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Abstract Delayed wound healing in diabetes is a global challenge, and the development of related

drugs is a clinical problem to be solved. In this study, purpurolide C (PC), a small-molecule secondary

metabolite of the endophytic fungus Penicillium purpurogenum, was found to promote diabetic wound

healing. To investigate the key regulation targets of PC, in vitro RNA-seq, molecular docking calcula-

tions, TLR4-MD2 dimerization SDS-PAGE detection, and surface plasmon resonance (SPR) were per-

formed, indicating that PC inhibited inflammatory macrophage activation by inhibiting both TLR4-

MD2 dimerization and MYD88 phosphorylation. Tlr4 knockout in vivo attenuated the promotion effect

of PC on wound healing. Furthermore, a delivery system consisting of macrophage liposome and GelMA-
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Inflammation;

Drug delivery;

Molecular mechanism
based microneedle patches combined with PC (PC@MLIP MN) was developed, which overcame the poor

water solubility and weak skin permeability of PC, so that successfully punctured the skin and delivered

PC to local tissues, and accurately regulated macrophage polarization in diabetic wound management.

Overall, PC is an anti-inflammatory small molecule compound with a well-defined structure and dual-

target regulation, and the PC@MLIP MN is a promising novel biomaterial for the management of dia-

betic wound.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Delayed wound healing in diabetes is a global challenge. In 2017,
79 billion US dollars were spent on treating diabetic diseases,
including diabetic foot ulcers, in the United States alone1. With
the increasing prevalence of obesity and type 2 diabetes (T2DM),
the impact of diabetic-delayed wound healing and expensive
treatment will continue to rise2. Therefore, the research and
development of new drugs and strategies to promote diabetic
wound healing are clinical problems that need to be solved ur-
gently3. The wound-healing process involves complex molecular
mechanisms, including inflammation, proliferation, and remodel-
ing4. There have been extensive reports on the critical regulatory
role of local macrophages in the early inflammation phase and
their impact on the disorder and delay of diabetic wound healing4.
In the normal wound healing process, inflammatory macrophages
(M1 macrophages) are the main regulatory cells in the first few
days (1e3 days) and then change to the M2 phenotype, which
promotes tissue repair, healing, and regeneration. The overactivity
of M1 macrophages leads to delayed wound healing in healthy
and diabetic tissues5. The high-glucose microenvironment of
diabetes promotes M1 macrophage activation and infiltration,
which continuously infiltrates local tissues and releases inflam-
matory factors to prevent tissue repair, even in the late stage of
wound healing6. Multiple studies have attempted to improve
diabetic wound healing and have achieved significant treatment
effects by regulating and inhibiting the function of local M1
macrophages7e9. Therefore, the regulation of macrophage polar-
ization is considered to be an essential strategy for treating dia-
betic wounds.

For decades, new drugs and materials regulating macrophage
functions have been developed and studied, and natural products
have played a significant role in drug discovery for centuries10,11.
Fungal metabolites are a major source of bioactive natural prod-
ucts12. Bioprospecting fungal secondary metabolites in our labo-
ratory have resulted in the discovery of a variety of novel bioactive
compounds13e16. One of the most promising discoveries was
purpurolide C (PC), a bergamotane sesquiterpene with a rare 6/4/
5/5 tetracyclic ring system isolated from the fungus Penicillium
purpurogenum IMM00315,17. Members of this family have been
isolated from diverse fungi, including purpurolides BeF15,17,
expansolides A‒D18, decipienolides A and B19, sporulaminals A
and B20, donacinolides A and B21, and massarinolin A22. They
have been reported to exhibit remarkable pancreatic lipase
inhibitory15,17, a-glucosidase inhibitory18, and antibacterial ac-
tivities19,21,22, and because of their unique structural features and
drug potential, they have attracted significant interest from the
researchers in chemistry, and the first elegant total synthesis of the
skeleton was accomplished by Wang and coworkers23. It is worth
noting that PC has never been reported to have anti-inflammatory
activity in the field of inflammatory disease research. In this study,
we found that PC showed significant anti-inflammatory activity
and inhibited the activation of M1 macrophages without cyto-
toxicity, which showed the potential to regulate the function of
local macrophages and promote wound healing in diabetes. Pre-
liminary prediction of the physicochemical properties of PC
revealed that PC fits well with Lipinski’s ‘Rule of Five’ (Sup-
porting Information Table S1)24,25, indicating that PC might serve
as a novel template for drug development. To investigate the anti-
inflammation mechanism of PC, RNA-seq was performed to
explore the regulatory pathway, and then various techniques
including molecular docking calculations, SDS-PAGE, and sur-
face plasmon resonance (SPR) detection were used to investigate
the binding targets of PC. The results explained in detail that PC
was a dual-target compound, which regulated macrophage acti-
vation by inhibiting both TLR4-MD2 dimerization and MYD88
phosphorylation. Tlr4 knockout in vivo attenuated the promotion
effect of PC on wound healing, which confirmed the in vitro
conclusion. However, although the ideal method of wound healing
administration is local application rather than systemic applica-
tion, the calculated pharmacokinetic properties showed that the
water solubility and skin permeability of PC were poor (Sup-
porting Information Table S2 and Fig. S1), which limited the
development and application of PC as a transdermal absorbent
drug.

