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Cactus Thorn‑Inspired Janus Nanofiber Membranes 
as a Water Diode for Light‑Enhanced Diabetic 
Wound Healing
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HIGHLIGHTS

•	 Photonic-powered Janus membrane with dual-gradient architecture for efficient wound exudate drainage and evaporation.

•	 Photodynamic–photothermal Janus membrane for enhanced bacterial eradication.

•	 Multifunctional Janus membrane with dual drainage–sterilization functions accelerates diabetic wound healing via macrophage 
reprogramming and tissue regeneration.

ABSTRACT  Diabetic wounds present challenges in 
clinical management due to persistent inflammation 
caused by excessive exudate infiltration. Inspired by 
the gradient wettability of cactus thorn, this study has 
devised a biomimetic Janus nanofiber membrane as a 
water diode, which endows with gradient wettability 
and gradient pore size, offering sustainable unidirec-
tional self-drainage and antibacterial properties for 
enhanced diabetic wound healing. The Janus mem-
brane is fabricated by depositing a hydrophilic polyacrylonitrile/chlorin e6 layer with smaller pore sizes onto a hydrophobic poly(ε-
caprolactone) with larger pore sizes, thereby generating a vertical gradient in both wettability and pore structure. The incorporation of 
chlorin e6 in the upper layer enables the utilization of external light energy to generate heat for evaporation and produce reactive oxygen 
species, achieving a high sterilization efficiency of 99%. Meanwhile, the gradient structure of the Janus membrane facilitates continuous 
antigravity exudate drainage at a rate of 0.95 g cm−2 h−1. This dual functionality of effective exudate drainage and sterilization significantly 
reduces inflammatory factors, allows the polarization of macrophages toward the M2 proliferative phenotype, enhances angiogenesis, and 
accelerates wound healing. Therefore, this study provides a groundbreaking bioinspired strategy for the development of advanced wound 
dressings tailored for diabetic wound regeneration.
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1  Introduction

Diabetic foot ulcer (DFU) is a severe complication of dia-
betes mellitus, posing significant public health concerns 
worldwide. Epidemiological studies indicate that 19%‒34% 
of diabetic patients develop DFU, which may lead to limb 
amputation or mortality in severe cases [1–3]. These 
chronic wounds are characterized by prolonged inflam-
matory responses and excessive exudate production under 
hyperglycemic conditions [4–6]. The continuous exudation 
of high-sugar interstitial fluid provides a favorable micro-
environment for bacterial propagation. In infected wounds 
with elevated sugar content, oxidative stress gives rise to 
the generation of excessive reactive oxygen species (ROS), 
harming islet beta cells and their surrounding tissues [7]. 
Simultaneously, metabolites like lactic acid and ROS, as 
well as excessive advanced glycosylation end products 
(AGEs), trigger a vigorous host immune response, facilitate 
the release of inflammatory factors, cause oxidative damage, 
and induce alterations in the extracellular matrix. In addi-
tion, this immune response inhibits the proliferation of fibro-
blasts, endothelial cells, and keratinocytes. Effective exudate 
drainage during the inflammatory phase of diabetic wound 
healing is critical for removing pro-inflammatory mediators 
and cellular debris, thus mitigating excessive inflammation 
and secondary infections [8–10]. Current clinical strategies 
for exudate control primarily rely on hydrophilic materi-
als, including medical gauze, polymeric films [11, 12], 
porous sponges [13–15], and hydrogel-based systems [16, 
17]. However, conventional hydrophilic dressings exhibit 
two major limitations: (1) Their finite absorption capacity 
leads to rapid saturation, resulting in residual exudate accu-
mulation at the wound site; (2) strong adhesion to nascent 
granulation tissue often causes mechanical trauma during 
removal [18]. Consequently, there remains an unmet need 
for advanced wound dressings that combine high-efficiency 
exudate clearance with non-adherent properties to support 
inflammation resolution.

Nature, as the ultimate creator, has inspired numerous 
innovations through the unique directional water transport 
capabilities of organisms such as cacti [19], Namib desert 
beetles [20], and spider silk [21]. These capabilities arise 
from variations in physical structure and surface energy, 
driven by asymmetric chemical components or surface mor-
phology, which disrupt contact line symmetry to generate 

liquid transport forces [19]. Based on these principles, 
gradient-structured membranes have been developed to 
enable spontaneous and directional liquid transport. For 
example, wettability gradients in porous membranes can 
induce a "smart" directional wicking effect, facilitating uni-
directional water transfer [22]. Previous reports have devel-
oped hydrophobic-to-hydrophilic gradient fabrics capable 
of directional water transport from the hydrophobic to the 
hydrophilic region [22–25]. However, challenges remain due 
to the trade-off between gradient driving forces and gradient 
lengths. To enhance directional water transport, two main 
strategies are employed: pore structure regulation and exter-
nal energy introduction. Pore structure optimization, par-
ticularly through gradient pore sizes between hydrophobic 
and hydrophilic layers, significantly improves performance 
due to gradient capillary [26, 27]. Membranes with larger 
hydrophobic pores and smaller hydrophilic pores achieve 
higher water collection rates (6.76 ± 0.75 g cm−2 h−1) com-
pared to the reverse configuration (4.51 ± 0.03 g cm−2 h−1) 
[28]. External energy, such as light [29], temperature [30], 
or magnetic fields [31], further enhances transport efficiency. 
For instance, photothermal agents improve evaporation effi-
ciency in seawater desalination. Overall, by combining pore 
structure optimization with external energy, asymmetric wet 
Janus fabrics offer a promising solution for diabetic ulcer 
wound regeneration.

Inspired by cactus thorn, herein, we reported biomimetic 
Janus nanofiber membranes endowed with sustainable 
self-drainage and antibacterial properties for accelerated 
healing of diabetic wounds. Specifically, hydrophilic poly-
acrylonitrile (PAN) fibers containing chlorin e6 (Ce6) were 
deposited onto hydrophobic poly(ε-caprolactone) (PCL) to 
manufacture Janus nanofiber membranes (PCL/PANx%Ce6) 
featuring gradient wettability and gradient pore size in the 
vertical direction (Scheme 1a). Based on the gradient dis-
tribution of pore size wettability, water can be spontane-
ously “pumped” from the bottom hydrophobic layer to the 
top hydrophilic layer by capillary force and wetting force, 
resulting in self-drainage. In addition, Ce6, as a photore-
sponse reagent within the top layer, can generate heat and 
singlet oxygen (1O2) for evaporation and photothermal–oxi-
dation sterilization. Evaporation and micro-/nanochannels 
ensure a continuous water flow with a drainage rate of 0.95 
g cm−2 h−1, conferring the unsaturation state and sustain-
able pumping as well as a high bacterial eradication rate of 
99%. As a result, exudate discharge can promptly remove 
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the high-level inflammatory factors in diabetic wounds in 
time and ensure the polarization of macrophages toward M2 
phenotype, thereby promoting angiogenesis and expedit-
ing wound healing (Scheme 1b). This study would offer an 
approach for fabricating dressings applicable to the regen-
eration of diabetic wounds.

