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a b s t r a c t

Secondary trauma, resulting in undesirable injury and bleeding during wound dressing treatment, which

will cause the treatment of chronic wounds ineffective. The medical cotton gauzes often bring strong ad-

hesion due to the exudates absorbed and clots formed. Conversely, the easily detachable wound dressings

neglect the wound seepage management, rendering them ineffective in facing the complexities of chronic

wounds. To address this challenge, we propose a novel draining anti-adhesion dressings (DAD) by con-

structing the hydrophilic microchannels array on the superhydrophobic dressing. The superhydrophobic

areas facilitate stable wound fluid repellence leading to achieve the anti-adhesion (18.7% detachment en-

ergy of cotton) and the microchannel array ensures the transportation of excess exudates (>92%) by the

capillary force. Notably, our dressing demonstrates a significant healing-promoting in a chronic wound

model in rats. The development of such dressings holds promise for advancing wound care practices and

addressing the unique challenges posed by chronic wounds, offering a valuable solution for improved

clinical outcomes.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Secondary trauma results undesirable bleeding and injury dur-

ing wound treatments, affects the normal healing process of the

wound, especially in chronic wounds for its challenging healing

process which poses significant health issues in clinical settings,

particularly for individuals with vulnerable skin, such as older peo-

ple or those with underlying diseases [1]. The secondary trauma

of chronic wounds make the treatment of chronic wounds to be

meaningless, which bring more pain to patients.

The surface wettability of wound dressings usually affects the

wetting behavior of biological fluids around the wound, which has

an important influence on wound healing [2]. Traditional gauze

dressings are easy to be soaked by biological fluids so that the

wound fluid is absorbed by the wound dressings, but it will form a

solid clot-gauze complex, which will often tear the wound when it

is removed, causing secondary bleeding and trauma, which is not

conducive to normal wound healing. Whereas the superhydropho-
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bic surface brings a turning point to face the secondary trauma,

due to its unique Cassie-Baxter state [3–6]. In this state, the phase

separation of solid-air-liquid on the superhydrophobic surface can

be easily peeled off from the skin due to the low adhesion area

between the clot and the dressing [7]. Based on it, a kind of super-

hydrophobic hemostatic nanofiber composites were designed for

minimal adhesion and showed a great effect in preventing sec-

ondary trauma [8,9].

However, the superhydrophobic dressing is powerless to absorb

excess wound fluid, so the accumulation of wound fluid causes

the risk of wound infection and wound soaking. And the contin-

uous seepage of wound fluid is one of the primary reasons for the

difficulty in healing chronic wounds, which becomes the breed-

ing ground for bacteria and causes persistent chronic inflamma-

tion. Although a small amount of wound fluid has a positive effect

on the healing of chronic wounds, but the ongoing issue of exces-

sive wound seepage can negatively impact the wound repair pro-

cess, leading to skin immersion, potential wound reinfection and

patient discomfort [10–13]. Therefore, the management of wound

fluids around the wound is a prerequisite for chronic wound heal-

ing [14–18]. Consequently, there is an urgent need to strike a bal-
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Fig. 1. Design of the draining anti-adhesion dressing (DAD) for treating chronic wounds. (a) Schematic of draining anti-adhesion dressing. (b) Images of cotton, superhy-

drophobic anti-adhesion wound dressing (AD), DAD, and the liquid added on them (Scale bar=2mm). (c) SEM images of conventional cotton and AD (Scale bar=5 μm). (d)

CA and RA of the water, blood, and wound fluid (n=5). (e) SEM images of blood wetting the DAD and blood repelled by AD (Scale bar=200 μm, blood wetting region dyed

red). (f) Blood stress resistance ability of the cotton and AD (n=3).

ance between minimizing secondary trauma and managing exces-

sive wound seepage to facilitate the promotion of chronic wound

healing.

Here, we report a draining anti-adhesion dressing (DAD) with

high-efficiency exudates transport capacity, to manage the wound

fluid and prevent secondary trauma by the arrangement of the hy-

drophilic microchannels on the superhydrophobic dressings (Fig.

1a). The non-wetting areas of the DAD with the stable wound fluid

repellency, and the hydrophilic microchannels of the DAD presents

the high-efficiency exudates draining driven by the capillary force.

We carefully arranged the hydrophilic microchannel arrays to bal-

ance the relationship between anti-adhesion and liquid drainage,

so that the DAD exhibited low peel strength when wound dress-

ing was removed and desirable exudates management. This strat-

egy accomplishes the regulation of excessive exudates and pre-

vents secondary trauma, ultimately fostering the healing of chronic

wounds, and promises to provide an effective solution for the sec-

ondary trauma prevention of chronic wounds in clinical.

As shown in Fig. 1a, the DAD consists of two layers, the bottom

layer touches the wound required to be a superhydrophobic layer

with uniformly distributed hydrophilic microchannels, and the top

layer is untreated gauze for draining and storage excessive exu-

dates (Fig. 1b). For the anti-adhesion capacity, a simple method

that easy to achieve superhydrophobicity with large-area is em-

ployed and the detailed is shown in methods section.

