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A B S T R A C T

Efferocytosis is a critical process whereby macrophages residing in the wound area play a key role in the efficient 
clearing and degradation of apoptotic neutrophils. This process is followed by a phenotypic transition toward an 
anti-inflammatory state, essential for inflammation resolution and tissue repair. The cystine/glutamate anti-
porter SLC7A11 has recently been identified as an inhibitor of efferocytosis, and its blockade has been found to 
enhance wound healing. In this study, we demonstrated that tiliroside, a plant-derived glycoside containing 
flavones, binds directly to SLC7A11 and pyruvate kinase isozyme M2 (PKM2). This was established by molecular 
docking predictions and activity-based protein profiling (ABPP). Cytological experiments revealed that tiliroside 
promoted the process of efferocytosis and led to glycolysis-related macrophage reprogramming. To facilitate 
targeted drug delivery to macrophages at diabetic wound sites, we designed a novel hybrid biomaterial. This 
hybrid biomaterial, prepared as Gel@Til iRGD&PS@PLGA NPs is manufactured by loading tiliroside (Til)-con-
jugated iRGD&PS double modified lipid nanoparticles (iRGD&PS@PLGA NPs) into a pH-responsive hydrogel 
matrix. The administration of Gel@Til iRGD&PS@PLGA NPs in diabetic cutaneous wound models has been 
shown to significantly promote tissue regeneration through the promotion of efferocytosis and glycolysis-related 
macrophage reprogramming. Therefore, this study introduces a novel approach to diabetic wound management 
by leveraging the promotion of efferocytosis.

1. Introduction

Diabetes mellitus, a pathological condition of the endocrine system 
marked by significantly elevated levels of glucose in the bloodstream, 
persist as some of the most widespread and swiftly escalating health 

issues globally [1]. The complications that emerge from prolonged 
diabetes includes, but is not limited to major vascular, renal, and 
neurologic complications [1,2]. Diabetic foot ulceration stands out as a 
particularly grave consequence of diabetes, affecting an estimated 18.6 
million individuals across the globe. Diabetic foot ulcers precede 
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approximately a precursor to about 80 % of amputations performed on 
the lower limbs of individuals with diabetes, and they are also linked to a 
higher mortality rate [3–5]. These ulcers exhibit numerous pathological 
alterations within the tissue’s microenvironment, such as prolonged 
inflammation, alterations in angiogenesis, dysregulation of matrix 
deposition, impairment of neuropeptide signaling, cell senescence, in-
crease in propensity for bacterial infections and biofilm formation, 
wound hypoxia and neuropathy [6–8]. Tackling these detrimental fac-
tors and fostering a conducive microenvironment for the repair of dia-
betic wounds remain a major challenge [8].

The regulation of the inflammation phase in the wound healing 
process for the treatment of diabetic wounds has recently aroused a 
significant amount of attention [7]. The natural process of healing 
wounds involves a complex series of cellular and molecular events that 
occur in distinct, yet overlapping stages: initial hemostasis, inflamma-
tion, proliferation and ultimately remodeling [9,10]. However, How-
ever, the healing process in chronic diabetic wounds is marked by a 
failure in this orderly progression, particularly in moving from the 
inflammation phase to the cell proliferation phase [11]. Inflammation, a 
critical process involving neutrophils, monocytes, and macrophages, is 
tightly regulated to eliminate pathogens and remove damaged tissue to 
ultimately restore tissue homeostasis [12–14]. Neutrophils are typically 
the first leukocytes that are recruited to wound sites at the early stage of 
inflammation to clear debris and eliminate pathogens [15]. Following 
the release of tissue damage products, neutrophil numbers decrease in 
the wound site to conclude the inflammation phase [16,17]. T The 
process of neutrophil clearance, mainly through apoptosis and their 
subsequent consumption by macrophages, is known as efferocytosis 
[18]. This process aids in shifting macrophages from a proinflammatory 
to an anti-inflammatory state, crucial for tissue homeostasis restoration 
and regeneration [19,20]. Nevertheless, slow-healing diabetic wounds 
are characterized by large numbers of persistent neutrophils, leading to 
the degradation of newly formed collagen and impairment of tissue 
repair [6,7,21]. Additionally, the persistence of proinflammatory mac-
rophages (M1) at the diabetic wound site also has been associated with 
impaired wound healing [22]. Hence, strategies to ameliorate effer-
ocytosis and promote macrophage transition towards anti-inflammation 
could be key in enhancing tissue regeneration and healing of slow- 
healing diabetic wounds.

Several significant targets linking to the efferocytosis have aroused 
increasingly attention. PKM2 has been found as one of the regulators in 
efferocytosis. Genetic deletion of PKM2 in myeloid cells or limiting its 
nuclear translocation results in boosting efferocytosis and suppressing 
inflammation [23].Another previous study by Maschalidi et al. [24] has 
demonstrated the role of the membrane transporter SLC7A11 in the 
regulation of efferocytosis in diabetic wound healing. Elevated expres-
sions of SLC7A11 were observed in the wounds of diabetes-susceptible 
db/db mice, and interventions targeting SLC7A11 were shown to 
expedite wound healing [24,25]. Further investigations indicated that 
the blockade of SLC7A11 pharmacologically, or its downregulation/ 
elimination through small interfering RNA (siRNA), markedly improved 
efferocytosis in dendritic cells [24]. However, it remains elusive 
whether PKM2 or SLC7A11 shows a similar function in macrophages in 
diabetic wounds. Furthermore, additional research is required to iden-
tify the best approach to regulate PKM2 or SLC7A11 in diabetic wounds.

The above-mentioned observations presented here indicate the pos-
sibility of alleviating the persistent inflammatory condition observed in 
diabetic wounds through the suppression of SLC7A11 and enzymes 
associated with aerobic glycolysis. Tiliroside (Til), a glycoside of plant 
origin that includes flavones, demonstrates promise as an agent that 
combats inflammation and has been documented to suppress SLC7A11 
in prior research [26–28].

In this study, we delved deeper into the pharmacological effects and 
protein targets of Til utilizing both animal and cell culture models. We 
explored the effects of Til on macrophage efferocytosis and metabolic 
reprogramming, focusing on mechanisms that have not been previously 

explored. We performed molecular docking predictions and activity- 
based protein profiling (ABPP) to demonstrate that tiliroside directly 
binds to SLC7A11 and PKM2, resulting in an enhanced process of 
efferocytosis and transition of macrophages towards an anti- 
inflammatory state. During studying the mechanism of Til, we noticed 
that the PKM2/HIF-1α pathway was inhibited, which has a promoting 
effect on angiogenesis. Hence, an appropriate approach needed to be 
explored to regulate PKM2/HIF-1α pathway of macrophages with 
limited affection to endothelial cells. To achieve this, we developed a 
hybrid biomaterial designed to deliver tiliroside specifically to macro-
phages. Mechanically, Til was conjugated to iRGD&PS double-modified 
lipid nanoparticles (iRGD&PS@PLGA NPs), a nano-precipitation-self- 
assembly nanoparticles incorporating the cytotropic sequence iRGD 
and “eat me” signal molecule phosphatidylserine to specifically target 
macrophages. The iRGD&PS@PLGA NPs were then loaded into a pH- 
responsive hydrogel matrix, which showed pH-responsive release of 
NPs in inflammatory environment and was proposed to fuel the transi-
tion from the inflammation to the proliferation phase of the wound 
healing process. (Scheme 1).

2. Materials and methods

2.1. Materials

DSPE-PEG2000-iRDG and PS were purchased from Rulx Biologlcal 
Technology (Xi’an, China). Sigma-Aldrich (Shanghai, China) provided 
Type A Gelatin from Porcine Skin, Til, PLGA and PVA. Gibco (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) supplied the minimum 
necessary medium (MEM), fetal bovine serum (FBS), and pen-
icillin–streptomycin. The aliquots were lyophilized and stored in 
− 20 ◦C.

2.2. Preparation of PVA/gelatin composite hydrogel

Hybrid gel formulations were prepared with various concentrations 
of gelatin (Aladdin, Shanghai) and PVA (Aladdin, Shanghai). In brief, 
PVA (10 g) was dissolved in 100 mL deionized water at 90℃, and 
different amounts of gelatin (0, 0.75, 1.50, 2.25, 3.00, 3.75 g) were then 
added to the solutions, followed by continuous stirring at 200 rpm for up 
to 30 min at 30℃, for complete mixing of the two solutes, until a clear 
solution formed. Next, it was poured into a test tube and left at room 
temperature until completely congealed. The congealed gels were taken 
from the test tube, cut into 5-millimeter-sized discs, and dried in a Petri 
dish at room temperature, resulting in PVA/gelatin composite hydrogels 
with different gelatin contents.