2 � Experimental Section

2.1 � Preparation of PCL/PANx%Ce6

0.5 g of PCL was introduced into a mixture containing 3 mL 
DMF and 2 mL trichloromethane, obtaining a PCL spinning 
solution. The spinning fluid of the upper fiber membrane 
(PANx%Ce6) was prepared by adding 0.3 g PAN and different 
amounts (0, 2.5, 5, and 10 mg) of Ce6 into 3 mL DMF. Sub-
sequently, PCL and PANx%Ce6 were electrospinned in turn, 

resulting in PCL/PAN, PCL/PAN0.8%Ce6, PCL/PAN1.6%Ce6, 
and PCL/PAN3.3%Ce6 Janus membranes. Electrospinning 
parameters: The received distance is 15 cm; the spinning 
voltage is 9 kV, and the pushing speed is 0.04–0.06 mm 
min−1. Finally, the prepared composite fiber membranes 
were placed in a vacuum oven for 12 h to remove the resid-
ual solvent.

2.2 � ROS Generation

The production of ROS was detected by the Singlet Oxy-
gen Sensor Green Fluorescent Probe (SOSG). In brief, the 
PCL/PANx%Ce6 (3 mm × 3 mm) were immersed in SOSG 
solution (2 µM), followed by exposure to 660-nm light (20 
mW cm−2). Then the fluorescence intensity of the solution 
at 525 nm was recorded by a fluorescence spectrometer 
(Ex = 495 nm).

Scheme 1   Schematic of a fabricating Janus PCL/PANx%Ce6 membrane and b wound healing process
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2.3 � Photothermal Performance

A 660-nm laser was employed to investigate the photo-
thermal performance of PCL/PANx%Ce6. In brief, PCL/
PANx%Ce6 membranes were cut into small pieces of 1 
cm × 1 cm, followed by irradiation with laser at 80 mW 
cm−2. During the irradiation, the temperature change was 
monitored by an infrared thermal imager. Meanwhile, 
PCL/PANx%Ce6 membranes were soaked in water for 
30 s to fully wet the fiber membranes to simulate the 
wound exudate environment. Then the PCL/PANx%Ce6 
membranes were exposed to the laser for 180 s to study 
the photothermal effect under wet conditions.

2.4 � Antibacterial Property

The antibacterial properties were studied using models of 
Escherichia coli (E. coli, ATCC 25922) and Staphylococ-
cus aureus (S. aureus, ATCC 25923). The antibacterial 
activity was determined by the plate counting method. 
Before experiments, the membranes were sterilized with 
ultraviolet light for 30–60 min. Then the membranes were 
immersed in 2 mL of bacterial suspension with a concen-
tration of 2 × 106 CFU mL−1 and cultured in an incubator 
at 37 °C. After 30 min of incubation, the membranes were 
washed with PBS and laid flat on a 12-well plate. The PCL/
PAN1.6%Ce6 membranes were subjected to four treatments: no 
light exposure (Control), red light irradiation (5 min, 20 mW 
cm−2), 660-nm laser irradiation (10 min, 80 mW cm−2), co-
irradiation with red light (5 min, 20 mW cm−2), and 660-nm 
laser (10 min, 80 mW cm−2). The bacteria on the membranes 
were shaken off and diluted 100 times. Then 50 μL of the 
diluted bacteria were suspended and evenly coated on a fresh 
AGAR medium (Luria Bertani), followed by culturing in 
an incubator. Antibacterial efficiency was calculated by the 
following formula: Bacterial survival rate = Nt/Nc × 100%, 
where Nt and Nc represent the number of colonies of bacte-
ria in the treatment groups and control group, respectively. 
The bacterial morphology and activity after treatments were 
studied by SEM and live/dead staining, respectively. In brief, 
the PCL/PANx%Ce6 with bacteria were washed with PBS and 
immersed in the 2.5% glutaraldehyde overnight to fix the 
bacteria. Then these samples were dehydrated with different 
concentrations of ethanol (20‒100%) and observed by SEM. 
In addition, the treated bacteria co-stained with PI/Syto 9 to 
vividly show bacterial activity.

2.5 � Inflammation Evaluation In Vivo

The wound tissues were harvested, chopped, digested by 
trypsin/collagenase II/DNase I, and ground with a nylon 
filter, yielding a single-cell suspension. After washing 
with PBS, the cells were stained by fluorescein-labeled 
antibodies including Anti-CD11b/Anti-CD206 or Anti-
CD11b/Anti-CD86, followed by detection with flow 
cytometry. To assess inflammation levels, the tissue was 
shredded at 4 °C, frozen by grinding liquid nitrogen, and 
mashed several times. Then the tissue was added with 500 
μL RIPA lysate containing protease/phosphatase inhibitors 
and incubated in the ice bath for 30 min, fully lysing tissue 
cells. After ultrasound 10 s, the samples were placed on 
the ice for another 30 min and centrifugated at 12,000 r 
min−1 for 15 min. The protein expression including inter-
leukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) was 
determined by western blotting. The β-actin was set as an 
intrinsic reference protein. Meanwhile, the tissues were 
also fixed with 4% paraformaldehyde, embedded with par-
affin, and cut into slices for histological analysis. The his-
tological analysis included hematoxylin and eosin staining 
(H&E), Masson’s trichrome staining, immunohistochemi-
cal staining [myeloperoxidase (MPO) and matrix metal-
loproteinases (MMP-9)], and immunofluorescence staining 
(iNOS, CD206, CD11b/c, α-SMA, CD31, and CK19).

2.6 � Statistical Analysis

Experiments were carried out at least three times for statisti-
cal analysis. The paired Student’s t test was used to estimate 
statistical significance. In these cases, *p < 0.05, **p < 0.01, 
***p < 0.001, were considered statistically significant.

3 � Results and Discussion

3.1 � Preparation and Characterization of PCL/
PANx%Ce6

The PCL/PANx%Ce6 (x = 0, 0.8, 1.6, 3.3) nanofibrous mem-
branes were successfully fabricated via electrospinning 
(Fig. 1a), exhibiting smooth fiber surfaces with uniform 
diameters of 154.9 nm for PCL and 242.2 nm for PAN 
(Fig.  1b). Upon Ce6 incorporation, the fiber diameter 
increased to 319.4 nm due to altered solution viscosity and 
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conductivity, while higher Ce6 concentrations (e.g., 3.3%) 
induced minor bead formation caused by increased surface 
tension and Taylor cone instability. The nanofibrous archi-
tecture (50–500 nm) outperforms microfibers (> 1 μm) by 
mimicking native extracellular matrix (ECM) collagen fibrils 
(50–200 nm) to enhance cell–material interactions, while its 
nanoscale porosity enables directional fluid transport for the 
Janus membrane’s "water diode" effect. Furthermore, the 
membranes possess a well-defined porous structure with 
pore sizes ranging from 0.8 to 1.2 μm (Fig. 1c), facilitat-
ing effective gas exchange for moisture regulation (Fig. S1). 
Notably, the hydrophilic PANx%Ce6 layer (0.9 μm) exhibits 
smaller pores than the hydrophobic PCL layer (1.1 μm), cre-
ating a gradient aperture for wound healing applications. 

The PCL/PANx%Ce6 membrane exhibits good mechanical 
properties (Fig. S2).

