with filter paper. Next, 2% 
phosphotungstic acid (Servicebio, Wuhan, China) was applied to the carbon support film for 1–2 minutes, and excess 
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liquid was again removed with filter paper, followed by drying at room temperature. Finally, the samples were observed 
under TEM.

Drug loading measurement of the nanoparticles: An accurate weight of 10 mg of Qu@PNPs lyophilized powder was 
dispersed in 5 mL of distilled water. Then, 200 µL of the suspension was precisely transferred into 1.8 mL of methanol 
(Aladdin, Shanghai, China) and thoroughly vortexed to disrupt the nanoparticle structure and release the drug compo
nents. The absorbance of Qu at the maximum wavelength of 374 nm was measured using a multifunctional microplate 
reader (Huisong, Shenzhen, China), and the Qu content was calculated based on the corresponding standard curve 
formula. Finally, the drug loading was calculated using the following formula: Drug loading (%) = (Mass of drug in 
nanoparticles / Total mass of drug-loaded nanoparticles) × 100%, resulting in a Qu loading of approximately 4.04 
± 0.16%.

Drug encapsulation efficiency measurement of the nanoparticles: The Qu content in the drug-loaded nanoparticles 
was determined using the previously described method. Encapsulation efficiency was calculated using the following 
equation: Drug encapsulation efficiency (%) = (Mass of drug in nanoparticles / Total mass of drug added) × 100%. The 
encapsulation efficiency of the nanoparticles was calculated as 64.89 ± 0.22%.

Stability of Nanoparticles
At various time points (day 0, 1, 3, 5, 7, and 14), an appropriate amount of lyophilized nanoparticle powder was taken out 
and thoroughly mixed in pure water, then diluted to the working concentration for particle size and zeta potential 
measurements. This was done to evaluate the stability of nanoparticle size and zeta potential over time. Additionally, 
equal amounts of Qu@PNPs lyophilized powder were collected at the same time points, and drug loading was measured 
using the previously described method to assess the stability of drug loading in the nanoparticles over time.

Preparation and Characterization of dTEVG
The dTEVG was derived from natural vascular tissue. The natural vascular tissue was obtained from the common carotid 
arteries of local ducks, which were sourced from a local slaughterhouse and had an average body weight of approxi
mately 1500 g. The decellularization procedure was performed according to previous studies.33 In brief, a comprehensive 
decellularization protocol combining physical, chemical, and biological methods was employed: First, the 1.5 cm long 
duck carotid artery was subjected to freeze-thaw cycles at −20°C. It was then incubated for 12 hours in a 3-[(3-chola
midopropyl)dimethylammonium]-1-propanesulfonate (CHAPS) buffer (8 mM CHAPS [Sigma–Aldrich],1 M NaCl 
[Sigma–Aldrich], and 25 mM Ethylenediaminetetraacetic acid (EDTA) [Sigma–Aldrich] in phosphate buffered solution 
(PBS) [Sigma–Aldrich]), followed by a 24-hour incubation in a Sodium dodecyl sulfate (SDS) buffer (1.8 mM SDS 
[Sigma–Aldrich], 1 M NaCl, and 25 mM EDTA in PBS). After incubation, the artery was washed in clean PBS for 
24 hours. Finally, treatment with DNase I (3000 U/mL) (Sigma-Aldrich) and RNase A (3000 U/mL) (Sigma-Aldrich) for 
1 hour completed the decellularization process.

Some sections of the blood vessels before and after decellularization were embedded in paraffin and sliced into 
approximately 4 µm thick sections for storage. After undergoing a series of steps, including baking, deparaffinization, 
and dehydration, the tissue sections were stained with Hematoxylin-Eosin (HE) and 4’,6-diamidino-2-phenylindole 
(DAPI) (Sigma-Aldrich) to evaluate the success of the decellularization process.

Modification and Testing of dTEVG
The dTEVG was surface modified using the EDC/NHS method. The procedure is as follows: First, PNPs or Qu@PNPs 
were activated by adding them to an activation buffer containing 10 µmol/mL EDC (Sigma-Aldrich) and 10 µmol/mL 
NHS (Sigma-Aldrich) in 0.1 M 2-Morpholinoethanesulphonic acid (MES) (Sigma-Aldrich) buffer (pH 5.0) to activate 
the carboxyl groups for 1 hour. The activated PNPs or Qu@PNPs were then centrifuged and washed with PBS. Next, 
they were resuspended in a reaction buffer at approximately pH 8.0, prepared using 1 M NaOH in PBS, and a 1.5 cm 
long dTEVG was added to the reaction buffer and incubated overnight at 37°C in the dark. To ensure consistency in 
control experiments, Qu alone underwent the same treatment for “mock modification” with an equal length of dTEVG. 
Ultimately, three groups of modified dTEVG were obtained: PNPs-dTEVG, Qu@PNPs-dTEVG, and Qu-dTEVG, with 
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unmodified dTEVG serving as the blank control. Additionally, RB@PNPs for fluorescent visualization were modified 
onto the surface of dTEVG using the aforementioned method, resulting in the formation of the RB@PNPs-dTEVG 
group.