2.3. Synthesis and characterization of iRGD&PS double-modified lipid 
nanoparticles

A nano-precipitation-self-assembly method was used to prepare the 
functional lipid layer PLGA (Aladdin, Shanghai) nanoparticles (Til 
iRGD&PS@PLGA NP), at 65℃. Four mL acetonitrile (dissolved 4 mg of 
Til and 36 mg of PLGA) was rapidly injected into a 10 mL 5 % aqueous 
ethanol solution (dissolved 5 mg of DSPE-PEG2000-iRGD(Rulx Bio-
loglcal Technology, Xi’an) and 15 mg of brain-derived PS phospholipids 
(Rulx Biologlcal Technology, Xi’an)). The mixture was stirred at 400 
rpm for 8 h. The unencapsulated free drug in the nanoparticle solution 
was removed by an ultrafiltration centrifuge tube, and the drug particles 
were resuspended in pure water to a drug concentration of about 1 mg/ 
mL for use. PLGA particles without drug or lipid layer modification were 
prepared by the same method for the experimental control group. An 
appropriate amount of Dil labeling dye was added to the acetonitrile 
solution to prepare fluorescently labeled PLGA nanoparticles.
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Scheme 1. Schematic overview of diabetic wound healing processes promoted by Gel@Til iRGD&PS@PLGA NPs. (1) Til exhibits pro-inflammatory activity in vitro. 
(2) Til specifically interacts with PKM2 and SLC7A11 was evidenced by Activity-Based Protein Profiling (ABPP) and Cellular Thermal Shift Assay (CETSA) techniques 
(3) Til was proved to attenuates the inflammatory response and glycolytic activity in macrophages activated by inhibition of PKM2 function. (4) Preparation of 
Gel@Til iRGD&PS@PLGA NPs. (5) Regulation of the healing processes in diabetic wounds.
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2.4. Preparation of nanoparticles-loaded PVA/gelatin hydrogel

PVA/gelatin mixed solution with 1.50 % (w/v) gelatin and 10 % (w/ 
v) PVA was obtained according to the abovementioned protocol. 
Nanoparticles (0.5 %, w/v) were added into the PVA/gelatin solution at 
30℃ under magnetic stirring. After continuous stirring at 200 rpm for 
up to 30 min, the composed solution was poured into a test tube and left 
at room temperature until completely congealed, ultimately resulting in 
the nanoparticles-loaded PVA/gelatin composite hydrogel.

2.5. Morphology characterization

The prepared hydrogel was subjected to rapid freezing using liquid 
nitrogen to maintain its structural integrity prior to lyophilization. For 
an in-depth analysis, the hydrogel underwent cross-sectioning after 
being uniformly coated with a gold layer, followed by morphological 
examination through transmission electron microscopy (TEM).

2.6. Fourier transform infrared spectroscopy (FT-IR)

The samples were combined with potassium bromide at a 1:100 ratio 
and subsequently compressed into pellets. Spectral data were acquired 
using the NICOLET 380 FTIR spectrometer (Adhoek International 
Technology, Beijing), which operated across a spectral range of 
4000–400 cm− 1 with a resolution of 1 cm− 1 in the transmission mode.

2.7. pH-Responsive degradation studies

Hydrogel degradation tests were carried out by immersing the 
samples in PBS solutions (pH 5.5 and pH 7.4) at 37 ◦C. The dried 
hydrogels were immersed into a buffer solution with pH 5.0 or 7.4. 
Subsequently, the hydrogels were weighed after removing the excess 
buffer solution with filter paper and freeze-dry. The degradation ratio 
was determined with the following equation: 

Degradation ratio (%) = (Wd − Wt)/Wd × 100 

with “Wt” being the weight of swollen hydrogel in pH of 5.0 or 7.4 at 
a certain time interval. And “Wd” being weight of hydrogel at the 
beginning of the test.

2.8. Macrophage culture and viability assays

RAW264.7 cells, procured from the Chinese National Cell Bank 
(Beijing, China), were maintained in Dulbecco’s Modified Eagle Medium 
supplemented with 10 % fetal bovine serum (FBS) and incubated at 
37 ◦C within a controlled environment of 5 % CO2 and 95 % humidity. 
These cells were allocated to 96-well plates at a cell density of 6 × 103 

cells per well and left to adhere for 12 h. Subsequent to this period, 
either Tiliroside or its probe variant (Til-P, concentrations ranging from 
0.1 to 4.0 μmol/L) was introduced to the culture, which then continued 
for an additional 24-hour incubation. The CCK-8 kit (Dojindo, Japan) 
was utilized to evaluate cell viability, adhering strictly to the guidelines 
provided by the manufacturer.

2.9. In vitro efferocytosis assay

Bone marrow-derived macrophages were harvested from male 
C57BL/6J mice aged 6 weeks. The bones were processed and centri-
fuged to extract the bone marrow cells into sterile PBS at pH 7.4. This 
bone marrow cell suspension was then purified with PBS and cultured in 
DMEM enriched with 10 ng/ml M− CSF (Peprotech Inc, 315–02). On the 
fifth day of cultivation, cells were dislodged from the culture dishes 
using TBS containing 5 mM EDTA, re-suspended in fresh DMEM, and 
distributed into 24-well plates (3422, Corning, USA) at a rate of 0.18 ×
106 cells per well. Dil-labeled apoptotic cells (ACs) were then incubated 
with the macrophages for 45 min at a 5:1 ratio of ACs to macrophages, 

followed by triple washing with PBS. Forty-five minutes later, macro-
phages were washed again three times with PBS to discard any non- 
adherent ACs. Subsequently, the macrophages were fixed using 4 % 
formaldehyde for 20 min, stained with DAPI for 5 min, rinsed thrice with 
PBS, and visualized under a microscope (IX53, Olympus, Japan).

2.10. RAW264.7 transduction

Transfecting in RAW264.7 cells was used Lipofectamine LTX Re-
agent (Cat #: A12621, Thermo Fisher Scientific) following manufac-
turer’s instructions. Plasmids were purchased from Genechem for PKM2 
overexpression. Likewise, PKM2 in cells were detected by transfected 
with PKM2 siRNA (Tsingke Biotechnology, Wuhan). The siRNA se-
quences of Mouse PKM2 are as follows:

Sense（5′-3′）, GAUCUGUGGAGAUGCUGAAGG,
antisense（5′-3′）, UUCAGCAUCUCCACAGAUCGG.

2.11. Flow cytometric analysis

For macrophage polarization evaluation, antibodies for the study 
were procured from eBioscience. Initially, cells underwent incubation 
with FITC-labeled anti-CD11b, APC-conjugated anti-F4/80, and PE- 
tagged anti-CD86 antibodies for a duration of 30 min at a temperature 
of 4 ℃. Subsequently, the cells were made permeable and labeled with 
PerCP/Cyanine5.5 conjugated anti-CD206 antibody for another 30 min 
at 4 ℃. The cells were then cleansed with chilled PBS and their fluo-
rescence was assessed using a specialized analyzer.

For efferocytosis evaluation, neutrophils were undering UV-treated 
for 30 min to induce apoptosis and were labeled with Dil for 30 min, 
and then incubated at 37℃ for 4 h. After incubation, apoptotic cells 
were co cultured with BMDMs for 45 min at a ratio of 5:1. non-engulfed 
cells were removed, and BMDMs were washed with PBS. F4/80-positive 
and Dil-positive BMDMs were detected using flow cytometry.

2.12. mRNA expression in in vitro cultured cells

To isolate total RNA from the cells, TRIzol® reagent was utilized. The 
extracted RNA was then reverse-transcribed into cDNA using HiScript III 
RT SuperMix (Vazyme, China), followed by quantification with 2x SYBR 
Green qPCR Mix (Invitrogen) and specific primer sets (Supplementary 
Table 3). β-actin was employed as a reference gene. Data were analyzed 
employing the ΔΔCt method.