To overcome these weaknesses of PC, macrophage liposomes
(MLIP) were loaded for both in vivo and in vitro anti-
inflammatory treatments. Liposomes (LIP) are double-layer or
multi-layer vesicles composed of phospholipids that can assemble
DNA, small-molecule compounds, proteins, vaccines, and other
substances through modification or loading methods to achieve
efficient drug delivery26. Simultaneously, liposomes are charac-
terized by biological inertia, weak immunogenicity, low toxicity,
and high biocompatibility. Thus, they are considered efficient and
excellent drug carriers27. Notably, liposomes prepared from the
membranes of homologous cells show high homologous targeting
in vivo owing to their specific membrane protein structure28.
Therefore, PC loaded with MLIP (PC@MLIP) achieved an ac-
curate regulation on macrophages in this study. Microneedles
(MNs) have recently attracted extensive research interest and have
been widely used as drug delivery carriers in vivo wound healing
research for drugs, including small molecule compounds, proteins,
and cytokines29. MNs are ideal drug delivery carriers for skin
wounds because they minimize pain and tissue damage, overcome
the difficulty of local drug delivery, and reduce the risk of wound
exposure and infection30. We hypothesized that liposomes can be
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encapsulated in the tip of MNs, puncture the skin, and maintain an
effective concentration of PC for a long time29. And just as con-
jectured, PC@MLIP was loaded into Gelatin methacryloyl
(GelMA)-based microneedles (PC@MLIP MN) to promote skin
permeability, which successfully achieved the effect of diabetic
wound healing promotion in type 2 diabetes (T2DM) mouse
models.

In summary, we reported a small-molecule secondary metab-
olite of the endophytic fungus Penicillium purpurogenum, PC,
showed the diabetic wound healing promotion effects by inhibit-
ing inflammatory macrophage activation via inhibiting both
TLR4-MD2 dimerization and MYD88 phosphorylation. Besides
various techniques and Tlr4 knockout mice to explore the targets
of PC both in vitro and in vivo, macrophage liposomes and
microneedles have been further used as carriers to improve the
therapeutic efficacy of PC, providing a new strategy and basis for
the application of small molecule compounds in vivo.

2. Materials and methods

2.1. Extraction and isolation of PC

See Supporting Information.

2.2. Isolation of mouse peritoneal macrophages

See Supporting Information.

2.3. In vitro induction and detections

See Supporting Information.

2.4. Preparation and characterization of PC@MLIP

Macrophage membranes were derived from RAW264.7 (China
Infrastructure of Cell Line Resources, Beijing, China). Centrifu-
gation (110000�g, 1 h, Beckman, Optima MAX-XP, CA, USA)
and hypotonic treatments were applied to the cells to isolate the
membranes. The separated macrophage cell membranes were
hydrated with 10 mmol/L PC solution for 30 min and then loaded
through repeated freezingethawing cycles. Finally, a mini
extruder (Avanti, 610000-1EA, Alabaster, AL, USA) was used to
extrude the porous film of polycarbonate through 100 nm mesh to
form the PC@MLIP. Dynamic light scattering (DLS, Zetasizer,
NANO ZS, Marvin, UK) was used to analyze the hydrodynamic
diameter and surface zeta potential of the PC@MLIP. Trans-
mission electron microscopy (TEM, JEOL Co., Ltd., JEM-
1400Flash, Tokyo, Japan) images were obtained to observe the
PC@MLIP structure.

2.5. Preparation of PC@MLIP MN

50 mL of GelMA solution containing 0.25% (g/mL) ultraviolet
(UV) photoinitiator (EFL Co., Ltd., EFL-LAP, Suzhou, China)
and PC@MLIP was used to prepare the PC@MLIP MN using a
female polydimethylsiloxane (PDMS) mold. The patch was kept
under vacuum for 10 min to remove air bubbles. Subsequently,
another 50 mL of GelMA solution containing ultraviolet (UV)
photoinitiator was deposited to fill the needle cavities, followed by
the removal of the excessive GelMA solution via a plastic scraper.
We exposed the solution under 350 mW/cm2 UV light (405 nm)
for 60 s. Then, the 5% (w/v) hyaluronic acid solution (EFL Co.,
Ltd.) was added to the composite base membrane. The PC@MLIP
MN will be incubated at 30e35 �C for over 12 h before being
detached from the PDMS mold.

2.6. Quantification analysis of PC in PC@MLIP

See Supporting Information.