The microscopic morphology of dTEVG before and after modification was observed using a scanning electron 
microscope (SEM) (TESCAN, Czech Republic) to detect surface structure changes. The detection method involved 
fixing the samples in 2.5% (v/v) glutaraldehyde (Sigma-Aldrich) for 12 hours, followed by dehydration in a series of 
ascending ethanol concentrations. The samples were then mounted on aluminum stubs, sputter-coated with gold, and 
observed under SEM. Additionally, macroscopic observations of dTEVG before and after modification were conducted.

Drug Release Profile
In vitro drug release studies were conducted in PBS solution at pH 7.4 containing 1% polyethylene glycol-400 (PEG- 
400) (Sigma-Aldrich). In brief, the modified dTEVG was washed and placed in the PBS solution, then stored in the dark 
at 37°C. Starting from day 0, an equal volume of supernatant was taken every two days and frozen at −80°C for later 
analysis, while an equal volume of fresh PBS solution was added to continue the incubation at 37°C. The amount of drug 
was measured as previously described, using a multifunctional microplate reader to detect the absorbance of Qu at the 
maximum wavelength of 374 nm, and the Qu content in the supernatant was calculated based on the corresponding 
standard curve formula.

Cell Viability Assessment
Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) (Beyotime, Shanghai, China) to evaluate the effects of 
Qu and nanoparticles on rat bone marrow-derived macrophages (BMDMs). Rat BMDMs were previously extracted, and 
the culture medium used was dulbecco’s modified eagle medium (DMEM) (Thermo Fisher Scientific, Massachusetts, 
USA) supplemented with 10% fetal bovine serum. The experimental steps are as follows: rat BMDMs were treated with 
a series of Qu concentrations (0, 1.25, 2.5, 5, 10, 20, 40, and 80 µM) for 24 hours. After changing the culture medium, 
cell viability was assessed using the CCK-8 method. Additionally, another group of Qu-treated cells was stained with 
crystal violet to observe viable cells. Subsequently, based on the results of the previous tests, an appropriate concentration 
of Qu was selected for the preparation of Qu@PNPs. The prepared Qu@PNPs were used to treat cells at a series of mass 
concentrations of 0, 10, 50, 100, 200, and 300 μg/mL, following the same time and method as previously described. 
Additionally, a blank control group (Control) and a PNPs group with the same concentration gradient were routinely set 
up to exclude the influence of the nanoparticles themselves. This approach aimed to determine whether the drug-loaded 
nanoparticles affect cell viability within a certain concentration range and to establish an appropriate nanoparticle amount 
for graft modification in subsequent in vivo experiments.

Macrophage Polarization Assessment
In vitro, rat BMDMs were used to investigate the effect of 40 µM Qu on macrophage polarization. The experimental 
groups included control, Qu, lipopolysaccharide (LPS) (Beyotime), and LPS+Qu. The treatments were as follows: the Qu 
and LPS groups received individual interventions for 24 hours, while the LPS+Qu group was treated with Qu for 
30 minutes before LPS (100 ng/mL) was added, continuing for 24 hours. Macrophage polarization was assessed by 
Western blot (WB) and immunofluorescence. Next, the effect of Qu@PNPs (with approximately 40 µM Qu) on 
macrophage polarization was evaluated, with the same experimental groups, plus a PNPs-only group to control for 
nanoparticle effects. The treatment and analysis procedures were the same as above, with polarization detected by 
immunofluorescence.

In vivo experiments followed the animal grouping scheme, and at the endpoint, tissue samples were collected and 
sectioned for immunofluorescence to evaluate macrophage polarization in tissues.

Western Blot
Total protein was extracted from cells using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime) and protein 
concentrations were determined using a colorimetric method. For immunoblotting, proteins (20–40 µg) were separated 
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on 8%-10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (Epizyme, Shanghai, China) 
and transferred to a microporous membrane (0.45 µm; Immobilon, Millipore) by electrophoresis. The membrane was 
blocked with 5% bovine serum albumin (BSA) (Epizyme) at room temperature for 1 hour, followed by overnight 
incubation with the primary antibody against the target protein at 4°C. Afterward, the membrane was incubated with 
a horseradish peroxidase-conjugated secondary antibody at room temperature for 1 hour, and developed using enhanced 
chemiluminescence (ECL) reagents (Epizyme). If necessary, stripping buffer was used to elute the antibodies, and the 
membrane was treated again as described.

The primary antibodies used in this experiment included: anti-inducible nitric oxide synthase (iNOS) (Abcam, 
ab178945, 1:1000), anti-arginase-1 (Arg-1) (Proteintech, 16001-1-AP, 1:5000), and anti-β-actin (Proteintech, 20536- 
1-AP, 1:1000). The secondary antibody was Rabbit anti-IgG (Abclonal, AS014, 1:5000).

Animal Models
All experiments were approved by the Animal Care and Use Committee of the Second Xiangya Hospital of Central 
South University (Approval No. 20241053). All experiments were performed in accordance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals. Male Sprague-Dawley (SD) rats at 11 weeks of age were 
selected for modeling.