2.13. Protein expression in in vitro cultured cells

Cell samples were disrupted in a buffer containing 1 % of both pro-
tease and phosphatase inhibitors (NCM Biotech, Suzhou). Following 
separation via SDS-PAGE, the proteins were transferred to nitrocellulose 
(NC) membranes supplied by Millipore. These membranes were subse-
quently incubated with 5 % skim milk to block non-specific binding sites 
for one hour, followed by an overnight incubation at 4 ◦C with specific 
primary antibodies directed against Arg1, iNOS, IL-1β (Proteintech 
Group, Wuhan), PKM2, SLC7LA11, HIF-1 alpha (ABclonal, Wuhan), and 
β-actin (procured from Abcam, UK). The membranes were then incu-
bated with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Aspen) at 4 ◦C for four hours. The immunoblots were detected 
and imaged using the ChemiDoc XRS+System by Bio-Rad.

2.14. Protein labeling in situ and in vitro

Proteomic labeling in situ within RAW264.7 cells under cultivation 
was successfully achieved, with the methodology for ABPP illustrated in 
Fig. 3a. Briefly, RAW264.7 cells were incubated for 24 h with LPS at a 
dose of 100 ng/ml, subsequently exposed for 2 h to either Til-P or DMSO. 
Following these treatments, proteins from the cells were thoroughly 
extracted. A freshly prepared clickable reaction mixture, containing 100 
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μmol/L Tris (3-hydroxypropyltriazolylmethyl) amine (THPTA), 1 
mmol/L sodium ascorbate (NaVc), 50 μmol/L TAMRA-azide, and 1 
mmol/L CuSO4, was added in equal volumes to the protein extracts. This 
concoction was incubated for 2 h at room temperature. Protein precip-
itation was induced by adding acetone chilled to − 20 ◦C, with the 
precipitated proteins subsequently resolubilized in 50 μl of 1 × loading 
buffer via sonication and heated for 12 min at 95 ◦C. Protein separation 
was conducted using 10 % SDS-PAGE, and Til-P labeled proteins were 
detected using Azure Sapphire (RGB-NIR, USA). Following separation, 
protein gels were stained with Coomassie Brilliant Stain provided by 
Abcam, Cambridge, UK. For the in vitro labeling of purified recombinant 
proteins, a 60-minute room temperature incubation with Til-P in PBS 
was performed, followed by addition to the clickable reaction mixture 
and another 2-hour incubation at room temperature. The proteins were 
then separated by SDS-PAGE and visualized with Azure Sapphire 
RGBNIR. In competitive protein labeling experiments, cells or proteins 
were first treated with competitors for 30 min before a 60-minute in-
cubation with Til-P. The click chemistry reaction and electrophoresis 
were then carried out as described above.

2.15. ABPP‑based identification of targets

RAW264.7 cells were activated using LPS for 24 h, then treated for 
an additional 30 min with or without Til, followed by a 2-hour exposure 
to either Til-P or DMSO. Post-treatment, proteins were extracted, 
quantified via the BCA protein assay, and subjected to click chemistry 
reactions for 2 h at room temperature. Proteins were then precipitated 
using acetone chilled to − 20 ◦C, redissolved in PBS containing 1.5 % 
SDS, and incubated with streptavidin-coated beads for 4 h at room 
temperature. The azide-functionalized magnetic beads were thoroughly 
washed with PBS containing 1 % SDS (twice), 0.1 % SDS (once), 6 mol/L 
urea (three times), and then PBS (twice). The proteins bound to the azide 
magnetic beads were eluted, separated by SDS-PAGE, and the bands of 
interest were excised, finely minced, reduced with dithiothreitol (DTT), 
alkylated with iodoacetamide (IAA), and digested with trypsin over-
night at room temperature. The resulting peptides were purified using a 
C18 column, labeled with TMT reagents (Thermo Scientific, MA, USA), 
and identified via liquid chromatography-tandem mass spectrometry 
(Orbitrap Fusion Lumos, Thermo Scientific, MA, USA). The proteins 
bound to azide magnetic beads, after being separated by SDS-PAGE as 
described, were also analyzed through Western blotting for further 
examination.

2.16. Cellular thermal shift assay

RAW264.7 cells, activated by LPS, were lysed on ice for 30 min, 
allowing for the extraction of total protein. Subsequently, equal volumes 
of protein solution (2 mg/ml, 1 ml) were incubated with either Til (20 
μmol/L) or DMSO at room temperature, for a duration of 50 to 60 min. 
These solutions were then evenly divided into 10 PCR tubes and exposed 
to a temperature gradient for 3 min at 10 different settings, followed by a 
cooling period at 4 ◦C for 3 min, utilizing a thermal cycler (Applied 
Biosystems, Thermo Scientific). After the heating process, samples were 
centrifuged at 20,000 × g for 10 min, mixed with 1 × loading buffer, 
heated at 95 ◦C for 10 min, and subjected to Western blot analysis for 
protein detection.

2.17. Drug affinity responsive target stability approach

The DARTS method was employed to pinpoint drug affinity- 
responsive targets. RAW 264.7 cells were lysed using a buffer formu-
lated for immunoprecipitation (20 mM Tris-HCl at pH 7.5, 150 mM 
NaCl, 1.5 mM MgCl2, 2 mM EDTA, and 0.5 % NP-40), which was 
enhanced with a protease inhibitor cocktail provided by Roche. 
Following this, the lysates were treated with TNC buffer (50 mM Tris- 
HCl at pH 8.0, 50 mM NaCl, and 10 mM CaCl2), and protein 

concentrations were determined. These lysates were then incubated 
with various concentrations of Til or DMSO (serving as the control) for 
one hour at room temperature. Pronase from Coolaber was used for 
proteolysis at a ratio of 2000:1 for 30 min at room temperature. The 
proteolytic reaction was stopped by the addition of SDS-PAGE loading 
buffer, and the proteins were denatured by heating at 100 ◦C for 10 min 
before being subject to Western blot analysis. The band intensities for 
PKM2 and SLC7A11 were quantified using ImageJ software.

2.18. Molecular docking of Til with potential protein targets

The molecular configuration of Til was retrieved from the PubChem 
database, while the three-dimensional conformations of PKM2 (PDB ID: 
8HGF) and SLC7A11 (PDB ID: 7CCS) were sourced from the RCSB 
Protein Data Bank. The process of integrating water and hydrogen atoms 
into the protein structures was accomplished using Discovery Studio 
Client. Subsequently, Til’s docking onto these molecular structures was 
performed employing a combination of AutoDock Tools, AutoDock 
Vina, and Pyrx-0.8. The outcomes of the docking procedures were 
examined and rendered using Pymol for visualization purposes. The 
docking scores and two-dimensional and 3D pose views were generated 
for further analysis of the interaction of Til with PKM2 and the associ-
ated binding affinities.

2.19. Protein purification

The procedures for purifying proteins and the related experimental 
setup are illustrated in Supplementary Fig 3c. DNA sequences encoding 
the human wild-type pyruvate kinase M2 (PKM2) isoform (GenBank 
Accession number NP_002645.3) and its Arg120Cys mutant were cloned 
into the pET-28a vector (obtained from Genechem, China). In a similar 
fashion, the sequences for human SLC7A11 (GenBank Accession number 
NP_000004.12) and its Glu159Val variant were also cloned into the pET- 
28a vector (Genechem, Shanghai). These prepared vectors were subse-
quently transformed into E. coli BL21 cells. Protein expression was 
induced by adding 0.4 mmol/L isopropyl-β-D-1-thiogalactopyranoside 
for 12 h at a temperature of 16 ◦C. Following induction, the bacterial 
cells were collected and lysed in a lysis buffer that included 20 mmol/L 
Tris–HCl, 200 mmol/L NaCl, and 1 mmol/L PMSF at a pH of 8.0. The 
recombinant proteins were then purified through Ni–NTA affinity 
chromatography (MCE, China), eluted with imidazole, and concentrated 
using centrifugal filter units. The purity and conformation of the isolated 
proteins were verified by Coomassie Brilliant Blue staining.

2.20. Co-immunoprecipitation (co-IP) assay

RAW264.7 cells were cultured in 10 cm plates and subsequently 
exposed to 40 μM Til for a duration of 24 h. Lysis of these cells was 
achieved at 4 ◦C using ice-cold IP Lysis/Wash Buffer that included 
protease inhibitors. The co-IP analysis proceeded with the utilization of 
the Pierce Co-immunoprecipitation Kit (Thermo Scientific, Waltham, 
MA, USA), adhering to the instructions provided by the manufacturer.