2.7. Prediction of the physicochemical and ADME properties of
PC

The prediction of the physicochemical and ADME properties of
PC was performed using the website http://biosig.unimelb.edu.au/
pkcsm/prediction as reported31.

2.8. In vivo studies and detections

See Supporting Information. All experimental procedures were
executed according to the protocols approved by the Animal
Ethical and Welfare Committee of the Beijing Stomatological
Hospital (KQYY-202206-007).

3. Results

3.1. PC inhibits LPS-induced M1 macrophage activation in
both mouse peritoneal macrophages and RAW264.7 cells

PC was extracted according to the protocol reported in our previous
study17, and its structure is shown in Fig. 1A. To explore the anti-
inflammatory effect of PC, we isolated mouse peritoneal macro-
phages and investigated the regulatory effects of different concen-
trations of PC on LPS-induced M1 macrophage activation in vitro.
Real-time PCR results showed that 1 mmol/L PC significantly
down-regulated LPS-induced Nos2 gene expression, a marker of M1
macrophages (Fig. 1B)5. To further clarify this conclusion, western
blotting was performed, and the results confirmed that 1 mmol/L PC
inhibited the expression of iNOS protein in LPS-induced macro-
phages (Fig. 1C and D). Immunohistochemical staining (Fig. 1E and
G) and immunofluorescence staining (Fig. 1F and H) showed the
down-regulation effect of PC on LPS-induced M1 macrophage
activation by detecting the expression levels of M1 macrophage
markers, iNOS and CD86. The flow cytometry analysis of CD80 and
CD86 also confirmed the inhibition of PC on M1 macrophage
activation (Fig. 1I and J). Moreover, for RAW264.7, PC also showed
a significant inhibitory effect on M1 marker expression in vitro
(Supporting Information Fig. S2A‒S2D).

In addition, RNA sequencing (RNA-Seq) was used to assess
changes in messenger RNA (mRNA) levels in mouse peritoneal
macrophages cultured with PBS (control group), 1 mg/mL LPS
(LPS group) and 1 mg/mL LPS þ 1 mmol/L PC (PC group). The
heat map showed that PC intervention significantly reduced LPS-
induced upregulation of various inflammatory factors, which
further clarified the inhibitory effect of PC on inflammatory
macrophage activation (Fig. 1K). Gene Set Enrichment Analysis
(GSEA) showed that PC intervention induced the activation of
drug metabolism process pathways, but significantly down-
regulated the activation of the toll-like receptor signaling
pathway and NF-kB pathway compared with the LPS group (Fig.
1L). Since the TLR4-NF-kB pathway is the classical signaling
pathway during LPS-induced M1 macrophage activation32,
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Figure 1 PC inhibits LPS-induced M1 macrophage activation in mouse peritoneal macrophages. (A) Structural formula of PC. (B) Real-time

PCR results show that 1 mmol/L PC inhibits the expression of Nos2 in LPS-induced mouse peritoneal macrophages. (C, D) The results of western

blotting observe a higher expression of iNOS protein in LPS-induced group, while 1 mmol/L PC inhibits such up-regulation. (E, G) Immuno-

histochemical staining results show that 1 mmol/L PC inhibits the ratio of iNOSþ macrophages induced by LPS. (F, H) The results of immu-

nofluorescence staining confirm that 1 mmol/L PC down-regulates LPS-induced CD86 expression, a marker of M1 macrophages. (I, J) Flow

cytometry results show that LPS induces M1 macrophage polarization, resulting in an increase in the ratio of CD80þ and CD86þ cells, but

1 mmol/L PC shows an inhibitory effect on this process. (K) The heat map shows that PC intervention significantly reduces the various in-

flammatory factors up-regulation induced by LPS in mouse peritoneal macrophages. (L) GSEA enrichment analysis between LPS group and PC

group. (M, N) The results of western blotting indicate that PC inhibits LPS-induced NF-kB pathway activation. All results are representative of at

least three independent experiments. Scale bar in (E) and (F) Z 10 mm. Data are presented as mean � SD (n Z 3). *P < 0.05. **P < 0.01.
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Figure 2 PC inhibits TLR4-NF-kB pathway by binding with MD2 and MYD88 proteins. (A) The simulations of molecular docking

demonstrate that PC can bind to the F126 loop of MD2, (B) and the hydrophobic LPS active site pocket of MD2. (C) PC can also bind to the BB

loop of MYD88. (D, E) The regulatory effect of PC is obviously rescued when TLR4 is blocked in RAW264.7. (F, G) Similar, the inhibition effect

of PC is reduced if MYD88 is blocked through Myd88 siRNA transfection. (H) SPR detection of PC with MD2 protein and MYD88 protein. All

results are representative of at least three independent experiments. Data are presented as mean � SD (n Z 3). *P < 0.05. **P < 0.01.
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western blotting was performed to detect the expression levels of
the NF-kB pathway. The results showed that PC inhibited LPS-
induced NF-kB pathway activation (Fig. 1M and N), consistent
with the RNA-Seq results. Therefore, these data indicate PC has a
significant inhibitory effect on M1 macrophage activation in the
inflammatory microenvironment, possibly through the TLR4-NF-
kB pathway.