Subcutaneous Implantation Model: Rats were anesthetized using inhaled isoflurane (RWD, China), and a longitudinal 
skin incision was made approximately 1.0 cm away from the spine on the back. Four groups of grafts—unmodified 
dTEVG (blank control), PNPs-dTEVG, Qu-dTEVG, and Qu@PNPs-dTEVG—were implanted subcutaneously, with one 
dTEVG implanted per rat. The skin was sutured using 3–0 surgical sutures. Post-surgery, the wound was disinfected, and 
the rats were monitored under standard housing conditions. The entire surgical procedure adhered to aseptic principles. 
After 21 days, the rats were euthanized, and tissue samples were collected. The sample size for each group was n=5.

AVG Model: The rat carotid artery-jugular vein AVG model requires advanced vascular surgical techniques. The 
surgical methods and specific steps followed were based on previous studies.33 Four groups of different modified, equal- 
sized dTEVG (as used in the subcutaneous model) were connected between the carotid artery and jugular vein. After 21 
days post-surgery, the rats were euthanized, and tissue samples were collected. The sample size for each group was n=5.

It is important to note that, in this surgical model, the three groups of modified dTEVG, except for the blank control 
group, maintained a consistent dosage of nanoparticles or drugs. Additionally, RB@PNPs-dTEVG was also used in the 
AVG model to observe the presence of nanoparticles within the graft under in vivo blood flow conditions.

Histology
Tissue samples obtained from the experiment were washed with PBS and then fixed in 4% paraformaldehyde (Biosharp, 
Hefei, China). Following fixation, the tissues were dehydrated in a series of graded ethanol concentrations. After 
dehydration, they were cleared in xylene and subsequently embedded in paraffin to form wax blocks. The tissue blocks 
were cut into 4 μm thick sections and placed on glass slides for storage. HE staining kit (Servicebio) was used to evaluate 
tissue morphology.

Immunofluorescence
Cell Immunofluorescence: Cells were fixed with 4% paraformaldehyde, blocked with 10% goat serum, and incubated 
with primary antibody overnight at 4°C. After washing, fluorescent secondary antibodies were applied for 1 hour, 
followed by DAPI staining. Observations were made using a fluorescence microscope (ZEISS, Oberkochen, Germany).

Tissue Immunofluorescence: Tissue sections were deparaffinized, followed by antigen retrieval in pH 9.0 Tris-EDTA 
buffer (Sigma-Aldrich) at 100°C for 20 minutes. After blocking nonspecific binding with 10% goat serum (1 hour, room 
temperature), sections were incubated with primary antibodies overnight at 4°C and secondary antibodies for 1 hour. 
Nuclei were counterstained with DAPI, and sections were mounted. Observations were conducted using a fluorescence 
microscope.

The primary antibodies used in this experiment included: anti-Cluster of Differentiation 68 (CD68) (Abcam, ab31630, 
1:400), anti-iNOS (Abcam, ab178945, 1:200), anti-CD206 (Abcam, ab64693, 1:200), anti-CD31 (AiFang, AF6408, 
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1:50), and anti-alpha smooth muscle actin (α-SMA) (Proteintech, 67735-1-Ig, 1:200). The secondary antibodies included 
Fluorescein Isothiocyanate (FITC)-conjugated Goat anti-Rabbit (Proteintech, SA0003-2, 1:200) and Sulfo-Cyanine3 
(Cy3)-conjugated Goat anti-Mouse (Proteintech, SA0009-1, 1:200).

Cell Counting Within the Graft
The grafts were collected on postoperative day 21 (n=5) and processed into paraffin blocks using the previously 
described histological methods. Cross-sections of 4 μm thickness were cut from the middle portion of the graft. The 
cell nuclei were stained using DAPI fluorescence (blue), and tissue autofluorescence was appropriately exposed to 
distinguish the structures. Under a fluorescence microscope, the medial region of the entire tubular graft was identified, 
with the internal and external elastic laminae marked using white dashed lines. The cell counting within the graft was 
performed within the annular region between the white dashed lines. All experiments were independently counted by two 
or more researchers, and the average value was taken to ensure the accuracy and consistency of the results.

Counting of Peripheral New Blood Vessels
The grafts were collected on postoperative day 21 (n=5) and processed into paraffin blocks using the previously 
described histological methods. Cross-sections of 4 μm thickness were cut from the middle portion of the graft. The 
surrounding new blood vessels of the graft were stained using CD31 (green) and α-SMA (red) fluorescence, with tissue 
autofluorescence appropriately exposed to distinguish the structures. Under a fluorescence microscope, the adventitial 
region of the entire tubular graft, at a fixed distance from the external elastic lamina, was identified, and the CD31- 
positive or CD31 and α-SMA double-positive annular structures in this region were counted. All experiments were 
independently counted by two or more researchers, and the average value was taken to ensure the accuracy and 
consistency of the results.

Statistical Analysis
Data are represented as mean value ± standard error of the mean. All data were analyzed using Prism 10 software 
(GraphPad Software, Inc., La Jolla, CA). Between-group comparisons will be conducted using one-way analysis of 
variance (ANOVA), and post hoc tests (such as Tukey’s HSD test) will be performed to identify specific differences when 
significant differences are observed. Multifactorial ANOVA will be applied for comparisons involving two or more 
factors. For non-normally distributed data, non-parametric tests (such as the Mann–Whitney U-test) will be utilized. 
Correlation analyses will employ either Pearson or Spearman correlation coefficients, depending on the distribution of 
the data. P values < 0.05 were considered significant.