2.21. Cytocompatibility evaluation of Gel@Til iRGD&PS@PLGA NPs

To ascertain the viability of HUVECs incubated in RPMI 1640 me-
dium containing the extract from the hybrid biomaterial hydrogel, the 
Calcein-AM/PI double staining kit (Sigma-Aldrich) was employed. 
Fluorescence microscopy images were captured at 24, 48, and 72-hour 
intervals using an IX53 microscope (Olympus, Japan).

2.22. Transwell assays

MAECs, sourced from the Chinese National Cell Bank (Beijing, 
China), were grown in RMPI 1640 medium enriched with 10 % FBS at 37 
℃. Approximately 5 × 10^4 MAECs in FBS-free medium were seeded 
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into the upper compartments of 24-well transwell plates (3422, Corning, 
USA). The lower compartments were supplemented with 600 μL of 
medium containing FBS to serve as a chemoattractant. Following a 24- 
hour incubation period, the cells were rinsed thrice with PBS, fixed in 
4 % paraformaldehyde for 30 min, and stained with 0.5 % crystal violet 
for another 30 min. Non-migratory or non-invasive cells were removed 
using sterile cotton swabs. For each well, three random fields were 
imaged under a bright field microscope.

2.23. Scratch-wound healing assays

MAECs were seeded into 6-well plates until they reached 90–100 % 
confluence. A sterile 200-μL pipette tip was employed to create a cross- 
shaped scratch on the cell monolayer. PBS was utilized to wash away 
any detached cells. The progress of wound closure was documented at 0 
h, 12 h, 24 h, and 36 h using an inverted microscope (IX53, Olympus, 
Japan).

2.24. Tube formation assay

In a 96-well plate coated with Matrigel, MAECs (2 × 104 cells/well) 
were distributed and allowed to adhere for 45 min, followed by an 
additional incubation period of 6 h. Tube formation was observed in 
three randomly selected fields under an inverted microscope, with the 
quantification of branch points and tube lengths being performed using 
ImageJ software.

2.25. Generation of diabetic mice

The development of a diabetic mouse model was performed with the 
authorization of the Institutional Animal Care and Use Committee at 
Tongji Medical College, Huazhong University of Science and Technology 
(IACUC Number: 2523). Six-week-old male C57BL/6J mice were placed 
on a high-fat diet for four weeks, then received daily intraperitoneal 
injections of streptozotocin (STZ; 40 mg/kg) over a period of seven days. 
Mice that displayed fasting blood glucose levels above 16.7 mmol/L in 
three successive measurements were identified as having diabetes mel-
litus and were chosen for further research.

2.26. Diabetic chronic wound healing in vivo

Diabetic mice, induced by STZ, were sedated using intraperitoneal 
injections of pentobarbital sodium (50 mg/kg; Sigma Aldrich). On their 
backs, full-thickness skin wounds measuring 1.0 × 1.0 cm were created. 
These mice were then randomly assigned into groups, each receiving 
200 µL of the experimental sample on days 0, 3, 5, 7, 10, and 14 post- 
wound creation (n = 8). The wounds were covered with transparent 
dressings (Tegaderm™ Film) and were documented and measured using 
a caliper on days 0, 3, 5, 7, 10, and 14. Wound closure rates were 
analyzed using ImageJ software as follows:

Cn=(A0-An)/ A0 × 100 % with “Cn” being the percentage reduction 
of the wound area on the respective days; “A0” being the size of the 
original wound; and “An” being the area of the wound on the respective 
day after the injury.

2.27. Histological, Masson, immunohistochemical, and 
immunofluorescent staining

Tissue samples from mouse skin wounds were preserved in 4 % 
paraformaldehyde, encased in paraffin wax, and sectioned into slices 4 
μm in thickness. These sections underwent staining processes with either 
Hematoxylin and Eosin or Masson’s trichrome and were subsequently 
visualized utilizing a PANNORAMIC Flash series digital scanner 
(3DHISTECH, Hungary).

On the 14th day post-wounding, the mice were euthanized, and the 
wound tissues were processed for paraffin embedding and then 

subjected to CD31 staining. Antigen unmasking was carried out in cit-
rate buffer for 15 min, succeeded by a 30-minute blocking phase in goat 
serum. Overnight incubation at 4 ◦C with anti-CD31 antibodies (dilution 
1:100; Abcam) was followed by PBS washes, and staining with DAB and 
counterstaining with hematoxylin. Microvascularization assessment at 
the wound locations was conducted via a microscope (IX53, Olympus, 
Japan), through counting CD31 + cells across five visual fields. Vessels 
were specifically identified as those having 2 to 10 µm in diameter.

For the detection of macrophages, immunohistochemical analyses 
were conducted using antibodies against Arg1 and iNOS. Observations 
of the treated sections were made using either an Olympus CX31 optical 
microscope (Tokyo, Japan) or a Zeiss fluorescence microscope (Jena, 
Germany). The antibodies for Arg1 and iNOS were sourced from Abcam 
(Cambridge, Britain).

2.28. In vivo efferocytosis assay

On day 7, mice were euthanized and their wound tissues collected. 
These tissues underwent a process of formalin fixation, embedding in 
paraffin, and then slicing. The resultant slices (5 μm thick) were then 
stained using a neutrophil-specific antibody (LY6G) and a macrophage- 
specific antibody (F4/80). The assessment of efferocytosis in situ 
involved the enumeration of DAPI-stained nuclei that either were in 
proximity to macrophages, suggesting efferocytosis (“associated”), or 
remained distant from macrophages (“free”). Cells undergoing apoptosis 
and found near macrophages were categorized as being associated with 
macrophages. Conversely, apoptotic cells lacking contact with adjacent 
macrophages were classified as free.

2.29. DHE staining

Subsequent to their sacrifice on day 7, wound tissues from mice were 
extracted. The evaluation of intracellular ROS was conducted using the 
DHE ROS indicator (5 µm), which was applied for 10 min followed by 
three PBS washes. The imaging of these tissues was performed using the 
IX53 microscope.

2.30. Extracellular acidification rate (ECAR) assay

Metabolic changes in extracellular acidification rate of RAW 264.7 
cells were measured using the Seahorse XFe96 Analyzer. In the begin-
ning, inoculate 10,000 RAW 264.7 cells of different groups into Seahorse 
XFe96 cell-specific culture plates. Then cells were stimulated for 24 h 
with/without the addition of 100 ng/mL LPS. 30 min before the ECAR 
test, the medium was replaced with a special medium containing 2 mM 
glutamine. For the OCR assay, the assay medium was supplemented with 
2 mM glutamine, 1 mM sodium pyruvate, and 10 mM glucose. The cell 
culture plates were placed in a 37 ◦C non-co2 incubator for 1 h prior to 
the final assay. ECAR were measured using the Seahorse XFe96 Analyser 
(Agilent).

2.31. Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 
8.2.1) and ImageJ (version 2.1.0) software. Data were compiled from a 
minimum of three separate experiments, each containing at least three 
replicates under each condition. Results are presented as mean ± stan-
dard deviations (SDs). The Student’s t-test was employed to assess dif-
ferences between two groups, with significance denoted as follows: 
*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.

3. Results and discussion

3.1. Anti-inflammatory effects of tiliroside

Firstly, we evaluated whether Til could serve as a viable 
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pharmacological agent for enhancing efferocytosis and facilitating the 
anti-inflammatory reprogramming of macrophages. To evaluate the ef-
fects of Til in anti-inflammation, we performed flow cytometry and 
western blotting assay. In LPS-activated macrophages, Til treatment 
downregulated the proinflammatory biomarker CD86 and upregulated 
anti-inflammatory biomarker CD206 in LPS-activated macrophages. 
(Fig. 1a, b, c, d) The results of western blotting also showed that Til did 
significantly affect the expression of Arg1 and iNOS, indicating the 
promotion of transition towards an anti-inflammatory state in LPS- 
activated macrophages (Fig. 1e, f).