3.2. PC inhibits M1 macrophage polarization by binding and
inhibiting MD2 and MYD88 proteins

Next, molecular docking simulation was applied to explore
whether all the key kinase proteins in the TLR4-NF-kB pathway
could dock with the PC structure to provide clues for the binding
targets of PC. The results demonstrated that PC could bind to
F126 loop (Fig. 2A) and the hydrophobic LPS active site pocket of
MD2 (Fig. 2B), blocking the binding of LPS to MD2 and the
dimerization of TLR433,34. Furthermore, PC could also bind to the
BB loop of MYD88 (Fig. 2C), which acted as a vital Toll/IL-1
receptor (TIR) domain, impairing TLR-induced cytokine induc-
tion35. This is consistent with the previous in vitro results of PC
inhibiting MYD88 phosphorylation (Fig. 1M). To prove these two
target proteins of PC, TLR4 inhibitor and Myd88 siRNA trans-
fection were applied to knock out these corresponding genes in
RAW264.7, respectively (Supporting Information Fig. S3). Real-
time PCR and western blotting results confirmed that TLR4
(Fig. 2D and E) and MYD88 (Fig. 2F and G) were the key reg-
ulatory sites of PC, and when these sites were blocked, the



Figure 3 PC is a competitive antagonist of LPS by inhibiting TLR4-MD2 dimerization. (A) SDS-PAGE experiment explores the aggregation

state of TLR4-MD2 in RAW264.7 after LPS binding. (B) The immunohistochemical staining results show that the inhibitory effect of PC

pretreatment on LPS-induced iNOS expression is more significant compared with that of PC intervention 12 h after LPS induction. (C) Schematic

illustration of the mechanism of PC antagonism against LPS. (D) Flow cytometry was applied to detect the FITC-LPS binding amount on

the RAW264.7 cells after PC treatment. (E) The results of real-time PCR show that PC pretreatment has a more significant inhibitory effect on

LPS-induced Nos2 gene expression compared with that of PC intervention 12 h after LPS induction. (F,G) ELISA results show that PC pre-

treatment has a more significant inhibitory effect on the expression of inflammatory factors including TNF-a and IL-1b compared with PC

delayed treatment. (H,I) The antagonistic mechanism of PC against LPS is also validated through flow cytometry analysis of CD86 and CD80

expression, two M1 macrophage markers. All results are representative of at least three independent experiments. Scale bar in (B) Z 10 mm. Data

are presented as mean � SD (n Z 3). *P < 0.05. **P < 0.01. ns, not significant. Figure created with BioRender.com.
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regulatory effects of PC were rescued. More importantly, SPR
detection confirmed the binding of PC with MD2 protein and
MYD88 protein, with a binding power of 2.63e�4 M and
1.28e�4 M, respectively (Fig. 2H), which confirmed the results of
our molecular docking. Therefore, these results indicate that PC
inhibits M1 macrophage polarization by binding to and inhibiting
MD2 and MYD88 proteins, thus inhibiting the activation of the
downstream NF-kB pathway.

3.3. PC is a competitive antagonist of LPS by inhibiting TLR4-
MD2 dimerization

As one of the important membrane receptors on the surface of
macrophages, TLR4 is the key receptor that binds LPS and re-
sponds quickly. However, TLR4 alone is not enough to recognize
LPS, and the physical binding of TLR4 and MD2 is a prerequisite
for ligand-induced activation36. MD2 lacks transmembrane and
intracellular regions and is related to the extracellular domain of
TLR4, which is considered a component of the TLR4-MD2
complex and interacts with LPS33,34. TLR4-MD2 dimerization
induced by LPS is the starting point of downstream NF-kB
pathway activation and is also a key step in M1 macrophage po-
larization33,34. Our molecular docking results indicated that PC
has the potential to bind and inhibit the dimerization of TLR4-
MD2. Moreover, this binding site coincided with the LPS induc-
tion site, suggesting that PC is an antagonist of LPS. To further
characterize the structural and property changes of TLR4 polymer
under PC intervention, SDS-PAGE was performed to explore the
aggregation state of TLR4-MD2 in RAW264.7 after LPS binding
(Fig. 3A). The results showed that the expression of the TLR4-
MD2 dimer (molecular weight w170 kDa) was increased after
LPS induction, whereas this upregulation was inhibited by PC
intervention, which proved the inhibitory effect of PC on the
TLR4-MD2 dimer. As a result, the regulatory effect of PC delayed
intervention (12 h after LPS induction) on macrophages is weaker
than that of PC pretreatment (Fig. 3B), because one of the main
regulatory mechanisms of PC is to competitively antagonize the
target of LPS, thereby inhibiting downstream pathway activation
(Fig. 3C). Flow cytometry was applied to detect the LPS binding
amount on the RAW264.7 cells surface after induction by FITC-
LPS, and the results showed that PC pretreatment significantly
reduced the LPS binding amount in a dose-dependent manner
(Fig. 3D), which confirmed the hypothesis. In addition, the
antagonistic mechanism of PC against LPS was also validated
through real-time PCR detection of Nos2 gene expression (Fig.
3E), ELISA detection of inflammatory factors expression
including TNF-a and IL-1b (Fig. 3F and G), and flow cytometry
analysis of M1 macrophage activation (Fig. 3H and I).