The optical properties of PANx%Ce6 fiber films were 
investigated using UV–Vis–NIR and fluorescence spec-
trometer. The PCL/PAN membrane without Ce6 exhib-
its inconspicuous absorption in the visible to the near-
infrared region (400–800  nm), whereas PCL/PANx%Ce6 
(x = 0.8, 1.6, 3.3) display enhanced absorption within the 
range of 400–800 nm, with a dependence on Ce6 content 
(Fig. S3). After the membrane was soaked in the solution 
for 6 days, only a small amount of Ce6 is released (Fig. S4). 
This increased absorption indicates that PCL/PANx%Ce6 
(x = 0.8, 1.6, 3.3) membranes have the potential for a pho-
tothermal effect. Under the excitation of 495 nm, PCL/
PANx%Ce6 (x = 0.8, 1.6, 3.3) membranes exhibit a prominent 

Fig. 1   a Synthesis process diagram. b SEM and fiber diameter distribution of PCL, PAN, PCL/PAN0.8%Ce6, PCL/PAN1.6%Ce6, and PCL/
PAN3.3%Ce6. c Pore size distribution of PCL and PANx%Ce6 (x = 0.8, 1.6, and 3.3). d Fluorescence spectra of PCL/PANx%Ce6 (x = 0, 0.8, 1.6, and 
3.3). e Bright-field (B.F.) and fluorescence (FL.) images of PANx%Ce6 (x = 0.8, 1.6, and 3.3). f Photograph of PCL/PAN1.6%Ce6 under 365-nm UV 
light
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fluorescence peak at 675 nm (Fig. 1d), indicating the pres-
ence of Ce6 within the nanofibers [32]. The fluorescence 
signal from the fibers is visualized using a fluorescence 
microscope, with red fluorescence uniformly distributed 
in all Ce6-embedded fibers (Fig. 1e). Additionally, under 
365-nm UV light, the membrane displays a pink coloration 
(Fig. 1f). These results demonstrate the successful prepara-
tion of PCL/PANx%Ce6 fiber membranes with enhanced light 
absorption properties.

3.2 � Unidirectional Water Transport 
and Photoresponsive Performance

The hydrophilicity of PCL and PANCe6 layers was investigated 
by dropping water onto the white PCL or green PANCe6 sur-
faces, respectively, followed by measuring their correspond-
ing water contact angles. After 2 s, the PCL layer maintains 
a contact angle of 110°, reflecting its high hydrophobicity, 
which suggests its potential to prevent tissue adhesion. Nota-
bly, the PANCe6 layer rapidly reaches 0°, demonstrating its 
strong inherent hydrophilicity (Fig. 2a). The unidirectional 
transport processes were investigated by orienting the hydro-
philic layer either facing upward or downward and observing 
the corresponding water-wetting dynamics. When the hydro-
philic PANCe6 layer is positioned upward, it effectively blocks 
water due to the presence of the hydrophobic PCL, leaving 
a dry lower layer (Fig. 2b, Video S1). Conversely, when the 
hydrophilic PANCe6 is placed as the lower layer, water can 
be transported from the upper hydrophobic layer to the lower 
hydrophilic layer (Video S2), demonstrating the unidirec-
tional transport of PCL/PANx%Ce6. Furthermore, the antigrav-
ity transport performance of PCL/PANx%Ce6 was confirmed 
through experiments in which water was introduced from 
below. Over time, the water was actively drawn upward by the 
hydrophilic PANCe6 layer, resulting in a progressive expansion 
of the wetting area (Video S3, Fig. S5).

The wetting force was analyzed to elucidate the mechanism 
of unidirectional transport (Fig. 2c). Upon contact with hydro-
phobic PCL, the capillary force (Fc) is directly proportional 
to the hydrostatic pressure (HP) affected by surface tension 
(θ(φ)), showing a dependence on hydrophobicity [23]. The 
hydrophobicity-induced Fc exhibits resistance to hydrostatic 
pressure, effectively retaining water and hindering wetting. 
During spontaneous wetting, water transfers from the hydro-
phobic to the hydrophilic layer via contact points at the Janus 

membrane junction. The wetting force (Fw) drives permea-
tion through the hydrophobic layer, initiating hydrophilic layer 
wetting.

The process of exudate discharge involves antigravity trans-
portation, whose rate depends on the pore size of the mem-
brane. The Janus membranes with pore sizes ranging from 
large to small (LTS) and small to large (STL) are optimized 
as quasistatic models for explaining the stress process. When 
water droplets intrusion the hydrophobic edge of micropores, 
the micropore size of the contact surface (D) strongly influ-
ences the initial intrusion process of the droplet wetting the 
inner surface of the microchannel (Fig. 2d, e). As micropore 
size increases, the critical intrusion pressure decreases. Gener-
ally, the theoretical intrusion pressure (P0) of porous materials 
can be calculated by the following equation:

where γ is the interfacial tension and D is the diameter of 
the pore in the hydrophobic layer. Thus, the PCL layer with 
a larger D is easier to pass droplets through.

Once penetrating the Janus membrane from the hydro-
phobic PCL layer, water droplets are subjected to an upward 
force (ΔP) opposing the downward intrusion pressure (P₀). 
When ΔP exceeds P₀, the droplets advance toward and wet 
the hydrophilic PANCe6 layer:

where F₁ is the droplet surface tension, r is the droplet 
radius, and FC is the pore capillary force, calculated by:

where d1 is the diameter of the pore in the hydrophilic layer, 
�water is the surface tension of water, � is Young’s equilib-
rium contact angle of the hydrophilic coating (0° < 𝜃 < 90

°), and 2� is the conical degree of the conical-shaped 
microchannel (0° < 𝛼 < 90°). Since cos |� − �|> cos |� + �| , 
FC, LTS > FC, STL . The larger driving force of the LTS is con-
venience to wetting.

Subsequently, the peripheral FC drives water spread-
ing across the hydrophilic PANCe6 layer until complete 
absorption. Concurrently, FHo diminishes and eventually 

(1)P0 =
4�

D

(2)ΔP = FC + F1

(3)F1 ∼
D

2��water

2r

(4)FC, LTS = �water�d1 ⋅ cos |� − �|

(5)FC, STL = �water�d1 ⋅ cos |� + �|
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reverses direction as droplets penetrate the PANCe6 layer. 
The resisting forces (F₂) during absorption are given by:

Since cos |𝜃 − 𝛼| > cos |𝜃 + 𝛼| , F2,LTS < F2,STL . The 
smaller resistant forces F2 of LTS would facilitate water 
absorption process. Therefore, Janus membranes with large 
to small pore size gradients and wettability gradients from 

(6)F2,LTS = �water�d1 ⋅ cos |� + �|

(7)F2,STL = �water�d1 ⋅ cos |� − �|

hydrophobic to hydrophilic can act as self-pumps to remove 
excess biological liquids against gravity.

To further investigate the influence of pore size distri-
bution on the water diffusion rate, COMSOL Multiphys-
ics software was employed to simulate the water transport 
velocity around the membrane (Fig. 2f). In the simulation, 
the water transport velocity of the LTS varies from slow 
to fast from the bottom to the top, with a maximum rate of 
1.32 m s−1. The LTS mode is conspicuously faster than that 
of STL mode, where the maximum speed rate of the STL 

Fig. 2   a Photographs and the contact angles of the PCL and PANCe6 layers at 2 s. b Schematic and photographs of unidirectional transport pro-
cesses within PCL/PAN1.6%Ce6. c Force involved in wetting. d Schematic images of the water antigravity penetration. e Force analysis of water 
droplets in large to small (LTS) and small to large (STL) modes. f Simulated speed of water transport in the channel
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is 0.52 m s−1. The rapid diffusion of water in LTS mode is 
derived from the gradual increment of capillary force.