To explore the impact of Til on efferocytosis, neutrophils (stained 
red) were treated with 800 μM PA for 24 h to trigger apoptosis. Then, 
these cells were cocultured with macrophages (stained in blue) treated 
with 40 μM Til or not. Til-treated macrophages showed a significant 
increase in efferocytosis (Fig. 1g, h). Then we performed flow cytometry 
to further quantify the efferocytosis ability of macrophages. Dil was used 
to label ACs. Compared with the control group, Til significantly pro-
moted efferocytosis of macrophages (Fig. 1i, j). These outcomes 
demonstrate Til’s potential in modulating efferocytosis and the anti- 
inflammatory reprogramming of macrophages.

Data from the World Health Organization (WHO) forecast a surge in 
global diabetes incidence, expected to escalate from 171 million cases in 
2010 to 366 million by 2030. This anticipated increase in diabetes 
prevalence is associated with a rise in related complications, such as foot 
ulcers [29]. Consequently, there is an urgent need for innovative ther-
apeutic strategies to promote wound healing in diabetic patients, ulti-
mately aiming to improve quality of life and reduce morbidity and 
mortality. In the realm of potential anti-diabetic treatments, flavonoids 
have recently drawn considerable interest. Derived from plants, flavo-
noids exhibit a broad spectrum of biological functions, including anti- 
diabetic, anti-inflammatory, antibacterial, and antioxidant properties 
[30]. As a traditional anti-inflammatory drug, tiliroside, a flavonoid 
contained in various edible plants or specific plant parts (e.g., fruits, 
leaves, or roots), has been found to exhibit anti-inflammatory properties 
in previous studies, both in vivo and in vitro [31]. In vitro, tiliroside has 
been reported to inhibit the production of TNF-α, iNOS, and IL-6 in LPS- 
stimulated RAW264.7 and BV2 microglia [32,33]. However, the effects 
of tiliroside on diabetic wound healing and the underlying mechanisms 
still remained elusive. In this part, we proved the anti-inflammatory and 
promoting efferocytosis effects of tiliroside, which indicates the poten-
tial application in diabetic wound healing.

3.2. Tiliroside binding to PKM2 and SLC7A11

To elucidate the role of Til in facilitating efferocytosis and steering 
macrophages towards an anti-inflammatory phenotype, we engaged in 
activity-based protein profiling (ABPP) studies to pinpoint potential 
protein targets within LPS-stimulated macrophages.

ABPP serves as a widely adopted technique for identifying drug 
targets, utilizing cell-penetrating probes for the visualization of tagged 
proteins [34]. This method allows for the formation of stable probe- 
protein complexes in situ, facilitating subsequent protein isolation and 
proteomic analysis to decipher the drug’s mechanism of action [35]. In 
conducting ABPP experiments, a Tiliroside-probe (Til-P) featuring a 
clickable alkyne tag was synthesized. Mass spectrometry analysis vali-
dated the accurate synthesis of Til-P, as depicted in Supplementary Fig 
1a and b. CCK8 tests showed that the inhibitory effects of Til-P were 
comparable to those of Til (Supplementary Fig 1c). We incubated LPS- 
activated macrophages with Til-P, and the proteins subsequently 
labeled by Til-P were click-conjugated to the fluorescent dye FAM-azide 
(Supplementary Fig 1d). The specificity of Til-P binding was confirmed 
by showing that free Til competed effectively with Til-P for fluorescent 
labeling (Supplementary Fig 1e). Using a fluorescently labeled Til-P, we 
found that the probe was distributed throughout the cell 
(Supplementary Fig 1f), enabling a thorough investigation of intracel-
lular protein targets for Tiliroside.

Following the synthesis and validation of Til-P’s functionality, we 
then performed ABPP to explore the targets of Til and its underlying 
mechanisms. As illustrated in the flow diagram, proteins interacting 
with Til-P underwent click chemistry with azide beads for enrichment, 
subsequent separation via SDS-PAGE, and identification through LC- 
MS/MS (Fig. 2a). Total Ion Current (TIC) results from the mass spec-
trometry indicated a lower protein abundance in the control group not 
treated with Til-P (Fig. 2b), in contrast to the significantly enriched 
protein abundance in the Til-P treated group (Fig. 2c). This finding 
implies that the presence of FAM-azide beads alone does not suffice for 
protein isolation. Yet, the combination of FAM-azide beads and Til-P 
through a click-reaction effectively isolates Til-associated target pro-
teins. Proteins identified by LC–MS/MS are summarized in Fig. 2d. Of all 
proteins identified, subsequent analyses were performed for proteins 
reported to regulate efferocytosis and inflammation such as PKM and 
SLC7A11. PKM (subtype 2), a crucial enzyme in glycolysis, can shift to 
the nucleus in its monomeric and dimeric forms, interacting with Hif-1α 
to modulate the expression of pro-glycolytic enzymes and promoting the 
transition of macrophages towards the M1 phenotype [36]. Doddapattar 
et al. [23] have also highlighted that PKM2 deletion enhances effer-
ocytosis in myeloid cells. Similarly, the membrane transporter SLC7A11 
is recognized as inhibiting efferocytosis, with its removal or silencing 
improving efferocytosis in dendritic cells [25]. To further explore the 
functions of Til, we performed western blotting assay to evaluate its 
underlaying targets. In macrophages stimulated with LPS, Til did not 
markedly alter PKM1 expression but did moderately decrease the LPS- 
induced elevation of PKM2 and SLC7A11 expressions in a 
concentration-dependent manner (Fig. 2e, f). Together, these results 
strongly suggest that in LPS-activated macrophages, PKM2 and 
SLC7A11 might be the targets of Til, and their expression can also be 
regulated by Til.

3.3. Efferocytosis promotion and glycolysis-related transitioning of 
macrophages through til-induced inhibition of PKM2 signaling

Subsequently, our investigation delved into whether Til enhances 
efferocytosis by interacting with the PKM2-dependent signaling 
pathway. As a crucial target for Til, silencing PKM2 markedly reduced 
the level of the pro-inflammatory marker CD86 while increasing the 
expression of the anti-inflammatory marker CD206 in LPS-activated 
macrophages (Fig. 3a, b, c, d). The results of western blotting also 
showed that knocking down PKM2 significantly affect the expression of 
Arg1 and iNOS, indicating the promotion of transition towards an anti- 
inflammatory state in LPS-activated macrophages(Fig. 3e, f). Fluores-
cent images showed that knocking down PKM2 showed a significant 
increase in efferocytosis (Fig. 3g, h). Then we performed flow cytometry 
to further quantify the efferocytosis ability of macrophages. Dil was used 
to label ACs. Compared with the control group, knocking down PKM2 
significantly promoted efferocytosis of macrophages (Fig. 3i, j).

Then, we further explore the underlying mechanisms of Til in regu-
lating glycolysis and macrophage polarization. From the molecular 
mechanism, this knockdown significantly inhibited PKM2/HIF-1α 
pathway and downregulated the expression of glycolysis-related genes 
(Fig. 4a-c). Next, the Seahorse Extracellular Flux analyzer was used to 
analyze bioenergetic function in macrophages. As shown in Fig. 4d–e, 
results from Seahorse glucose stress tests indicated that knocking down 
PKM2 or using Til could decreased the extracellular acidification rate 
(ECAR) in macrophages.

In this part, we further validated the direct targets of Til identified in 
Fig. 2 through cell-based experiments, demonstrating that Til inhibits 
destructive inflammatory responses via these targets. PKM2 is a key 
player involved in inflammatory processes [37].. Our findings in Fig. 1
revealed that Til significantly reduced inflammatory of macrophages 
activated by LPS. This reduction might be partially mediated by the 
suppression of PKM2 activity. Supporting this hypothesis, our data show 
that PKM2 deactivation leads to lowered IL-1β levels and reduced 
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aerobic glycolysis, consistent with the findings of Xie et al [38]. This 
aligns with existing evidence that aerobic glycolysis enhances the 
expression of genes involved in inflammatory responses, leading to 
increased secretion of TNF-α, IL-1β, and IL-6 [38]. Therefore, Til’s 
ability to attenuate inflammatory reactions may stem from its inhibition 
of PKM2 and related enzymes, subsequently reducing aerobic glycolysis.