3.4. PC promotes wound healing by inhibiting M1 macrophage
polarization via TLR4 pathway in vivo

In summary, our in vitro studies have shown that the TLR4
signaling pathway is the key pathway for PC to inhibit M1
macrophage polarization. PC achieves the effect of regulating
macrophage function by inhibiting both the TLR4-MD2 dimer-
ization and MYD88 phosphorylation, two targets of the TLR4
pathway. To demonstrate this regulation pathway of the PC in vivo,
we established the skin wound healing model using wild-type (WT)
or Tlr4 gene knockout mice (Tlr4�/�). Animals in PC groups were
given 0.1 mL 10 mmol/L PC injection once a day after establish-
ment, and the animals in control group were given an equivalent
amount of PBS. After 7 days, we found that local injection of PC in
WT mice significantly promoted the healing speed of skin wounds,
whereas its therapeutic effect was reduced when Tlr4 was knocked
out in vivo (Fig. 4A‒C). Immunohistochemical staining results
showed that PC injection in WT mice significantly inhibited the
ratio of local iNOSþ cells by the Day 3 after the injury, but this
inhibitory effect disappeared when Tlr4 was knocked out in vivo
(Fig. 4D and E). Immunofluorescence staining for iNOS also
showed a consistent trend (Supporting Information Fig. S6).
ELISA was used to detect the expression levels of downstream
inflammatory factors of M1 macrophages, and the results showed
that PC injection down-regulated the levels of inflammatory factors
including TNF-a and IL-1b in WT mice, while Tlr4 knockout
in vivo attenuated these effects (Fig. 4F). Therefore, these results
demonstrate that TLR4-related pathways play a key role in the PC
regulation of M1 macrophage polarization.

3.5. Preparation and characterization of PC@MLIP MN

Despite the immune regulatory effect, the characteristics of poor
water solubility and weak skin permeability determine that the
in vivo application of PC can only be achieved by local injection
rather than rubbing, which clearly limits the development of PC.
Meanwhile, based on its regulation mechanism, accurate delivery
strategies need to be developed to improve the treatment effi-
ciency of PC. Therefore, we hypothesize that macrophage lipo-
somes could be used to load PC to improve its water solubility and
targeting effect, and microneedles (MNs) could be used as carriers
to achieve long-term and effective local drug delivery. We hy-
drated the separated macrophage cell membrane with 10 mmol/L
PC solution for 30 min according to the manufacturer’s in-
structions and then loaded the compound through repeated
freezingethawing cycles. Finally, an Avanti mini extruder was
used to extrude the porous film of polycarbonate (100 nm) to form
PC@MLIP37,38. Transmission electron microscopy (TEM) (Fig.
5A) and dynamic light scattering (DLS) (Fig. 5B) were used to
determine the morphology and particle size of PC@MLIP. The
results showed that the size distribution of PC@MLIP was uni-
form, which could reduce the difference in uptake efficiency
caused by the uneven particle size distribution. Interestingly,
although both showed negative electrical characteristics, the zeta
potential of PC@MLIP was lower than that of empty MLIP (Fig.
5C). This might be caused by the unbalanced distribution of ox-
ygen atoms in the structure and the presence of an electron-
absorbing carbonyl group, which causes an uneven distribution
of electrons and results in the overall electronegativity of the
molecule. This result confirmed that in addition to being loaded
inside the MLIP, PC also directly bound to TLR4 proteins on the
surface of the MLIP. The quantification analysis of PC in
PC@MLIP was performed by the ultra-high performance liquid
chromatography coupled with triple quadrupole mass spectrom-
etry (UPLC-QqQ-MS/MS) (Fig. 5D and Supporting Information
Fig. S7), and the results showed that the loading efficiency (LE) of
PC in PC@MLIP is 5.91 � 0.57%, w/w. Real-time PCR (Fig. 5E)
and ELISA (Fig. 5F) results also indicated PC@MLIP showed the
inhibition effect on LPS-induced inflammatory factors expression
in RAW264.7, and this effect was dose-dependent (Fig. 5E). In
addition, western blotting showed that PC@MLIP inhibited the
activation of NF-kB pathway induced by LPS in RAW264.7
(Supporting Information Fig. S8A). Moreover, immunofluores-
cence analysis showed that PC@MLIP inhibited the expression of
the M1 macrophage marker CD86 (Fig. 5G) but did not affect the