This "water diode" effect holds significant implications 
for multiple fiber-related industries, including the medical 
and textile sectors. In the textile industry, the Janus structure 
with asymmetric wettability is an ideal candidate for the 
development of intelligent functional textiles. For instance, 
it can be used to manufacture sportswear with one-way 
sweat-wicking capabilities, enabling efficient moisture man-
agement during physical activities. Additionally, it is well-
suited for creating medical fabrics for wound dressings. In 
the medical field, wound dressings with the “water diode” 
effect can greatly enhance the drainage of wound exudate. 
When choosing a dressing, it is advisable that the aperture of 
the lower hydrophobic layer is larger than that of the upper 
hydrophilic layer. Among the available options, the PCL/
PANx%Ce6 (x = 1.6, 3.3) membranes are better equipped to 
meet these requirements, guaranteeing efficient and con-
trolled fluid management in wound care applications.

The PCL/PANx%Ce6 membranes will inherit the photore-
sponsive ability of embedded Ce6, allowing for light conver-
sion to heat and ROS generation. To confirm the photothermal 
capability, the temperature change of PCL/PANx%Ce6 (x = 0, 
0.8, 1.6, 3.3) membranes was monitored when exposed to a 
660-nm laser (80 mW cm−2). The temperature of the dry PCL/
PAN membrane remains relatively constant due to the absence 
of a photothermal agent. In contrast, the temperature of dry 
PCL/PANx%Ce6 (x = 0.8, 1.6, 3.3) significantly goes up to 46, 
74, and 82 °C, respectively (Fig. 3a, b). The high dry-state 
temperature may cause partial softening or structural changes 
in PCL more or less (Fig. S6). Considering the excessive exu-
dation in the wound, PCL/PANx%Ce6 (x = 0, 0.8, 1.6, 3.3) mem-
branes were immersed in PBS for 30 s to simulate the wound 
environment. The temperature of wet PCL/PANx%Ce6 (x = 0.8, 
1.6, 3.3) membranes reaches the first platform at 34, 46, and 
53 °C, respectively (Fig. 3c). Over time, a second temperature 
plateau is observed at 58 and 86 °C in the PCL/PAN1.6%Ce6 and 
PCL/PAN3.3%Ce6 samples, respectively, which can be attributed 
to evaporation and subsequent re-increase of temperature. The 
PCL/PANx%Ce6 shows good stability and conversion efficiency 
(39.4%, Fig. S7). It is evident that PCL/PANx%Ce6 has the capa-
bility to absorb near-infrared light and convert it into heat for 
exudate management as well as sterilization purposes.

The photothermal properties of PCL/PANx%Ce6 enhance 
unidirectional drainage speed through thermally accelerated 
evaporation. When slightly immersed in water and exposed 

to laser irradiation for 60 min (Fig. 3d), the membrane exhib-
ited a drained water weight of 0.95 g cm⁻2, 1.33-fold higher 
than without irradiation (Δm = 0.71 g cm⁻2, Fig. S8). This 
increased evaporation rate (PCL/PANx%Ce6 + light) confirms 
stable and continuous water evaporation driven by the photo-
thermal effect (Fig. 3e). The PCL/PANx%Ce6 membrane thus 
facilitates sustained unidirectional water expulsion from the 
inner to the outer layer.

The reactive oxygen species (ROS) generation was inves-
tigated at 25 or 45 °C temperatures using an SOSG probe. 
Upon light stimulation (20 mW cm−2), there is enhanced fluo-
rescence intensity in the membranes containing Ce6, indicat-
ing the generation of 1O2 (Fig. 3f). The production of 1O2 is 
positively correlated with the concentration of Ce6 doping. 
Subsequently, the PCL/PAN1.6%Ce6 is selected as a model for 
investigating the impact of temperature on 1O2 generation. As 
time prolongs, 1O2 generation gradually increases with the 
yield of 1O2 generation at 45 °C being 1.8 times higher than 
that at room temperature (25 °C, Figs. 3g, h and S9). Thus, 
high temperatures can facilitate the 1O2 production rate.

3.3 � Antibacterial Property

The PCL/PAN and PCL/PAN1.6%Ce6 were selected as mod-
els to validate their antibacterial efficacy. The membranes 
were immersed in a suspension of Escherichia coli (E. coli) 
or Staphylococcus aureus (S. aureus) at a concentration of 
2 × 106 CFU mL−1, placed in a Petri dish, and exposed to 
laser or light irradiation. Subsequently, the bacteria detached 
from the membranes were diluted and plated on LB agar 
for further enumeration (Fig. 4a). In the absence of light 
irradiation, both the PCL/PAN and PCL/PAN1.6%Ce6 groups 
demonstrate high bacterial survival rates (> 97%), with 
intact morphology and smooth surfaces, confirming their 
lack of inherent antibacterial activity (Figs. 4b–d and S10). 
In contrast, under light/laser irradiation, the PCL/PAN1.6%Ce6 
groups exhibit a significant reduction in bacterial colony 
counts along with noticeable surface shrinkage, demonstrat-
ing the effective antibacterial activity mediated by PTT or 
PDT. After a single round of photodynamic and photother-
mal treatment, the survival rate of E. coli is 48% and 25%, 
respectively, while that of S. aureus is 58% and 14%. When 
combining PTT and PDT, there is a significant decrease in 
bacterial colonies, severe damage to bacterial forms, and 
leakage of bacterial contents. The bactericidal rate for E. 
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coli reaches 99.99%, with a similar bactericidal rate of 99% 
observed for S. aureus. The Syto 9/PI staining also confirms 
the antibacterial effect of PTT and PDT (Fig. 4e). High tem-
peratures and ROS can also cause damage to normal cells 
(Fig. S11), so attention should be paid to the duration of 
light exposure. Therefore, the aforementioned result prove 
that the combined photothermal–photodynamic treatment 
induces a thermal oxidation effect, leading to localized high 
temperatures which facilitate the penetration of ROS and 
subsequent bacterial death, thereby showcasing remarkable 
bactericidal properties.

3.4 � Diabetic Wound Healing and Immunomodulatory

To evaluate the antibacterial efficacy of the membranes, a 
diabetic wound infection model was established. Diabetic 
mice with 10-mm surgical wounds were randomly divided 
into five experimental groups (n = 3 per group): I, Con-
trol; II, Light; III, bandage; IV, PCL/PAN1.6%Ce6; V, PCL/
PAN1.6%Ce6 + Light. Appropriate dressing regimens were 
applied to the wounds based on the assigned groups. Groups 
II and IV were concurrently exposed to the red light (20 mW 
cm−2) and a 660-nm laser (80 mW cm−2).