Furthermore, our study effectively demonstrated that Til regulates 
cellular metabolism by inhibiting aerobic glycolysis in LPS-stimulated 
macrophages. At the molecular level, Til downregulated the mRNA 
expression of HIF-1α-dependent glycolytic enzymes in macrophages. 
Previous reports indicate that elevated glucose treatment significantly 
enhances the expression of both PKM2 and HIF-1α, reprogramming 
macrophage metabolism and triggering pro-inflammatory gene expres-
sion [39,40]. In LPS-induced macrophages, Til inhibited the PKM2–HIF- 
1α signaling pathway and the activation of HIF-1α-driven genes critical 
for metabolic reprogramming, including GLUT1, HK2, and LDHA. In 
summary, our results indicate that Til modulates the PKM2 pathway to 
reduce efferocytosis and inhibit glycolysis in LPS-activated 
macrophages.

3.4. Inhibition of PKM2 and SLC7A11 activities through tiliroside

To demonstrate the direct interaction between Til and its target 
proteins, PKM2 and SLC7A11, a series of experiments were conducted. 
In pull-down experiments, a binding between Til-P and PKM2 as well as 
SLC7A11, and this binding was outcompeted by excess Til (Fig. 5a, 
Supplementary Fig 2a). Supporting this observation, laser scanning 
confocal microscope revealed co-localization of PKM2 and SLC7A11 
with Til-P (Fig. 5b, Supplementary Fig 2b). Additional validation was 
obtained from cell heat transfer analysis (CETSA) which showed that Til 
increased the thermal stability of PKM2 and SLC7A11 (Fig. 5c,d,Sup-
plementary Fig 2c, d).

Subsequently, our investigation focused on identifying potential 
interaction sites of Tiliroside (Til) within PKM2 and SLC7A11. Through 
molecular docking analyses, it was suggested that Til might interact with 
the Arg120 residue of PKM2 and the Glu159 residue of SLC7A11 within 
their substrate-binding regions (Fig. 5f and Supplementary Fig 2f). The 
potential docking sites were illustrated through virtual modeling 
(Supplementary Fig 3a, b). These results imply that Til specifically in-
teracts with distinct amino acid residues in PKM2 and SLC7A11 within 
macrophages activated by LPS. Then, we utilized point mutation vari-
ations of the proteins to test, with mutating Arg120 to Cys in PKM2 and 
mutating Glu159 to Val in SLC7A11 led to decreased Til-P binding 
(Fig. 5g, Supplementary Fig 2g, Supplementary Table. 1, Supplementary 
Table. 2), suggesting that Til directly binds to PKM2 and SLC7A11.

To further confirm whether the binding between Til and PKM2 is 
required for the Til-mediated inhibition of PKM2, PKM2-silenced mac-
rophages. were transfected with wild-type PKM2 or the PKM2 Arg120-
Cys mutant. Remarkably, exogenous Til treatment decreased the level of 
IL-1β in macrophages transfected with the PKM2 WT, but not in those 
transfected with PKM2 mutant(Fig. 5h). The co-IP assay was then con-
ducted to determine the relationship between PKM2 and HIF-1α in HCC 
cell lines (Fig. 5i). The results showed that HIF-1α were pulled-down by 
PKM2. The level of the PKM2/HIF-1α complex in the Til-treated groups 
was lower than that in the Control groups, which suggested that Til 
mediated functions of PKM2 through inhibition the formation of PKM2/ 

HIF-1α complex.
ABPP is a widely recognized method for discerning the cellular tar-

gets of natural compounds and small molecules [41]. In our study, we, 
our research utilized ABPP to reveal that Til can directly interact with 
PKM2 and SLC7A11 within macrophages activated by LPS. Our findings 
confirmed the selective interaction of Til with both PKM2 and SLC7A11 
in vitro – as revealed by CETSA and co-localization experiments leading 
to the disruption of PKM2 activity as well as the PKM2–HIF-1α signaling 
pathway in macrophages as shown by WB.

3.5. Preparation and characterization of Gel@Til iRGD&PS@PLGA NPs

Due to insufficient angiogenesis at diabetic wound sites, traditional 
drug delivery approaches, such as administration via the caudal vein, 
have been shown to be less effective in promoting diabetic wound 
healing [42]. To enhance drug delivery efficiency, we designed a PVA/ 
gelatin hydrogel (abbreviated as Gel in the following) loaded with Til 
iRGD&PS@PLGA NPs (Gel@Til iRGD&PS@PLGA NPs). The hybrid 
biomaterial was constructed to precisely regulate efferocytosis and 
transition of macrophages towards an anti-inflammatory state in a two- 
stage approach, catering to both the initiation and resolution of 
inflammation. The initial stage involves the pH-responsive release of Til 
iRGD&PS@PLGA NPs from the hydrogel matrix in the acidic environ-
ment characteristic of inflammation. The second stage involves 
macrophage-targeted drug delivery.

Activation of PKM2/HIF-1α pathway fuels M1 polarization of mac-
rophages, while HIF-1α pathway shows positive effects in angiogenesis 
process for endotheliocytes [43]. An appropriate approach needs to be 
explored to regulate PKM2/HIF-1α pathway of macrophages with less 
affection to endotheliocytes. Hence, the Til iRGD&PS@PLGA NPs were 
designed using a nano-precipitation-self-assembly method, incorpo-
rating the cytotropic sequence iRGD and “eat me” signal molecule 
phosphatidylserine to specifically target macrophages. The hybrid 
biomaterial hydrogels were then fabricated by mixing an aqueous so-
lution of gelation and PVA (8wv%) with a Til iRGD&PS@PLGA NPs 
aqueous solution to obtain Gel@ Til iRGD&PS@PLGA NPs (Fig. 6a).

The Til iRGD&PS@PLGA NPs were labeled with Dil fluorescent dye 
to assess the macrophage targeting efficacy. For comparison, Til-PLGA 
NPs granules without lipid layer modification were prepared using the 
same method. Both types displayed similar sizes around 150 nm and 
showed a single monomodal distribution in particle size (PDI<0.2), with 
zeta potentials of − 24.6 mV and − 28.5 mV, respectively(Fig. 6b, c). In 
vitro release tests showed that Til iRGD&PS@PLGA NPs achieved sus-
tained release of Til over 120 h(Fig. 6d) TEM was employed to confirm 
the size of Til iRGD&PS@PLGA NPs(Fig. 6e). The fluorescence images 
showed that Til iRGD&PS@PLGA NPs had an excellent macrophage 
targeting efficacy (Fig. 6f).

The iRGD&PS@PLGA NPs were water insoluble and displayed no 
chemical interaction with the hydrogel, as confirmed by the FTIR 
spectra of the iRGD&PS@PLGA NPs-loaded PVA/gelatin hydrogel 
sample (Fig. 6e). The FTIR spectra showed a broad band peak at 
3283.97 cm− 1, which may belong to the O-H stretching of PVA and 
might be due to inter- and intra- molecular hydrogen bonds. The peak at 
1237.61 cm− 1 may belong to the stretching of the C-N stretching groups 
of gelation. Besides the abovementioned peaks from the PVA/gelatin 
hydrogel, distinct peaks from tiliroside were also observed in the FTIR 

Fig. 1. Til improves efferocytosis and promotes the transition of macrophages towards an anti-inflammatory state. Representative flow cytometry of (a) CD86 + cells 
and (b) CD206 + cells. (c) The percentage of M1 phenotypes was quantified as the ratio of CD86 + and CD11b + cells(n = 3). (d) The percentage of M2 phenotypes 
was quantified as the ratio of CD206 + and CD11b + cells(n = 3). (e) RAW264.7 cells were treated with different concentrations of Til (0, 10, 20, 40 μM). 
Representative Western blot of Arg1 and iNOS levels in RAW264.7 cells in the presence of LPS (100 ng/mL). LPS-treated group (100 ng/mL) and IL-4 treated group 
(50 ng/mL) were used as positive and negative controls. (f) Quantitative analysis of iNOS and Arg1 protein levels in RAW264.7 cells (n = 3). (g) BMDMs and Til- 
treated RAW264.7cells were incubated with Dil-labeled ACs at a time point of 30 min at a AC: RAW264.7 ratio of 5:1(n = 3). (h) Percent efferocytosis was quantified 
as the number of macrophages with engulfed apoptotic cells as a percentage of total macrophages(n = 3). (i) Representative flow cytometry images for efferocytosis 
evaluation. (j) Quantification of Dil-positive BMDMs(n = 3).*P value < 0.05; **P value < 0.01; ***P value < 0.001 per; ****P value < 0.0001 per group by unpaired 
t test.
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Fig. 2. Potential target proteins of Tiliroside were identified by integrating Activity-Based Protein Profiling (ABPP) with Liquid Chromatography–Tandem Mass 
Spectrometry (LC–MS/MS). (a) The schematic diagram of ABPP experiment. Representative TIC results of control group (b) and Til-P treated group (c) and (d) The 
table of target proteins identified by LC–MS/MS ranked by the sum of PEP scores. (e) RAW264.7 cells were treated with different concentrations of Til (0, 10, 20, 40 
μM) Til. Representative Western blot of PKM1, PKM2, and SLC7A11 levels in RAW264.7 cells in the presence of LPS (100 ng/mL). (f) Quantitative analysis of PKM1, 
PKM2, and SLC7A11 protein levels in RAW264.7 cells (n = 3). *P value < 0.05; **P value < 0.01; ***P value < 0.001 per; ****P value < 0.0001 per group by 
unpaired t test.
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spectra, with the peak at 1743.09 cm− 1 indicating C=O the presence of a 
strong carboxylic group, and the peak at 2815.53 cm− 1 corresponding to 
the C-H bond stretching of the alkyl groups. The hydrogel had a porous 
structure with pore sizes of ≈100 μm in diameter, with iRGD&PS@PLGA 