Results
Preparation and Characterization of Nanoparticles
The preparation of Qu@PNPs was carried out using the nanoprecipitation method, involving steps such as oil-water 
phase mixing, ice bath stirring, and solvent evaporation (Figure 1A). PNPs were prepared using the same procedure. The 
purified PNPs and Qu@PNPs were then lyophilized and stored in appropriate containers (Figure 1B). TEM analysis of 
PNPs and Qu@PNPs revealed smooth, spherical morphology, with the particle size of Qu@PNPs being slightly larger 
than that of PNPs (Figure 1C). DLS analysis showed that the particle size of PNPs was 177.7 ± 56.54 nm with a zeta 
potential of −31.6 ± 4.25 mV, while Qu@PNPs had a particle size of 249.0 ± 89.24 nm and a zeta potential of −32.7 ± 
4.61 mV (Figure 1D). Additionally, some prepared PNPs and Qu@PNPs were stored at 4°C and periodically sampled to 
assess their stability. The results showed no significant changes in Z-average particle size and zeta potential over 14 days, 
indicating good stability under 4°C conditions (Figure 1E and F). Furthermore, the drug loading and encapsulation 
efficiency of Qu@PNPs were 4.04 ± 0.16% and 64.89 ± 0.22%, respectively. Notably, the drug loading remained stable 
after 14 days of storage at 4°C, further demonstrating the excellent stability of the nanoparticles prepared in this study 
(Figure 1G).
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Figure 1 Preparation and characterization of Qu@PNPs. (A) Schematic diagram of the preparation process of Qu@PNPs (nanoprecipitation method). (B) Macroscopic 
appearance of PNPs and Qu@PNPs (suspension and lyophilized powder). (C) TEM images of PNPs and Qu@PNPs, scale bar: 200 nm. (D) Particle size and zeta potential 
distributions of PNPs and Qu@PNPs. (E) Z-average particle size stability of PNPs and Qu@PNPs over time (n=3). (F) Zeta potential stability of PNPs and Qu@PNPs over 
time (n=3). (G) Drug loading stability of Qu@PNPs over time (n=3). Data are presented as mean value ± standard error of the mean.
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Construction and Characterization of Nanoparticles-dTEVG
Qu@PNPs-dTEVG was prepared through a series of steps, including the decellularization of natural blood vessels and 
covalent binding of nanoparticles (Figure 2A). Concurrently, both PNPs and Qu alone were modified onto the surface of 
dTEVG using the same construction process. The decellularization of natural carotid arteries involved a combination of 
physical, chemical, and biological methods, effectively removing the original cells from the tissue (Supplementary 
Figure 1). To confirm the successful modification of nanoparticles onto the surface of dTEVG, we conducted visual and 
SEM observations on four groups of differently treated dTEVG. Visually, the unmodified dTEVG group appeared more 
translucent compared to the PNPs-dTEVG group, while both the Qu-dTEVG and Qu@PNPs-dTEVG groups exhibited 
a light-yellow appearance. SEM analysis revealed numerous nanoparticles adhering to both the inner and outer surfaces 
of PNPs-dTEVG and Qu@PNPs-dTEVG, providing preliminary evidence for the successful modification of nanoparti
cles on the dTEVG surface (Figure 2B and C). Furthermore, to obtain more conclusive evidence, in vitro drug release 
experiments were performed on the four groups of dTEVG. The results indicated that the Qu@PNPs-dTEVG group 
exhibited a more sustained drug release capability compared to the Qu-dTEVG group, while the total amount of drug 
released in both groups was comparable (Figure 2D). Collectively, these findings demonstrate that the Qu@PNPs- 
dTEVG localized drug delivery system has been successfully constructed and possesses good drug release capabilities. 
Additionally, in the in vivo AVG model, 72 hours after the implantation of RB@PNPs-dTEVG, a considerable amount of 
red fluorescence signal (originating from RB@PNPs) was still observed in the adventitial region of the graft 
(Supplementary Figure 3).

Evaluation of the Biocompatibility of Qu@PNPs
To evaluate the biocompatibility of Qu@PNPs, both in vitro and in vivo experiments were conducted. In the in vitro 
experiments, we treated rat BMDMs with a series of Qu concentrations (0, 1.25, 2.5, 5, 10, 20, 40, and 80 µM) for 
24 hours and performed crystal violet staining. Microscopic observations revealed a noticeable decrease in cell density at 
80 µM (Figure 3A). The CCK-8 assay was then employed for quantitative analysis of cell viability, which demonstrated 
that Qu concentrations ranging from 0 to 40 µM did not adversely affect cell viability (Figure 3C). Therefore, the 
subsequent actual drug loading concentration of Qu@PNPs was set around 40 µM. Based on its drug-loading capacity, 
the corresponding mass concentration of Qu@PNPs was approximately 300 μg/mL. A series of mass concentrations of 0, 
10, 50, 100, 200, and 300 μg/mL of Qu@PNPs were further prepared for 24-hour interventions. The Control group 
served as the blank control, and the PNPs group was subjected to the same concentration gradient to exclude the potential 
influence of nanoparticles. CCK-8 assay results showed that Qu@PNPs within this concentration range had no significant 
effect on cell viability (Supplementary Figure 2). Next, we further examined cell density after 24 hours in the control 
group, PNPs intervention group, Qu intervention group, and Qu@PNPs intervention group using crystal violet staining, 
combined with quantitative analysis of cell viability through the CCK-8 assay. The results indicated no significant 
changes in cell density or viability among the four groups (Figure 3B and D). For the in vivo experiments, unmodified 
dTEVG, PNPs-dTEVG, Qu-dTEVG, and Qu@PNPs-dTEVG were implanted into rats using the AVG model. On 
postoperative day 21, liver, kidney, and spleen samples were collected and examined using HE staining. No signs of 
inflammation or pathological changes were observed in the major organs of any group (Supplementary Figure 4). In 
summary, both in vitro and in vivo experiments demonstrated that the Qu@PNPs constructed in this study exhibit 
excellent biocompatibility.