Figure 4 PC inhibits M1 macrophages activation through TLR4 pathway in vivo. (A, B) The wound healing promotion effect of PC is

significantly reduced when Tlr4 is knocked out in vivo. (C) H&E staining confirms that Tlr4 knockout in vivo attenuates the promotion effect of

PC on wound healing. (D, E) Immunohistochemical staining results indicate that PC injection in WT mice inhibits the ratio of local iNOSþ cells

by the Day 3 after the injury, but this inhibitory effect disappears when Tlr4 is knocked out in vivo. (F) ELISA results show that PC injection

significantly down-regulates the level of inflammatory factors including TNF-a and IL-1b in WT mice, while Tlr4 knockout in vivo attenuates

these effects. All results are representative of at least three independent experiments. Scale bar in (C) Z 1 mm. Scale bar in (D) Z 500 mm in low

power visual field and 50 mm in high power visual field. Data are presented as mean � SD (n Z 3). *P < 0.05. **P < 0.01. ns, not significant.
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activity of the cells (Fig. 5H). All these results indicate that
PC@MLIP has characteristics similar to PC in regulating
macrophage polarization. However, whether PC@MLIP also has
the advantage of homologous targeting that MLIP should bring
about remains to be verified. By adding PC@MLIP (PKH26
labeled, red) into the co-culture system composed of human
umbilical vein endothelial cells (HUVECs) (PKH67 labeled,
green) and RAW264.7 (unlabeled), we found that PC@MLIP co-
localized with most macrophages 6 h later, which confirmed the
good homologous targeting characteristics of PC@MLIP (Fig. 5I).
Therefore, we believe that PC@MLIP can accurately deliver to
and regulate the macrophage activation.



Figure 5 PC@MLIP MN design and preparation. (A) TEM of PC@MLIP. (B) There is no significant change in the particle size of PC@MLIP

compared with MLIP. (C) Zeta potential analysis results of MLIP and PC@MLIP. (D) The UPLC-MS/MS chromatogram of MLIP (blue line) and

PC@MLIP (red line), and the loading efficiency (LE) of PC in PC@MLIP is 5.91 � 0.57%, w/w. (E) PC@MLIP (1, 20, and 50 mg) shows a dose-

dependent inhibition effect on LPS-induced Nos2 gene expression levels in RAW264.7. (F) PC@MLIP down-regulates multiple inflammatory

factors expression in RAW264.7. (G) Immunofluorescence shows that PC@MLIP reduces the ratio of CD86þ RAW264.7 cells. (H) Live/Dead

results indicate PC@MLIP shows no cytotoxicity. (I) The good homologous targeting characteristics of PC@MLIP are confirmed by adding

PC@MLIP (PKH26 labeled, red) into the co-culture system composed of HUVECs (PKH67 labeled, green) and RAW264.7 (unlabeled). (J) SEM

image of PC@MLIP MN. (K) The confocal result shows the PC@MLIP (Cy7se marked, red) position at the tip of the microneedles. (L) The

in vivo fluorescence imaging results show that local PC release can be maintained for up to 5 days after the PC@MLIP MN administration. (M)

The baseline results after 5 min of PC@MLIP MN administration show that there is no vesicle release at this time. After 3 h of administration, the

vesicles have been released and positioned on the skin surface. After 48 h of administration, the released vesicles have been delivered to the deep

tissue. All results are representative of at least three independent experiments. Scale bar in (G) Z 10 mm. Scale bar in (H) and (I) Z 100 mm.

Scale bar in (M) Z 50 mm. Data are presented as mean � SD (n Z 3). *P < 0.05. **P < 0.01. ns, not significant.
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Figure 6 Establishment of T2DM mice wound healing models. (A) Schematic illustration of the establishment of T2DM model and the

intervention timing in the process of wound healing. (B, C) At the end point of the T2DM model establishment, the weights of T2DM mice