NPs loading not influencing the pore sizes of the hydrogel (Fig. 6h). The 
hydrogel films demonstrated a compressive strain between 60 and 80 % 
(Fig. 6i). Notably, under low pH conditions (pH 5.0), significant pH- 
induced dissociation of the hydrogel was observed, facilitating fast 

Fig. 3. Til inhibits PKM2 signaling to promote macrophage polarization and efferocytosis. Representative flow cytometry of (a) CD86 + cells and (c) CD206 + cells. 
(b) The percentage of M1 phenotypes was quantified as the ratio of CD86 + and CD11b + cells(n = 3). (d) The percentage of M2 phenotypes was quantified as the 
ratio of CD206 + and CD11b + cells(n = 3). (e) Representative Western blot of iNOS and Arg1 levels in RAW264.7 cells. (f) Quantitative analysis of iNOS and Arg1 
protein levels in RAW264.7 cells (n = 3). (g) ACs and siPMK2-treated BMDMs were incubated with Dil-labeled ACs at time points of 30 min at a AC: BMDMs ratio of 
5:1 (n = 3). (h) The percentage of efferocytosis was quantified as the number of BMDMs with engulfed apoptotic cells as a percentage of total BMDMs(n = 3). (i) 
Representative flow cytometry images for efferocytosis evaluation. (j) Quantification of Dil-positive BMDMs(n = 3). *P value < 0.05; **P value < 0.01; ***P value <
0.001 per; ****P value < 0.0001 per group by unpaired t test.
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release of iRGD&PS@PLGA NPs as well as fast release of Til, thereby 
catering to the therapeutic efficacy in diabetic wounds (Fig. 6j, k).

3.6. Biocompatibility of Gel@Til iRGD&PS@PLGA NPs

The cell viability on the first, second, and third day did not display 
significant differences in each group, indicating that Gel@Til 
iRGD&PS@PLGA NPs exhibited good biocompatibility (Fig. 7a). Then 
we investigated whether Gel@Til iRGD&PS@PLGA NPs influence 
macrophages polariton and macrophage-endothelial regulation. As 
shown in Fig. 7b, macrophages cultured with blank hydrogels Gel@Til- 
PLGA NPs or Gel@Til iRGD&PS@PLGA NPs in upper co-culture cham-
bers, and MAECs are cultured in the substratum. Flow cytometry results 
demonstrated that Gel@Til iRGD&PS@PLGA NPs were highly effective 
in reducing the expression of the proinflammatory biomarker CD86 
while increasing the expression of the anti-inflammatory biomarker 
CD206 in LPS-activated macrophages (Fig. 7c, d, e, f). The scratch, 
transwell, and tube formation assay were performed to verify whether 
Gel@Til iRGD&PS@PLGA NPs influence macrophage-endothelial 
regulation. The results obtained from scratch, transwell, and tube for-
mation assay showed that Gel@Til iRGD&PS@PLGA NPs enhanced the 

angiogenesis of mouse aortic endothelial cells (MAECs). (Fig. 7g-l).
To achieve these advantageous effects of tiliroside, we developed a 

tissue-friendly, pH-responsive hydrogel platform based on the use of 
gelatin, and PVA. Gelatin and PVA have been incorporated as important 
components of a pH-sensitive hydrogel due to their unique physico-
chemical properties and biodegradability [44]. The release of the drug 
to be applied from this platform is accelerated under acidic environ-
ments. Using macrophage polarization as a target therapeutic point, we 
further modified this platform as a living material by loading iRGD&PS 
double-modified lipid nanoparticles. This innovative approach warrants 
stable incorporation of RGD for cell adhesion and “eat me” signal PS for 
specific targeting of macrophages. Importantly, Gel@Til 
iRGD&PS@PLGA NPs significantly promote macrophage efferocytosis 
and M2 transition as well as improve angiogenesis through macrophage- 
endothelial regulation in vitro.

3.7. Acceleration of diabetic wound healing in vivo via Gel@Til 
iRGD&PS@PLGA NPs

The effect of Gel@Til iRGD&PS@PLGA NPs on wound healing in vivo 
was investigated in HFD/STZ diabetic mice. Full-thickness skin wounds 

Fig. 4. Til inhibits PKM2 signaling to promote efferocytosis and glycolysis-related macrophage reprogramming. (a) Representative western blot of RAW264.7 cells in 
different groups in the presence of LPS (100 ng/mL). (b) Quantitative analysis of PKM2, HIF-1α, IL-1β and SLC7A11 protein levels in RAW264.7 cells (n = 3). (c) 
Representative qRT-PCR of macrophages. in different groups in the presence of LPS (100 ng/mL). (d) The ECAR curve shows the glycolysis function of RAW264.7 
cells in different groups after pre-incubation for 1 h and stimulation with LPS(100 ng/mL) for 24 h. Vertical lines indicate the time of addition of glucose (10 mmol/ 
L), oligomycin (1 μmol/L), and 2-DG (50 mmol/L). (e) Glycolysis and glycolysis capacity were determined from ECAR data. *P value < 0.05; **P value < 0.01; ***P 
value < 0.001 per; ****P value < 0.0001 per group by unpaired t test.
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were created on the dorsum of diabetic mice, in which PVA/gelatin 
hydrogel with PLGA NPs was introduced. The delivery of Til-PLGA NPs 
with iRGD&PS double modification significantly accelerated wound 
closure (Fig. 8a, b, and c). Conversely, the delivery of Til without 
iRGD&PS-modification exhibited less efficacy in promoting skin wound 
closure than the iRGD&PS-modified group (Fig. 8a, b, and c). To assess 
the possible impacts on wound healing, skin tissue specimens were 
examined 14 days post-wounding. Histologically, healed wounds 
treated with Gel@Til iRGD&PS@PLGA NPs showed a fully regenerated 
epithelium and a thicker dermis compared to wounds treated with 
T2DM, blank hydrogels or Gel@Til-PLGA NPs (Fig. 8d). Masson tri-
chrome staining indicated significantly increased collagen deposition in 
wounds treated with Gel@Til iRGD&PS@PLGA NPs, but not with 
traditional PVA/gelatin hydrogel delivery system (Fig. 8e), thereby 
indicating that the enhancement in collagen deposition was dependent 
response on the delivery of iRGD&PS modified Til-PLGA NPs (Fig. 8e). 
Collectively, the findings from our study present strong evidence sup-
porting the efficacy of Gel@Til iRGD&PS@PLGA NPs in promoting the 
repair of skin wounds.