In Vitro Regulation of Macrophage Polarization by Qu@PNPs
Previous studies have demonstrated that Qu can regulate macrophage polarization.23,34 In this study, WB confirmed that 
Qu inhibited the polarization of rat BMDMs toward the pro-inflammatory M1 phenotype, as indicated by the suppressed 
expression of iNOS. The M1 macrophages were induced by LPS (Figure 4A and B). Additionally, WB analysis also 
verified that Qu promotes the polarization of rat BMDM towards the anti-inflammatory M2 phenotype, with significantly 
elevated levels of the M2 marker Arg-1 (Figure 4C and D). To further explore the effect of Qu@PNPs on macrophage 
polarization in vitro, Qu@PNPs were added to rat BMDMs and incubated for 24 hours. Microscopic observations 
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Figure 2 Construction and characterization of Qu@PNPs-dTEVG. (A) Schematic diagram of the decellularization of natural blood vessels and modification of dTEVG with 
Qu@PNPs. (B) Macroscopic appearances of dTEVG, PNPs-dTEVG, Qu-dTEVG, and Qu@PNPs-dTEVG. (C) SEM images of dTEVG, PNPs-dTEVG, Qu-dTEVG, and 
Qu@PNPs-dTEVG, with scale bars of 500 µm, 2 µm, and 2 µm (from left to right). (D) Cumulative drug release profiles of dTEVG, PNPs-dTEVG, Qu-dTEVG, and 
Qu@PNPs-dTEVG over time (n=3). (E) Absolute drug release profiles of dTEVG, PNPs-dTEVG, Qu-dTEVG, and Qu@PNPs-dTEVG over time at fixed intervals (n=3). (F) 
Total drug release amounts of dTEVG, PNPs-dTEVG, Qu-dTEVG, and Qu@PNPs-dTEVG (n=3). Data are presented as mean value ± standard error of the mean.
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revealed that both the Qu@PNPs and Qu intervention groups exhibited a similar “synaptic” morphology in a higher 
proportion of cells compared to other groups, suggesting that Qu@PNPs can influence macrophage polarization without 
being affected by the nanoparticle carrier (Figure 4E). Subsequently, cellular fluorescence detection was performed to 
evaluate the expression of the M1 marker iNOS and the M2 marker CD206 in macrophages, further confirming that 
Qu@PNPs inhibit the polarization of rat BMDMs toward M1 while promoting polarization toward M2 (Figure 4F-I).

Qu@PNPs Regulate Macrophage Polarization and Promote Early Recellularization and 
Peripheral Neovascularization of dTEVG in the Subcutaneous Model
Previous in vitro experiments demonstrated that Qu@PNPs significantly regulate macrophage polarization, inhibiting M1 
macrophages while promoting M2 macrophages (Figure 4F-I). This finding lays the groundwork for investigating the 