(T2DM group) increase significantly compared with healthy mice (control group). (D, E) Glucose tolerance curve and fasting glucose results in

control group and T2DM group. (F) The blood biochemical results of T2DM mice show an overexpression trend compared with those of healthy

mice. (G) The wound healing speed of T2DM mice is significantly slower by the Day 7 after surgery. (H) Immunohistochemical staining results

show that iNOSþ M1 macrophages were overactivated at the early stage of wound healing in T2DM mice. All results are representative of at least

three independent experiments. Scale bar in (H) Z 200 mm in low power visual field and 30 mm in high power visual field. Data are presented as

mean � SD (n Z 3). *P < 0.05.
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Besides, MN patch was selected as the carrier for drug delivery
in vivo because of its permeability and sustained-release charac-
teristics. In this study, GelMA hydrogel was used as the prepa-
ration material for MN patch owing to its good biocompatibility39.
We added PC@MLIP during the preparation of MN patch, settled
the vesicles at the tip of the MNs, and then further cross-linked to
form the PC@MLIP MN, which was a 12.4 mm � 12.4 mm,
10 � 10 array patch. Each MN had an 800 mm high standard
pyramid geometry, with a 5 mm tip diameter and 320 mm bottom
diameter, as confirmed by scanning electron microscopy (SEM)
(Fig. 5J). The confocal microscopy results clearly showed the
PC@MLIP (Cy7se marked, red) position at the tip of the micro-
needles (Fig. 5K). By placing PC@MLIP MN in 50% fetal bovine
serum (FBS)40 and continuously monitoring the released protein
concentration in the supernatant, we found that PC@MLIP MN
released the vesicles smoothly in FBS, which could last for up to a
week (Fig. S8B). The in vivo fluorescence imaging results showed
that owing to the sustained release characteristics of GelMA MNs,
the local PC release could be maintained for up to 5 days after the
PC@MLIP MN was inserted into the skin (Fig. 5L). This
regulation duration fully covered the early inflammation phase of
M1 macrophage activation and infiltration, thereby ensuring the
timely and continuous delivery of drugs to the subcutaneous
connective tissue with minimal injury. Fig. 5M shows the local
vesicle release situation after PC@MLIP MN administration. The
baseline results after 5 min of administration show that there is no
vesicle release at this time. After 3 h of administration, the vesi-
cles have been released and positioned on the skin surface. After
48 h of administration, the released vesicles have been delivered to
the deep tissue. In summary, the combination of liposomes and
microneedles enables the effective delivery and long-term con-
centration maintenance of PC, making it an ideal candidate for the
management of diabetic wounds.

3.6. PC@MLIP MN significantly promotes diabetic wound
healing speed in vivo

Based on a previous study41, we established a mouse T2DM
model by high-fat diet (HFD) induction (Fig. 6A). The successful
establishment of the T2DM model was confirmed by the results of



Figure 7 PC@MLIP MN promotes diabetic wound healing through targeted and long-acting inhibition of local M1 macrophages. (A)

PC@MLIP MN significantly promotes diabetic wound healing speed, and its therapeutic effect is better than that of PC injection. (B, C) Flow

cytometry confirms that PC@MLIP MN reduces the infiltration of M1 macrophages in vivo. (D) Real-time PCR results show that PC@MLIP MN

application reduces the gene expression of local Tnfa. (E) Both PC injection and PC@MLIP MN application reduce the gene expression of Tlr4.

(F) Immunohistochemical staining results of local iNOSþ cells by the Day 3 after injury reflect the advantages of the accurate regulation effect of

PC@MLIP. All results are representative of at least three independent experiments. Scale bar in (F) Z 500 mm in low power visual field and

50 mm in high power visual field. Data are presented as mean � SD (n Z 3). *P < 0.05. **P < 0.01.
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body weight (Fig. 6B and C), blood glucose (Fig. 6D and E), and
blood biochemical detections (Fig. 6F). By establishing a round
wound with a diameter of 1 cm on the back skin of healthy mice
(control group) and T2DM mice (T2DM group) (Fig. 6A), we
found that the wound healing speed of T2DM mice was signifi-
cantly slower by the Day 7 after surgery (Fig. 6G and Supporting
Information Fig. S9B), and the local M1 macrophages were over-
activated, with high expression of multiple inflammatory factors in
wound tissues (Fig. 6H and Fig. S9C‒S9H), which was consistent
with previous results42. In vivo knockout of Tlr4 rescued the
wound healing delay (Fig. S9I‒S9J), which confirmed that over-
activation of local M1 macrophages is a key factor in wound
healing difficulty in T2DM mice.

After confirming the successful preparation of the PC@MLIP
MN and its theoretical possibility of promoting wound healing, we
used healthy mice and T2DM mice to establish the wound healing
models and administered PBS injection (control group and T2DM
group), PC injection (T2DM þ PC injection group), and
PC@MLIP MN (T2DM þ PC@MLIP MN group) to each group
immediately after surgery. By the Day 7 after establishment, we
found that PC@MLIP MN significantly promoted diabetic wound
healing speed, and its therapeutic effect was better than that of PC
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injection (Fig. 7A). Flow cytometry (Fig. 7B) was used to deter-
mine the ratio of local M1 macrophages (F4/80þCD11bþCD86þ)
in the wound tissue of T2DM mice, and the results confirmed that
PC@MLIP MN reduced the infiltration of M1 macrophages (Fig.
7C). Real-time PCR results also showed that the PC@MLIP MN
application reduced the gene expression of local Tnfa (Fig. 7D).
Interestingly, both PC injection and PC@MLIP MN application
reduced the gene expression of Tlr4 with no significant differences
(Fig. 7E). However, the differences between the regulatory effect
on local iNOSþ macrophages (Fig. 7F) and the therapeutic effect
on diabetic wound healing reflected the advantages of the accurate
regulation effect of PC@MLIP. These results further illustrated
that the PC@MLIP MN is an ideal material for promoting diabetic
wound healing.