Fig. 3   a Thermal imaging and b, c corresponding temperature curve of PCL/PANx%Ce6 (x = 0, 0.8, 1.6, 3.3) in the dry or wet state under 660-nm 
laser irradiation. d Picture of a photothermal evaporation device. e Evaporation rate of PCL/PAN1.6%Ce6. f Fluorescence spectra of SOSG after 
treatment with PCL/PANx%Ce6 (x = 0, 0.8, 1.6, 3.3) and 660-nm light irradiation. g Change in SOSG fluorescence spectra was induced by PCL/
PAN1.6%Ce6 at 45 °C. h Change in SOSG fluorescence intensity at 530 nm was induced by PCL/PAN1.6%Ce6 at 25 or 45 °C
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Wound healing progression was systematically moni-
tored using digital photography on days 0, 3, 7, and 17 for 
sequential image analysis. Quantitative assessment reveals 
significantly accelerated wound contraction in the PCL/
PAN1.6%Ce6 + Light group compared to gauze, light-only, and 
PCL/PAN1.6%Ce6 treatments (Fig. 5a, b). By day 3, the wound 
healing rates reach 38% (bandage), 57% (PCL/PAN1.6%Ce6), 
and 72% (PCL/PAN1.6%Ce6 + Light), all substantially higher 
than the control group’s 24.5% (Fig. 5c). The therapeutic 
superiority of the combined treatment becomes particularly 
evident by day 17 due to photothermal effect (Fig. S12), 
with the PCL/PAN1.6%Ce6 + Light group achieving 96.45% 
wound closure—markedly surpassing the control (59.85%), 
light-only (58.2%), bandage (65.31%), and PCL/PAN1.6%Ce6 
(70.92%) groups. These results demonstrate that the syn-
ergistic combination of PCL/PAN1.6%Ce6 with light irradia-
tion promotes superior wound repair and skin regeneration, 

likely mediated through enhanced exudate drainage and 
combined photodynamic/photothermal sterilization effects. 
In addition, throughout the treatment period, each group’s 
weight remains stable confirming good biocompatibility of 
photodynamic/photothermal sterilization (Fig. 5d).

The wound healing on day 17th was evaluated using 
Hematoxylin and Eosin staining (H&E) and Masson stain-
ing. H&E results correlate well with the observed heal-
ing rates, demonstrating that the PCL/PAN1.6%Ce6 + Light 
group exhibits the shortest wound length (Fig. 5e). Colla-
gen deposition represents a key biomarker of wound healing 
progression, especially in diabetic wounds where impaired 
extracellular matrix remodeling typically results in loosely 
organized, fragmented collagen fibers. While control groups 
(I-II) showed minimal collagen deposition (~ 7%), treat-
ment with bandage and PCL/PAN1.6%Ce6 membrane alone 
improves deposition to 14.7% and 21.6%, respectively 

Fig. 4   a Antibacterial experiment diagram. b Survival statistics, c photographs, d SEM images, and e fluorescence images of E. coli and S. 
aureus after treatment with PCL/PAN or PCL/PAN1.6%Ce6 under light irradiation
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(Fig. 5f). Remarkably, the PCL/PAN1.6%Ce6 + Light combi-
nation induces robust collagen deposition (34%), with histo-
morphometric analysis revealing dense, well-organized wavy 
collagen fibers. To assess the in vivo anti-infective activity, a 
sterile cotton swab was utilized to sample the wound on both 
the 3rd and 17th days. After cultivation in an incubator, it 
is observed that the PCL/PAN1.6%Ce6 + Light group shows a 
significantly lower bacterial count compared to the control 
group (Fig. 5g, h). This anti-infective effect is anticipated 
to facilitate expedited healing of diabetic wounds afflicted 

with bacterial infection. Thus, PCL/PAN1.6%Ce6 membrane 
with unidirectional water transport and photothermal/pho-
todynamic functions demonstrates promising potential for 
tissue repair applications.

Persistent inflammation impedes vascularization and 
delays diabetic wound healing. The balance between M1 
(pro-inflammatory) and M2 (pro-reparative) macrophage 
polarization critically regulates immune responses during 
wound recovery [33, 34]. Immunostaining on day 7 revealed 
inflammatory cells (CD11b/c⁺), M1 macrophages (CD11b/

Fig. 5   a Photographs and b area of mice wounds during the healing process. c Wound closure rate in each group. d Weight of mice. e H&E and 
Masson staining of wound sites. f Collagen deposition ratio, g photographs of colonies, and h statistics at the wound site on days 3 and 17
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c⁺iNOS⁺), and M2 macrophages (CD11b/c⁺CD206⁺). 
Control groups (I-II) exhibit widespread inflammation, 
dominated by M1 macrophages (Figs. 6a and S13). Both 
the bandage and PCL/PAN1.6%Ce6 membrane moderately 
increase M2 macrophage infiltration. Flow cytometry quan-
tified macrophage phenotypes using CD11b/CD86 (M1) 

and CD11b/CD206 (M2) markers. The percentage of M1 
macrophage in control (I), Light (II), bandage (III), PCL/
PAN1.6%Ce6 (IV), and PCL/PAN1.6%Ce6 + Light (V) groups is 
determined to be 38.2%, 36.7%, 26.9%, 26.4%, and 13.7%, 
respectively (Figs. 6b, c and S14). The M1/M2 ratio sharply 
declined from 11.5 (I) to 0.7 (V), demonstrating that PCL/

Fig. 6   a Immunofluorescence staining of CD11b/c, CD206, and iNOS within wounds on day 7. I: Control, II: light, III: bandage, IV: PCL/
PAN1.6%Ce6, V: PCL/PAN1.6%Ce6 + Light. b Flow cytometry of macrophage phenotype in the skin tissues. c Proportion of M1 phenotype mac-
rophage. d The ratio of M1/M2. e MPO and MMP-9 immunohistochemical staining images. f Western blot and relative expression of TNF-α and 
IL-6. Immunostaining of g CD31/α-SMA and h CK19 at wounds on day 17. i Operational mechanisms of PCL/PAN1.6%Ce6 in diabetic wound 
healing. j A radar chart illustrating key performance indicators such as antibacterial activity, immune modulation, collagen production, vascu-
larization, and tissue regeneration
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PAN1.6%Ce6 + light synergistically promotes M2 polarization 
(Fig. 6d). The phenotypic transformation of macrophages 
should be ascribed to the infection clearance and exudate 
discharge, facilitating tissue repair.

The inflammation severity was further assessed on day 
7, including an assessment of the inflammatory indexes 
and levels of pro-inflammatory cytokines. Myeloper-
oxidase (MPO) serves as a direct indicator of neutrophil 
infiltration, while matrix metalloproteinases MMP-9 are 
secreted as a result of inflammatory cell infiltration [35]. 

The expression of MPO and MMP-9 was evaluated through 
immunohistochemical staining. The PCL/PAN1.6%Ce6 with 
light irradiation effectively reduces the expression of MPO 
and MMP-9 compared to control and traditional bandage 
groups (Fig. 6e). Meanwhile, the overexpression of IL-6 
and TNF-α (key pro-inflammatory mediators) is inhibited 
(Fig. 6f), indicating that PCL/PAN1.6%Ce6 has the potential 
to mitigate inflammation through effective sterilization and 
regulation of macrophage heterogeneity.