Figure 3 In vitro effects of Qu@PNPs on macrophage viability. (A) Microscopic images of rat BMDMs after 24 hours of treatment with different concentrations of Qu, with 
cell nuclei stained by crystal violet (blue), scale bar: 100 µm. (B) Microscopic images of rat BMDMs after 24 hours of intervention with different experimental groups, with 
cell nuclei stained by crystal violet (blue), scale bar: 100 µm. (C) Quantitative analysis of cell viability in rat BMDMs after 24 hours of intervention with gradient 
concentrations of Qu, measured by the CCK-8 assay (n=5). (D) Quantitative analysis of cell viability in rat BMDMs after 24 hours of intervention with different experimental 
groups, measured by the CCK-8 assay (n=5). Data are presented as mean value ± standard error of the mean, **** p<0.0001; ns: not significant (not shown in the figure).
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Figure 4 In vitro regulation of macrophage polarization by Qu@PNPs. (A) Experimental method for the LPS+Qu group: Rat BMDMs were treated with 40 µM Qu for 
30 minutes, followed by 24-hour stimulation with LPS (100 ng/mL). WB analysis of iNOS protein expression in rat BMDMs. (B) Quantitative analysis of iNOS protein levels 
(n=5). (C) Rat BMDMs were treated with 40 µM Qu for 24 hours. WB analysis of Arg-1 protein expression. (D) Quantitative analysis of Arg-1 protein levels (n=5). (E) 
Microscopic images showing cell morphology changes in rat BMDMs after 24 hours of different experimental treatments, scale bar: 50 µm. (F) Immunofluorescence staining 
for iNOS expression in rat BMDMs after different treatments. Red represents CD68+ cells, green represents iNOS+ cells, and white arrows indicate CD68+iNOS+ cells, 
scale bar: 50 µm. (G) Quantitative analysis of the proportion of iNOS+ cells (n=5). (H) Immunofluorescence staining for CD206 expression in rat BMDMs after different 
treatments. Red represents CD68+ cells, green represents CD206+ cells, and white arrows indicate CD68+CD206+ cells, scale bar: 50 µm. (I) Quantitative analysis of the 
proportion of CD206+ cells (n=5). Data are presented as mean value ± standard error of the mean, *** p<0.001; **** p<0.0001; ns: not significant.
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in vivo effects of Qu@PNPs on macrophage polarization and graft remodeling. Therefore, in this study, the rat subcuta
neous implantation model was established to preliminarily evaluate the functionality of Qu@PNPs in the complex 
physiological environment and simulate the process of in vivo graft remodeling. The results showed that by day 21 post- 
implantation, the Qu@PNPs-dTEVG group exhibited a significant increase in M2 macrophages (co-expressing CD68 and 
CD206) in the graft’s adventitia compared to other groups, while M1 macrophages (co-expressing CD68 and iNOS) were 
nearly absent (Figure 5A). Moreover, the evaluation of graft recellularization indicated that the Qu@PNPs-dTEVG group 
had markedly enhanced early recellularization within the graft compared to other groups (Figure 5B and F). Finally, the 
analysis of neovascularization (CD31+/CD31+α-SMA+) surrounding the graft revealed that the Qu@PNPs-dTEVG group 
exhibited a significantly higher number of new blood vessels, with immunofluorescence showing circular CD31-positive or 
CD31/α-SMA double-positive signals (Figure 5C and G). These findings suggest that in vivo, Qu@PNPs can regulate 
macrophage polarization by increasing M2 macrophages and enhancing early graft remodeling, characterized by improved 
graft recellularization and increased peripheral neovascularization.

Qu@PNPs Regulate Macrophage Polarization and Promote Early Recellularization and 
Peripheral Neovascularization of dTEVG in the AVG Model
In the rat subcutaneous implantation model, Qu@PNPs modification significantly promoted M2 macrophage polariza
tion, early recellularization, and peripheral neovascularization, providing preliminary evidence of its positive effect on 
graft remodeling and regeneration in vivo. However, the subcutaneous environment differs significantly from the actual 
in vivo vascular transplantation environment encountered in clinical applications, particularly in AVG. Therefore, to 
further assess the impact of Qu@PNPs on macrophage polarization regulation and graft remodeling in a vascular 
transplantation setting, we established a rat cervical AVG model to closely simulate the clinical scenario where vascular 
grafts are used to construct hemodialysis access pathways. Similar to the subcutaneous model, Qu@PNPs demonstrated 
significant biological functions in the AVG model as well. On day 21, the Qu@PNPs-dTEVG group exhibited a marked 
increase in M2 macrophages in the adventitia of the graft, with almost no M1 macrophages, consistent with the findings 
from the subcutaneous model (Figure 6A). Additionally, early recellularization within the graft and peripheral neovas
cularization were also similar to the subcutaneous model (Figure 6B). Notably, α-SMA-positive cell infiltration was 
observed within the grafts of the Qu@PNPs-dTEVG group (Supplementary Figure 5). In summary, the results from both 
in vivo models complement each other, demonstrating the positive effect of Qu@PNPs modification in improving 
dTEVG remodeling in vivo, laying a foundation for future studies and clinical applications.

Discussion
Currently, dTEVG has been applied in large animal and even clinical vascular graft models, demonstrating promising 
outcomes. However, challenges remain in graft remodeling, particularly in recellularization.7,15–17 To address this, we 
designed and developed a local drug delivery system by modifying dTEVG with drug-loaded PLGA nanoparticles to 
improve in vivo graft remodeling. Specifically, Qu@PNPs with excellent biocompatibility were prepared via nanopre
cipitation and covalently conjugated to the dTEVG surface using the EDC/NHS method. The results showed a significant 
improvement in the bioavailability and sustained release capacity of Qu. In vitro experiments confirmed that Qu@PNPs 
effectively regulated macrophage polarization, significantly inhibiting M1 polarization while promoting M2 polarization. 
Similarly, in vivo experiments showed an increase in M2 macrophages around the adventitia of Qu@PNPs-dTEVG, 
along with significant improvements in graft remodeling, characterized by successful early recellularization and a marked 
increase in neovascularization around the graft.