In summary, through the assembly of PC and MLIP, we ach-
ieved PC loading on the surface and inside the MLIP and further
achieved continuous drug release at the early stage of healing by
settling PC@MLIP at the tip of the GelMA-based MNs. The
released vesicles tend to be delivered to local macrophages
because of their homologous targeting characteristics and reduce
the activation of M1 macrophages by inhibiting the membrane
receptor TLR4. Meanwhile, even if macrophages phagocytosed
PC@MLIP, the released PC could bind MYD88 protein internally
and inhibit its activity, thereby achieving an efficient and accurate
regulatory effect. The slow-release characteristics of GelMA-
based MN ensure the long-term concentration maintenance of PC
in wound tissues during the critical early stage of M1 macrophage
activation, thus achieving significant therapeutic effect on diabetic
wound healing promotion (Fig. 8).

4. Discussion

To date, it has been reached a consensus that obesity-related
diseases including T2DM and hypertension are closely related to
chronic inflammation43,44. Immune cells are the main effectors of
the local inflammatory response, and macrophages show signifi-
cant phenotypic heterogeneity in diabetes tissues. Multiple reports
have confirmed that monocytes recruited in T2DM tissue would
differentiate into M1-type macrophages, whose excessive accu-
mulation leads to the imbalance between M1/M2 macrophages45.
The inflammatory factors and cell signals produced by M1 mac-
rophages will enhance local inflammation and promote tissue
Figure 8 Schematic illustration of regulation mechanism of PC@MLIP
destruction46, even further damaging the host’s glucose toler-
ance45. Since T2DM is considered to be a costly disease, of which
nearly one-third of the cost is attributable to the treatment of
diabetic foot disease, including chronic and unhealed diabetic
wounds1, many studies have invested a lot of energy to explore
the pathogenesis and treatments of diabetic wounds healing delay.
Some studies have reported the key role of TLR4/NF-kB
signaling pathway47, and tried to promote T2DM wound repair by
inhibiting the polarization of local M1 macrophages48e50.
Although a variety of natural products and small molecule com-
pounds have been developed to regulate the macrophage activa-
tion and functions, multiple limitations including low water
solubility, low targeting and weak skin permeability need to be
overcome, which greatly compromise the therapeutic effect of
drugs in vivo.

In this study, a promising small-molecule secondary metabolite
of the endophytic fungus Penicillium purpurogenum, PC, was
reported to show the diabetic wound healing promotion effects by
inhibiting inflammatory macrophage activation. Based on the re-
sults of RNA-seq, we found that NF-kB pathway plays a key role
during the PC regulation. Therefore, we focused on the key pro-
tein targets in this pathway and conducted a detailed exploration
using molecular docking calculations, SDS-PAGE, and SPR
detection, and ultimately demonstrated that PC inhibits the NF-kB
pathway by inhibiting TLR4-MD2 dimerization and inhibiting the
phosphorylation of MYD88, which is crucial for regulating local
macrophage polarization to promote wound healing in diabetes.
Moreover, PC-based targeted immune regulatory microneedle,
PC@MLIP MN, was developed. PC@MLIP MN consisted of PC,
macrophage membrane liposome MLIP, and GelMA-based
microneedles. MLIP showed homologous targeting characteris-
tics and improved the water solubility of PC. GelMA-based MNs
could achieve continuous drug release and promote its skin
permeability. Therefore, PC@MLIP MN addressed the lack of PC
including poor water solubility and weak skin permeability, and
improved its treatment efficiency by accurately regulating local
macrophage functions. In vivo studies indicated that PC@MLIP
MN could release PC continuously in the early stage of injury, and
promote diabetic wound healing by accurately inhibiting local M1
macrophage activation. The remarkable promoting effect on dia-
betic wound healing proves the rationality and effectiveness of the
PC@MLIP MN design.
MN in diabetic wound tissues. Figure created with BioRender.com.
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5. Conclusions

As an innovative small molecule compound for tissue healing
promotion, PC has shown multiple advantages, including mature
purification process and clear mechanism targets. The design of
PC@MLIP MN ingeniously address its shortcomings, achieving
efficient drug delivery, accurate macrophage regulatory effect,
ideal mechanical strength and good biocompatibility. Overall,
the PC@MLIP MN is promising as a new material for the
management of diabetic wounds, and also provides a new
strategy and basis for the application of small molecule com-
pounds in vivo.
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