3.8. Acceleration of diabetic wound healing in vivo via Gel@Til 
iRGD&PS@PLGA NPs through efferocytosis promotion and transitioning 
Macrophages towards an anti-inflammatory state

Histological analyses of wounded skin tissue showed that F4/80 
positive macrophages, located close to and seemingly engulfing LY6G 
positive neutrophils, were observed in the control group. However, 
there was a significant reduction in efferocytosis capabilities in the 
T2DM group. In comparison, wounds treated with Gel@Til 
iRGD&PS@PLGA NPs exhibited improved efferocytosis compared to 
those treated with T2DM, blank hydrogels, or Gel@Til-PLGA NPs 
(Fig. 9a). The intracellular ROS content in vivo was analyzed using 
dihydroethidium (DHE) staining. The application of the Gel@Til-PLGA 
NPs resulted in a marked reduction in red fluorescence, with the 
Gel@Til iRGD&PS@PLGA NPs exhibiting the best ROS-scavenging 
capability, indicating excellent antioxidative effects (Fig. 9b). And 
LY6G-positive phagocytes and ROS on day 7 in response to various 
treatments were quantified(Fig. 9c, d). Immunohistochemical staining 
of wounded skin tissue showed a significant decrease of Arg1 in the 
T2DM group. Conversely, treatment with Gel@Til iRGD&PS@PLGA NPs 
can significantly elevate Arg1 level and downregulate the iNOS level, 
indicating that Gel@Til iRGD&PS@PLGA NPs are capable of regulating 

Fig. 5. Til directly binds to PKM2. (a) Verification of Til association with PKM2 through Western blot analysis of pull-down assays conducted in situ. (b) Immu-
nofluorescence labeling demonstrating the colocalization of PKM2 (red) with Til-P conjugated to a FAM dye (green), with a scale bar representing 10 μm. (c, d) 
Utilization of cellular thermal shift assays for confirming the interaction between Til and PKM2, conducted in triplicate (n = 3). (e), Identification of direct binding of 
Til to PKM2 was determined by DARTS approach. (f) The binding modes and sites of the interaction of Til with PKM2 were predicted using AutoDock Vina software. 
(g) Fluorescence intensity of recombinant wild‑type PKM2 and PKM2‑Arg120Cys incubated with Til‑P and then click‑reacted with a fluorescent dye. (h) PKM2- 
silenced RAW264.7 cells were transfected with wild-type or mutant PKM2 for 24 h and were then exposed toTil. Protein expression was determined by western 
blotting. (i) The co-immunoprecipitation assay to evaluate the effect of Til on the levels of the PKM2/HIF1α complex in RAW264.7 cells.*P<0.05, **P<0.01, 
***P<0.001 by unpaired t test.. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the inflammatory microenvironment in diabetic wound sites (Fig. 9e). 
Besides, Gel@Til iRGD&PS@PLGA NPs can significantly increase the 
expression of the angiogenesis marker CD31 (Fig. 9f).

In studies utilizing mouse models of diabetic wounds, we have 
elucidated the therapeutic benefits of Gel@Til iRGD&PS@PLGA NPs in 
enhancing wound healing, promoting vascular development, facilitating 
the remodeling and regeneration of granulation tissue, and accelerating 
re-epithelialization in a live setting. The efficiency of macrophage 
efferocytosis in wounds treated with Gel@Til iRGD&PS@PLGA NPs 
showed significant improvement. Histological examinations indicated a 
reduction in wound-associated inflammation and an enhancement in 
angiogenesis, extracellular matrix remodeling. A swift decrease in 
inflammation plays a crucial role in advancing from the inflammatory to 
the proliferative phase, leading to the remodeling phase in the well- 

coordinated wound healing process. The amelioration of oxygen sup-
ply in diabetic wounds, attributed to the formation of robust micro- 
vessels, likely plays a key role in diminishing inflammation. Further-
more, the use of Gel@Til iRGD&PS@PLGA NPs resulted in the inhibition 
of HIF-1ɑ transcriptional activity, thereby decreasing the secretion of 
pro-inflammatory mediators downstream.

In sum, these results showed that Gel@Til iRGD&PS@PLGA NPs 
enhance efferocytosis and phenotypic transition of macrophages, 
downregulate inflammation and oxidative stress, and promote angio-
genesis in diabetic wound sites.

4. Conclusion

This study, therefore, effectively demonstrated the feasibility of 

Fig. 6. Characterization of hybrid biomaterial hydrogel. (a) Schematic illustration of the preparation of Gel@ Til iRGD&PS@PLGA NPs, (b) zeta potential, (c) Size 
distribution, (d) The in vitro release profile of Til from Til iRGD&PS@PLGA NPs, (e) Til iRGD&PS@PLGA NPs, (f) Fluorescence images of the macrophage targeting 
character of Til iRGD&PS@PLGA NPs, (g) FT-IR spectra of different hydrogels, (h) TEM images showing the microstructures of different hydrogels, (i) Compressive 
strain of different hydrogels, (j) The cumulative degradation profiles of hybrid biomaterial hydrogels in PBS with different pH values. (k) The in vitro release profile of 
Til from hybrid biomaterial hydrogels in PBS with different pH values.
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Fig. 7. In vitro evaluation of the anti-inflammatory and angiogenetic effects of Gel@Til iRGD&PS@PLGA NPs. (a) Fluorescence images of live/dead staining of 
HUVECs in different groups. (b) Schematic illustration of the in vitro evaluation of Gel@ Til iRGD&PS@PLGA NPs. Representative flow cytometry of (c) CD86 + cells 
and (e) CD206 + cells. (d) The percentage of M1 phenotypes was quantified as the ratio of CD86 + and CD11b + cells(n = 3). (f) The percentage of M2 phenotypes 
was quantified as the ratio of CD206 + and CD11b + cells(n = 3). (g, h) Wound closure of MAECs of different groups. (i, j) MAECs of different groups were added to 
the top chamber of a transwell plate and a complete medium containing 10 % FBS was added to the bottom chamber. After 12 h, cells that migrated to the bottom 
chamber were quantified via image J. (k, l) Endothelial tube formation after co-culturing MAECs together with untreated BMDMs or hydrogel-treated BMDMs. Scale 
bar: 100 µm. An Angiogenesis analyzer was used to analyze the branch numbers of MAECs. *P value < 0.05; **P value < 0.01; ***P value < 0.001 per; ****P value 
< 0.0001 per group by unpaired t test.
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Fig. 8. Gel@Til iRGD&PS@PLGA NPs accelerates DW healing in vivo. (a) Photographs of wounds of C57BL/6J mice at different time points after different treatments 
investigated in this study. (b, c) Quantitative analysis of the relative wound areas at different times (n = 3 biologically independent samples). (d) Representative H&E 
staining images of wounds on day 14. Scale bar, 2.5 mm (top) and 200 μm (enlarged). (e) Representative Masson Trichrome staining images of wounds on day 14. 
Scale bar, 2.5 mm (top) and 200 μm (enlarged) (n = 3 biologically independent samples). Data are presented as mean ± SD and statistical significance was analyzed 
per group by unpaired t test. P value: *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001.
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Fig. 9. Gel@Til iRGD&PS@PLGA NPs accelerate DW healing in vivo through promoting efferocytosis and glycolysis-related macrophage reprogramming. (a) 
Localization of F4/80 positive phagocytes in the skin on day 7 after wounding and capturing (LY6G-positive) neutrophils. The designated areas are magnified at the 
bottom. DAPI staining was employed to mark the nuclei. Measurements are indicated by scale bars: 500 μm for the overall view and 20 μm for detailed observation. 
(b) Reactive oxygen species (ROS) concentrations within the wound site on the seventh day were quantified using dihydroethidium (DHE) subsequent to various 
treatments, Scale bar: 200 µm. (c, d) Quantitative investigation of LY6G-positive neutrophils and ROS on day 7 in response to various treatments. The data are 
presented as the mean ± s.d. (n = 3 independent mice). (e) Immunohistochemical staining was performed at 7 days post-wounded using anti-Arg-1 and anti-iNOS. 
Scale bar: 100 μm. (f) Immunohistochemical staining was performed at 7 days post-wounded using anti-CD31. Scale bar: 100 μm. Data are presented as mean ± SD 
and statistical significance was analyzed via Student’s two-sided t-test. P value: *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001.
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combining tiliroside with biomaterials as a therapeutic avenue for dia-
betic wound healing. Our findings suggest that the use of Gel@Til 
iRGD&PS@PLGA NPs represents a groundbreaking method for 
enhancing the healing of diabetic wounds. Nevertheless, it is important 
to note that the diabetic wound models in mice, induced through STZ 
injection, only mimic a fraction of the intricate pathophysiological 
processes of diabetic wounds in humans. Consequently, to corroborate 
the outcomes detailed in this study, further research involving larger 
mammals or human subjects is essential.
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