Recellularization is not only a critical factor in promoting dTEVG remodeling and regeneration but also essential for 
maintaining good blood compatibility and homeostasis in vivo.35 Early recellularization of decellularized tissues is 
crucial, as failure to achieve this can disrupt the balance between scaffold degradation and adaptive remodeling, 
ultimately leading to graft failure.36 In our experiments, the surface modification of Qu@PNPs significantly promoted 
early in vivo recellularization of dTEVG, contributing positively to graft remodeling. Notably, in the rat AVG model, 
significant recellularization was observed in the Qu@PNPs-dTEVG group at 21 days post-implantation, including the 
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Figure 5 Qu@PNPs regulate macrophage polarization to enhance early recellularization and perivascular neovascularization in dTEVG within rat subcutaneous models. 
Experimental groups: Control (unmodified dTEVG), PNPs (PNPs-dTEVG), Qu (Qu-dTEVG), Qu@PNPs (Qu@PNPs-dTEVG). (A) Immunofluorescence detection of 
macrophage polarization in the graft adventitial region (below the dashed line) on day 21 in the subcutaneous implantation model. M2 macrophages (CD68+CD206+, 
red represents CD68+, green represents CD206+), M1 macrophages (CD68+iNOS+, red represents CD68+, green represents iNOS+), with white arrows indicating M2 
macrophages, scale bar: 50 µm. (B) HE and DAPI fluorescence staining to assess early recellularization in the graft on day 21. In the HE staining images, the area above the 
black dashed line represents the graft, and in the DAPI fluorescence images, the area between the white dashed lines represents the graft, scale bar: 50 µm. (C) HE and 
immunofluorescence detection of neovascularization in the graft surrounding area on day 21. In the immunofluorescence images, white arrows indicate new blood vessels 
(CD31+/CD31+α-SMA+), green represents CD31+, and red represents α-SMA+, scale bar: 50 µm. (D) Quantitative analysis of the number of M2 macrophages (CD68 
+CD206+) in the graft adventitial region (n=5). (E) Quantitative analysis of the number of M1 macrophages (CD68+iNOS+) in the graft adventitial region (n=5). (F) 
Quantitative analysis of early recellularization in the graft (n=5). (G) Quantitative analysis of the number of new blood vessels in the graft surrounding area (n=5). Data are 
presented as mean value ± standard error of the mean, ** p<0.01; *** p<0.001; **** p<0.0001; ns: not significant (not shown in the figure).
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Figure 6 Qu@PNPs regulate macrophage polarization to enhance early recellularization and perivascular neovascularization in dTEVG within rat AVG models. 
Experimental groups: Control (unmodified dTEVG), PNPs (PNPs-dTEVG), Qu (Qu-dTEVG), Qu@PNPs (Qu@PNPs-dTEVG). (A) Immunofluorescence detection of 
macrophage polarization in the graft adventitial region (below the dashed line) in the AVG model. M2 macrophages (CD68+CD206+, red represents CD68+, green 
represents CD206+), M1 macrophages (CD68+iNOS+, red represents CD68+, green represents iNOS+), with white arrows indicating M2 macrophages, scale bar: 50 µm. 
(B) HE and DAPI fluorescence staining to assess early recellularization in the graft within the AVG model. In the HE staining images, the area above the black dashed line 
represents the graft, and in the DAPI fluorescence images, the area between the white dashed lines represents the graft, scale bar: 50 µm. (C) HE and immunofluorescence 
detection of neovascularization in the graft surrounding area on day 21. In the immunofluorescence images, white arrows indicate new blood vessels (CD31+/CD31+α-SMA 
+), green represents CD31+, and red represents α-SMA+, scale bar: 50 µm. (D) Quantitative analysis of the number of M2 macrophages (CD68+CD206+) in the graft 
adventitial region (n=5). (E) Quantitative analysis of the number of M1 macrophages (CD68+iNOS+) in the graft adventitial region (n=5). (F) Quantitative analysis of early 
recellularization in the graft (n=5). (G) Quantitative analysis of the number of new blood vessels in the graft surrounding area (n=5). Data are presented as mean value ± 
standard error of the mean, ** p<0.01; *** p<0.001; ns: not significant (not shown in the figure).
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presence of α-SMA-positive smooth muscle-like cells within the graft. However, endothelialization was not yet evident 
in the intimal layer. This may be attributed to the specific characteristics of the AVG model we employed. The prolonged 
exposure to high-flow blood conditions (>600 mL/min) likely impairs endothelialization of dTEVG in the AVG context.4 

Furthermore, our previous studies have demonstrated that endothelialization of dTEVG in human AVG is highly limited, 
and similarly, in the rat AVG model, it requires a considerable period (approximately one year) to achieve complete 
endothelialization.33 Nonetheless, our study successfully achieved early recellularization within the graft, which is 
particularly critical for ensuring proper healing of dTEVG after repeated punctures during hemodialysis treatment.18,19

Numerous studies indicate that macrophages are involved in all stages of tissue repair, from acute inflammatory 
response to resolution and subsequent remodeling.37–39 Research by Breuer et al highlights that macrophages are 
essential for the remodeling of vascular grafts.40,41 Depleting macrophages prior to implantation results in grafts lacking 
endothelial and medial layers.41 Macrophages exhibit high plasticity and can polarize into different functional states in 
response to various stimuli. These states are broadly categorized into pro-inflammatory M1 macrophages and pro- 
regenerative M2 macrophages, which promote tissue repair and regeneration.42 Given the modulatory potential of 
macrophage polarization, many studies on graft remodeling have focused on its regulation. For instance, Wang et al 
demonstrated in their study on biomimetic glycopeptide hydrogel-coated Polycaprolactone (PCL)/nano-Hydroxyapatite 
(nHA) scaffolds that promoting M2 macrophage polarization facilitated scaffold regeneration in damaged cranial bone.43 

Similarly, studies on PCL vascular graft remodeling revealed that enhancing M2 macrophage polarization promotes graft 
recellularization.44 However, whether regulating M2 macrophage polarization can improve recellularization in dTEVG 
remains unclear. In our study, we found that modulating macrophage polarization towards the M2 phenotype significantly 
enhanced in vivo remodeling of dTEVG, particularly by promoting graft recellularization. Therefore, promoting M2 
macrophage polarization plays a positive role in achieving favorable recellularization of dTEVG in vivo.