Fig. 7   a Calcein-AM fluorescent staining images of HUVEC cells. b SEM images and c proliferation area of HUVEC cells on PCL/PAN 
or PCL/PAN1.6%Ce6. d Microphotograph of the HUVEC cell migrations with different treatments. e Hemolysis rate of PCL/PAN or PCL/
PAN1.6%Ce6. f SEM images of red blood cells treated with various treatments. g White blood cells, red blood cells, platelets, hemoglobin, hema-
tocrit, and mean corpuscular volume of mice from Light + M groups (Light + PCL/PAN1.6%Ce6 is abbreviated as Light + M). h Main organs sec-
tions of mice from control and Light + M groups
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During the proliferation phase, vascular integrity is 
crucial for delivering essential nutrients and oxygen to 
support wound healing, while follicle remodeling and 
regeneration serve as key indicators of skin repair. On 
day 17, angiogenesis in diabetic wounds was assessed via 
immunofluorescence staining. As shown in Fig. 6g, CD31 
(green fluorescence, marking neovascularization [36]) and 
α-smooth muscle actin (α-SMA, red fluorescence, indi-
cating mature vessels) were detectable across all groups 
(Fig. S15), reflecting ongoing healing. Notably, wounds 
treated with PCL/PAN1.6%Ce6 + Light exhibit more mature 
vessels, greater vessel length, and larger luminal diam-
eters, suggesting enhanced vascular regeneration. Fol-
licle regeneration was evaluated using CK19 staining, a 
hair follicle cell marker (Fig. 6h). Immunofluorescence 
reveals significantly stronger CK19 fluorescence in the 
PCL/PAN1.6%Ce6 + Light group, confirming active follicle 
formation. Thus, PCL/PAN1.6%Ce6, through its dual func-
tions of excess biological fluid removal and photothermal-
oxidative sterilization, effectively reduces oxidative stress 
in diabetic wounds, modulates inflammation, stimulates 
angiogenesis, and accelerates healing (Fig. 6i, j).

The biocompatibility of wound dressings is critical for 
developing tissue scaffolds and promoting wound healing. 
The biosafety evaluation of PCL/PAN1.6%Ce6 encompasses 
investigations into cytotoxicity, hemolysis, blood bio-
chemistry, and H&E staining of major organs. The adhe-
sion and proliferation of human umbilical vein endothelial 
cells (HUVEC) on nanofiber membranes were evaluated 
through live/dead staining and SEM analysis. HUVEC 
cells are attached to the nanofiber surface and proliferate 
rapidly (Fig. 7a–c). In addition, the scratch test proves that 
the migration ability of HUVEC cells is not significantly 
affected following treatment with membranes (Fig. 7d). 
After the incubation with nanofiber membranes, no evi-
dence of hemolysis is observed, with a hemolysis rate 
lower than 3.5%, and the morphology of red blood cells 
remains intact (Fig. 7e, f). In the blood assay for the PCL/
PAN1.6%Ce6 + Light group, no abnormal indices are detected 
in the blood routine examination (Fig. 7g). Furthermore, 
there are no discernible histological differences observed in 
the main organs (Fig. 7h). The biosafety results validate the 
potential of PCL/PAN1.6%Ce6 as a biocompatibility diabetic 
wound dressing, demonstrating its suitability for further 
application.

4 � Conclusions

In summary, we presented a biomimetic Janus nanofiber 
membrane featuring sustainable self-drainage and anti-
bacterial properties for diabetic wound healing. Inspired 
by the gradient wettability of cactus thorn, the Janus 
membrane is meticulously engineered to possess gradient 
wettability for spontaneous directional water transport. 
Meanwhile, the gradient pore size and the introduction of 
external light energy enhance self-drainage ability through 
capillary force and evaporation. The membrane was fab-
ricated through the deposition of a hydrophilic PAN/Ce6 
layer with a smaller pore size on a hydrophobic PCL layer 
with a larger pore size. Evaporation and micro-/nano-
channels facilitate the antigravity pumping of exudates, 
with a drainage rate of 0.95 g cm−2 h−1. The Ce6 content 
enables photodynamic/photothermal sterilization with a 
99% eradication rate. The in vivo experiments confirm 
that PCL/PAN1.6%Ce6 membrane can promote macrophage 
polarization from M1 to the M2 phenotype through infec-
tion clearance and exudate discharge, resulting in a 96.5% 
wound healing rate at day 17. Compared to conventional 
Janus membranes [22–25], our biomimetic Janus nanofiber 
membrane integrates gradient wettability and gradient 
pore size, which provide the driving force for sustainable 
unidirectional self-drainage. To facilitate clinical transla-
tion, future efforts should focus on validating efficacy and 
safety through systematic clinical trials. This study not 
only advances the design principles of functional wound 
dressings but also offers a promising strategy for improv-
ing diabetic wound healing.

Acknowledgements  All animal experiments were performed 
under the protocols approved by the Ethical Committee for Animal 
Care of Donghua University (DHUEC-NSFC-2019-20). This work 
was financially supported by the National Key Research and Devel-
opment Program of China (2021YFA1201304), the National Natu-
ral Science Foundation of China (52503082), China Postdoctoral 
Science Foundation (2024M750402), Postdoctoral Fellowship Pro-
gram of CPSF (GZC20230419), Shanghai Anticancer Association 
EYAS PROJECT (SACA-CY23C05), The Fundamental Research 
Funds for the Central Universities (2232023D-03, 2232024Y-01).

Author Contributions  Mei Wen contributed to conceptualization, 
investigation, and original draft writing. Nuo Yu, Xiaojing Zhang, 
Wenjing Zhao, and Pu Qiu contributed to investigation. Wei Feng 
contributed to review. Zhigang Chen and Yu Chen contributed to 
visualization, funding acquisition, and supervision. Meifang Zhu 
contributed to supervision.



Nano-Micro Lett.          (2026) 18:101 	 Page 15 of 16    101 

Declarations 

Conflict of interest  The authors declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
s40820-​025-​01904-z.

References

	 1.	 M.G. Savelieff, M.A. Elafros, V. Viswanathan, T.S. Jensen, 
D.L. Bennett et al., The global and regional burden of dia-
betic peripheral neuropathy. Nat. Rev. Neurol. 21(1), 17–31 
(2025). https://​doi.​org/​10.​1038/​s41582-​024-​01041-y

	2.	 M. Edmonds, A renaissance in diabetic foot care: new evi-
dence-based treatments. Lancet Diabetes Endocrinol. 6(11), 
837–838 (2018). https://​doi.​org/​10.​1016/​S2213-​8587(18)​
30262-6

	 3.	 K.A. Gallagher, J.L. Mills, D.G. Armstrong, M.S. Conte, R.S. 
Kirsner et al., Current status and principles for the treatment 
and prevention of diabetic foot ulcers in the cardiovascular 
patient population: a scientific statement from the American 
Heart Association. Circulation 149(4), e232–e253 (2024). 
https://​doi.​org/​10.​1161/​cir.​00000​00000​001192

	 4.	 F. Bao, G. Pei, Z. Wu, H. Zhuang, Z. Zhang et al., Bioac-
tive self-pumping composite wound dressings with micropore 
array modified Janus membrane for enhanced diabetic wound 
healing. Adv. Funct. Mater. 30(49), 2005422 (2020). https://​
doi.​org/​10.​1002/​adfm.​20200​5422

	 5.	 F. Wang, M. Wang, Q. He, X. Wang, P. Sun et al., Black tan-
talic oxide submicro-particles coating on PEEK fibers woven 
into fabrics as artificial ligaments with photothermal antibacte-
rial effect and osteogenic activity for promoting ligament-bone 
healing. J. Mater. Sci. Technol. 133, 195–208 (2023). https://​
doi.​org/​10.​1016/j.​jmst.​2022.​05.​054