The vascular network plays a critical role in delivering blood, transporting oxygen, and providing nutrients at the 
microvascular interface.45 Therefore, neovascularization at the microcirculation level is vital for the remodeling and 
regeneration of dTEVG. In our study, we observed newly formed vascular structures surrounding the dTEVG. 
Interestingly, the introduction of Qu@PNPs significantly increased the number of new blood vessels around the graft. 
This suggests that Qu may promote neovascularization. As a natural flavonoid compound, Qu has been shown to regulate 
macrophage polarization.20–23 Coupled with the noticeable increase in M2 macrophages in the adventitial region of the 
Qu@PNPs-modified grafts, it is hypothesized that Qu may influence peripheral neovascularization through the modula
tion of macrophage polarization pathways. The importance of macrophages in neovascularization has been documented 
in previous studies, where the depletion of macrophages during the early stages of wound healing significantly impaired 
the formation of new blood vessels.46 Macrophages in different polarization states have varying effects on neovascular
ization. While M1 macrophages initially produce high levels of VEGF after biomaterial implantation, promoting the 
formation of immature vascular networks, their prolonged presence can lead to the regression of these new blood 
vessels.47,48 In contrast, M2 macrophages facilitate the growth, anastomosis, and maturation of new blood vessels.49 

Therefore, regulating macrophage polarization towards the M2 phenotype may represent an important mechanism for 
enhancing neovascularization around the graft.

In recent years, due to its excellent biological properties, Qu has increasingly been applied in tissue engineering. 
Functionalized Qu scaffolds have been studied and utilized in various fields, including skin and bone regeneration.50,51 

For instance, Sharma et al developed chitosan hydrogel films incorporating Qu, which showed promising skin regeneration in 
a full-thickness skin excision model in mice.50 Additionally, Gupta et al co-modified decellularized goat lung scaffolds with 
Qu and nHA, demonstrating enhanced growth and proliferation of bone marrow-derived mesenchymal stem cells 
(BMMSCs) and their differentiation towards osteoblasts.51 In our study, the application of Qu also contributed positively 
to graft remodeling, which is closely related to its role in promoting macrophage M2 polarization. Notably, the time- 
dependent nature of M2 macrophage polarization during graft remodeling has been well-recognized.52 Previous studies 
attempted to regulate macrophage polarization by delivering Interleukin-4 (IL-4), but this approach has limitations such as 
high costs and rapid degradation.53 Others have sought to influence M2 polarization by altering the fiber alignment of grafts 
to modulate macrophage mechanotransduction.54,55 However, since dTEVG is derived from native vessels, such modifica
tions to fiber structures are currently unfeasible. In contrast, Qu offers several advantages as a regulatory agent: it is abundant, 

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S505674                                                                                                                                                                                                                                                                                                                                                                                                   2775

Wang et al

Powered by TCPDF (www.tcpdf.org)



easily accessible, and has a high safety profile. Furthermore, the modification strategy used in our study ensures that 
Qu@PNPs are primarily located within the structure of dTEVG, especially in the adventitia. Interestingly, previous studies 
have shown that cell infiltration, particularly of monocyte-derived macrophages, primarily occurs through the adventitia in 
vascular grafts.56 Therefore, this approach offers higher precision and accuracy in regulation. Taken together, the method 
employed in this study offers distinct advantages in promoting graft remodeling.

Although our study provides valuable insights, it has some limitations. First, the use of a single animal model limits 
the generalizability of the results. Due to physiological differences across species, the findings may face challenges when 
translating into clinical applications. Second, the observation period was relatively short, focusing primarily on the early 
stages of graft remodeling. The long-term stability and functionality of the grafts, particularly during later remodeling 
phases, still require extended observation. Additionally, as this study is observational in nature, it lacks validation of the 
underlying biological mechanisms. To address these limitations, future work should extend the observation period, 
incorporate multiple relevant animal models, and include mechanistic validation to fully elucidate the role of Qu in 
regulating macrophage polarization during dTEVG remodeling. This will provide a stronger theoretical and experimental 
foundation for the effective application of Qu, as well as offer new strategies for optimizing dTEVG design, ultimately 
advancing its clinical use and providing improved vascular access for hemodialysis patients.

Conclusion
In summary, this study shows that Qu@PNPs exhibit excellent biocompatibility, effectively regulate macrophage M2 
polarization, and significantly improve the in vivo remodeling of dTEVG through local surface modification. This is 
primarily evidenced by successful early recellularization and increased peripheral neovascularization. These positive 
results establish a solid theoretical and experimental foundation for the effective application of Qu in vascular grafts, 
while also providing new insights and strategies for further optimization of dTEVG design, facilitating its future clinical 
translation and providing better vascular access for hemodialysis patients.
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