	 6.	 X. Wang, X. Qin, Y. Liu, Y. Fang, H. Meng et  al., Plas-
monic supramolecular nanozyme-based bio-cockleburs for 

synergistic therapy of infected diabetic wounds. Adv. Mater. 
36(49), 2411194 (2024). https://​doi.​org/​10.​1002/​adma.​20241​
1194

	 7.	 L. Shang, Y. Yu, Y. Jiang, X. Liu, N. Sui et al., Ultrasound-
augmented multienzyme-like nanozyme hydrogel spray for 
promoting diabetic wound healing. ACS Nano 17(16), 15962–
15977 (2023). https://​doi.​org/​10.​1021/​acsna​no.​3c041​34

	 8.	 E. Shirzaei Sani, C. Xu, C. Wang, Y. Song, J. Min et al., A 
stretchable wireless wearable bioelectronic system for mul-
tiplexed monitoring and combination treatment of infected 
chronic wounds. Sci. Adv. 9(12), eadf7388 (2023). https://​
doi.​org/​10.​1126/​sciadv.​adf73​88

	 9.	 L. Zhou, Z. Hu, F. Liu, H. Meng, W. Guo et al., Electrospun 
self-pumping dressing with gastrodin for immunomodulation 
and rapid healing of diabetic wounds. Chem. Eng. J. 495, 
153424 (2024). https://​doi.​org/​10.​1016/j.​cej.​2024.​153424

	10.	 Z. Qiu, Y. Gao, D. Qi, M. Wu, Z. Mao et al., Thermo-respon-
sive trilayered fibrous dressing with liquid gate for dynamical 
exudate regulation and wound moisture balance. Adv. Funct. 
Mater. 34(17), 2311997 (2024). https://​doi.​org/​10.​1002/​adfm.​
20231​1997

	11.	 R. Dong, Y. Li, M. Chen, P. Xiao, Y. Wu et al., In situ electro-
spinning of aggregation-induced emission nanofibrous dress-
ing for wound healing. Small Methods 6(5), e2101247 (2022). 
https://​doi.​org/​10.​1002/​smtd.​20210​1247

	12.	 W. Sun, C. Mu, X. Zhang, H. Shi, Q. Yan et al., Mussel-
inspired polysaccharide-based sponges for hemostasis and 
bacteria infected wound healing. Carbohydr. Polym. 295, 
119868 (2022). https://​doi.​org/​10.​1016/j.​carbp​ol.​2022.​119868

	13.	 H. Cui, M. Liu, W. Yu, Y. Cao, H. Zhou et al., Copper perox-
ide-loaded gelatin sponges for wound dressings with antimi-
crobial and accelerating healing properties. ACS Appl. Mater. 
Interfaces 13(23), 26800–26807 (2021). https://​doi.​org/​10.​
1021/​acsami.​1c074​09

	14.	 J. Yang, Z. Huang, J. Tan, J. Pan, S. Chen et al., Copper ion/
Gallic acid MOFs-laden adhesive pomelo peel sponge effec-
tively treats biofilm-infected skin wounds and improves heal-
ing quality. Bioact. Mater. 32, 260–276 (2024). https://​doi.​org/​
10.​1016/j.​bioac​tmat.​2023.​10.​005

	15.	 S. Deng, Y. Huang, E. Hu, L.-J. Ning, R. Xie et al., Chitosan/
silk fibroin nanofibers-based hierarchical sponges accelerate 
infected diabetic wound healing via a HClO self-producing 
cascade catalytic reaction. Carbohydr. Polym. 321, 121340 
(2023). https://​doi.​org/​10.​1016/j.​carbp​ol.​2023.​121340

	16.	 J. Lan, L. Shi, W. Xiao, X. Zhang, S. Wang, A rapid self-
pumping organohydrogel dressing with hydrophilic fractal 
microchannels to promote burn wound healing. Adv. Mater. 
35(38), 2301765 (2023). https://​doi.​org/​10.​1002/​adma.​20230​
1765

	17.	 S. Liu, Y. Zhao, M. Li, L. Nie, Q. Wei et al., Bioactive wound 
dressing based on decellularized tendon and GelMA with 
incorporation of PDA-loaded asiaticoside nanoparticles for 
scarless wound healing. Chem. Eng. J. 466, 143016 (2023). 
https://​doi.​org/​10.​1016/j.​cej.​2023.​143016

	18.	 D. Ailincai, S. Cibotaru, A. Anisiei, C.G. Coman, A.S. Pasca 
et al., Mesoporous chitosan nanofibers loaded with norfloxacin 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01904-z
https://doi.org/10.1007/s40820-025-01904-z
https://doi.org/10.1038/s41582-024-01041-y
https://doi.org/10.1016/S2213-8587(18)30262-6
https://doi.org/10.1016/S2213-8587(18)30262-6
https://doi.org/10.1161/cir.0000000000001192
https://doi.org/10.1002/adfm.202005422
https://doi.org/10.1002/adfm.202005422
https://doi.org/10.1016/j.jmst.2022.05.054
https://doi.org/10.1016/j.jmst.2022.05.054
https://doi.org/10.1002/adma.202411194
https://doi.org/10.1002/adma.202411194
https://doi.org/10.1021/acsnano.3c04134
https://doi.org/10.1126/sciadv.adf7388
https://doi.org/10.1126/sciadv.adf7388
https://doi.org/10.1016/j.cej.2024.153424
https://doi.org/10.1002/adfm.202311997
https://doi.org/10.1002/adfm.202311997
https://doi.org/10.1002/smtd.202101247
https://doi.org/10.1016/j.carbpol.2022.119868
https://doi.org/10.1021/acsami.1c07409
https://doi.org/10.1021/acsami.1c07409
https://doi.org/10.1016/j.bioactmat.2023.10.005
https://doi.org/10.1016/j.bioactmat.2023.10.005
https://doi.org/10.1016/j.carbpol.2023.121340
https://doi.org/10.1002/adma.202301765
https://doi.org/10.1002/adma.202301765
https://doi.org/10.1016/j.cej.2023.143016


	 Nano-Micro Lett.          (2026) 18:101   101   Page 16 of 16

https://doi.org/10.1007/s40820-025-01904-z© The authors

and coated with phenylboronic acid perform as bioabsorbable 
active dressings to accelerate the healing of burn wounds. Car-
bohydr. Polym. 318, 121135 (2023). https://​doi.​org/​10.​1016/j.​
carbp​ol.​2023.​121135

	19.	 M. Prakash, D. Quéré, J.W.M. Bush, Surface tension transport 
of prey by feeding shorebirds: the capillary ratchet. Science 
320(5878), 931–934 (2008). https://​doi.​org/​10.​1126/​scien​ce.​
11560​23

	20.	 Y. Choi, K. Baek, H. So, 3D-printing-assisted fabrication of 
hierarchically structured biomimetic surfaces with dual-wet-
tability for water harvesting. Sci. Rep. 13(1), 10691 (2023). 
https://​doi.​org/​10.​1038/​s41598-​023-​37461-x

	21.	 S. Zhang, M. Chi, J. Mo, T. Liu, Y. Liu et al., Bioinspired 
asymmetric amphiphilic surface for triboelectric enhanced 
efficient water harvesting. Nat. Commun. 13(1), 4168 (2022). 
https://​doi.​org/​10.​1038/​s41467-​022-​31987-w

	22.	 J. Wang, J. Ye, Z. Li, X. Li, Y. Luo et al., An integrated 
Janus bioelectronic bandage for unidirectional pumping and 
monitoring of wound exudate. Nano Lett. 25(13), 5156–5164 
(2025). https://​doi.​org/​10.​1021/​acs.​nanol​ett.​4c061​47

	23.	 X. Zhang, N. Yu, Q. Ren, S. Niu, L. Zhu et al., Janus nanofiber 
membranes with photothermal-enhanced biofluid drainage and 
sterilization for diabetic wounds. Adv. Funct. Mater. 34(24), 
2315020 (2024). https://​doi.​org/​10.​1002/​adfm.​20231​5020

	24.	 W. Xiao, X. Wan, L. Shi, M. Ye, Y. Zhang et al., A viscous-
biofluid self-pumping organohydrogel dressing to accelerate 
diabetic wound healing. Adv. Mater. 36(25), e2401539 (2024). 
https://​doi.​org/​10.​1002/​adma.​20240​1539

	25.	 Y. Wang, Q. Zhang, Z. Liu, C. Jin, Y. Rao et al., Janus fibrous 
dressing with controllable nitric oxide-releasing and unidirec-
tional exudate transport activities for bacteria-infected burn 
wound therapy. Adv. Funct. Mater. 2025, 2503992 (2025). 
https://​doi.​org/​10.​1002/​adfm.​20250​3992

	26.	 Y. Cheng, J. Wang, X. Lu, C. Wang, An all-nanofibrous Janus 
textile with directional perspiration for triboelectric nano-
generator and self-powered e-skin sensor. Nano Energy 117, 
108852 (2023). https://​doi.​org/​10.​1016/j.​nanoen.​2023.​108852

	27.	 Y. Liang, S. Kim, P. Kallem, H. Choi, Capillary effect in Janus 
electrospun nanofiber membrane for oil/water emulsion sepa-
ration. Chemosphere 221, 479–485 (2019). https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2019.​01.​048

	28.	 J. Wu, H. Zhou, H. Wang, H. Shao, G. Yan et al., Novel water 
harvesting fibrous membranes with directional water transport 

capability. Adv. Mater. Interfaces 6(5), 1801529 (2019). 
https://​doi.​org/​10.​1002/​admi.​20180​1529

	29.	 J.-A. Lv, Y. Liu, J. Wei, E. Chen, L. Qin et al., Photocon-
trol of fluid slugs in liquid crystal polymer microactuators. 
Nature 537(7619), 179–184 (2016). https://​doi.​org/​10.​1038/​
natur​e19344

	30.	 S. Feng, S. Wang, Y. Tao, W. Shang, S. Deng et al., Radial 
wettable gradient of hot surface to control droplets movement 
in directions. Sci. Rep. 5, 10067 (2015). https://​doi.​org/​10.​
1038/​srep1​0067

	31.	 Y. Lin, Z. Hu, M. Zhang, T. Xu, S. Feng et al., Magnetically 
induced low adhesive direction of nano/micropillar arrays for 
microdroplet transport. Adv. Funct. Mater. 28(49), 1800163 
(2018). https://​doi.​org/​10.​1002/​adfm.​20180​0163

	32.	 N. Yu, P. Qiu, Q. Ren, M. Wen, P. Geng et al., Transforming 
a sword into a knife: persistent phototoxicity inhibition and 
alternative therapeutical activation of highly-photosensitive 
phytochlorin. ACS Nano 15(12), 19793–19805 (2021). https://​
doi.​org/​10.​1021/​acsna​no.​1c072​41

	33.	 Y. Xue, L. Zhang, J. Chen, D. Ma, Y. Zhang et al., An “all-in-
one” therapeutic platform for programmed antibiosis, immu-
noregulation and neuroangiogenesis to accelerate diabetic 
wound healing. Biomaterials 321, 123293 (2025). https://​doi.​
org/​10.​1016/j.​bioma​teria​ls.​2025.​123293

	34.	 Y. Song, V.A. Milichko, Z. Ding, W. Li, B. Kang et al., Double 
cross-linked hydrogel for intra-articular injection as modal-
ity for macrophages metabolic reprogramming and therapy 
of rheumatoid arthritis. Adv. Funct. Mater. 2502880 (2025). 
https://​doi.​org/​10.​1002/​adfm.​20250​2880

	35.	 Y. Qian, C. Xu, W. Xiong, N. Jiang, Y. Zheng et al., Dual 
cross-linked organic-inorganic hybrid hydrogels accelerate 
diabetic skin wound healing. Chem. Eng. J. 417, 129335 
(2021). https://​doi.​org/​10.​1016/j.​cej.​2021.​129335

	36.	 J. Jasti, H. Zhong, V. Panwar, V. Jarmale, J. Miyata et al., His-
topathology based AI model predicts anti-angiogenic therapy 
response in renal cancer clinical trial. Nat. Commun. 16(1), 
2610 (2025). https://​doi.​org/​10.​1038/​s41467-​025-​57717-6

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.carbpol.2023.121135
https://doi.org/10.1016/j.carbpol.2023.121135
https://doi.org/10.1126/science.1156023
https://doi.org/10.1126/science.1156023
https://doi.org/10.1038/s41598-023-37461-x
https://doi.org/10.1038/s41467-022-31987-w
https://doi.org/10.1021/acs.nanolett.4c06147
https://doi.org/10.1002/adfm.202315020
https://doi.org/10.1002/adma.202401539
https://doi.org/10.1002/adfm.202503992
https://doi.org/10.1016/j.nanoen.2023.108852
https://doi.org/10.1016/j.chemosphere.2019.01.048
https://doi.org/10.1016/j.chemosphere.2019.01.048
https://doi.org/10.1002/admi.201801529
https://doi.org/10.1038/nature19344
https://doi.org/10.1038/nature19344
https://doi.org/10.1038/srep10067
https://doi.org/10.1038/srep10067
https://doi.org/10.1002/adfm.201800163
https://doi.org/10.1021/acsnano.1c07241
https://doi.org/10.1021/acsnano.1c07241
https://doi.org/10.1016/j.biomaterials.2025.123293
https://doi.org/10.1016/j.biomaterials.2025.123293
https://doi.org/10.1002/adfm.202502880
https://doi.org/10.1016/j.cej.2021.129335
https://doi.org/10.1038/s41467-025-57717-6

	Cactus Thorn-Inspired Janus Nanofiber Membranes as a Water Diode for Light-Enhanced Diabetic Wound Healing
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Preparation of PCLPANx%Ce6
	2.2 ROS Generation
	2.3 Photothermal Performance
	2.4 Antibacterial Property
	2.5 Inflammation Evaluation In Vivo
	2.6 Statistical Analysis

	3 Results and Discussion
	3.1 Preparation and Characterization of PCLPANx%Ce6
	3.2 Unidirectional Water Transport and Photoresponsive Performance
	3.3 Antibacterial Property
	3.4 Diabetic Wound Healing and Immunomodulatory

	4 Conclusions
	Acknowledgements 
	References