Briefly, the conventional cotton fibers were coated with a

dense layer of hydrophobic nanoparticles to reduce the surface

energy while increasing the roughness (Fig. 1c), obtaining an

anti-adhesion dressing (AD) with outstanding liquid repellency. It

demonstrated the non-wettability with contact angle (CA) > 150°
and roll-off angle (RA) ≈ 10°, which was measured by using the

water, blood and the wound fluid as the measurement liquid, re-

spectively (Fig. 1d). Optimal preparation technology facilitated the

slipping of blood from the AD after 2 h (Figs. S1-S3 in Support-

ing information), and the hydrophobic SiO2 nanoparticles adhered

on fibers steadily without affecting the breathability (Figs. S4 and

S5 in Supporting information) [19]. When blood clotting naturally

on both cotton and AD, the fibers of AD demonstrated exceptional

blood-repelling ability. Only some fibers supported the blood clot

without wetting the AD, maintaining the liquid in a Cassie state

(Fig. 1e), and the protein adhesion was approximately 77 times

smaller than cotton (Fig. S6 in Supporting information). Conse-

quently, the blood clot could be easily separated from the AD with

a light force (14.9±7.2 mN) for the air trapped between the solid

surface and the liquid reduces the contact area with blood clot

[11], and the fibers did not experience any traction during this

separation process. In contrast with conventional cotton gauzes,

the clot was coagulated with the fibers, requiring a heavy force

(443.1±50.0 mN) for the separation (Fig. S7 in Supporting infor-

mation). The significant reduction in solid-liquid contact area due

to superhydrophobic modification indicated that AD possessed sus-

tained blood-repelling ability and low clot peeling force, making

it suitable for the preparation of DAD. For evaluation of the liq-

uid pressure resistance of the non-wetting state, and the simply

selective infiltration, the AD exhibited blood stress resistance of

136.6±14.9 Pa compared to the conventional cotton (Fig. 1f).

For the exudates transport capacity, the hydrophilic microchan-

nel array was constructed by plasma activation under mask plates,

and DAD could be easily prepared using commercial dressings

(Figs. S8-S10 in Supporting information) [20], and the blood was

only wetting the hydrophilic microchannels of DAD (Fig. 1e). To

prevent the reverting to a hydrophobic state of the hydrophilic

fibers in microchannel, a hydrophilic polymer solution, such as

polyethylene glycol (PEG) was coated on the fiber in microchannel

to enable long-term storage and use for its good biocompatibility

[21,22].
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Fig. 2. The exudates draining regulation by hydrophilic microchannels of the anti-adhesion dressing. (a) Theoretical model of the liquid transport through the wound dressing

on the wound. (b) Images of the different liquids transport through the hydrophilic microchannel. (c) The speed of different liquids transport through the single hydrophilic

microchannel (n=3). (d) The blood transport speed through the hydrophilic area comprised of various hydrophilic microchannels (n=3, the red dotted circle including the

10% hydrophilic proportion of DAD with different hydrophilic microchannel diameters, and the black line represented the positively correlated).

According to Laplace pressure and the capillarity model [23,24],

the efficient expulsion of liquid depends on the capillarity to ac-

tuate, and the liquid transport process module is shown in Fig. 2a,

and the total actuated force (Fω) followed Eq. 1, which could reflect

the wetting of the hydrophilic channel

Fω ∼ 2d1k
2γ cos θ1 cosα (1)

where γ is the interfacial tension of the liquid, θ1 is Young’s equi-

librium contact angle of the cotton fiber coating by hydrophilic

polymer, k is constant to reflect the density of the cotton, the d1
is the diameter of the hydrophilic channel, and α is the angle to

correct the direction for analyzing the exported ability only, it can

easily get that Fω is positively correlated with d1 for same liq-

uid. Then, the way of creating the hole in the hydrophilic channel

proved to be advantageous for liquid transport because of reduced

flow resistance (Fig. S11 in Supporting information).

Next, the liquid is exported through the hydrophilic channel.

The influencing factor on the force is the capillary force (Fc) re-

quired for contact with the absorbed layer [25], which can be

quantified as Eq. 2. Where the θ2 is Young’s equilibrium contact

angle of the absorbing layer, and the Fc is also dependent on the

d1 with the same absorbing layer.

Fc ∼ πd1γ cos θ2 (2)

To further verify the theoretical model, the passage of liquid

(5 μL water, blood, wound fluid) through the hydrophilic channel

was recorded by high-speed camera (Figs. 2b and c, Figs. S12-S14

in Supporting information). Overall, the wetting time (from initial

contact with the liquid to the start of transmission) was used to

evaluate the duration from liquid contact to the beginning of trans-

portation, and it depended on Fω . It showed that the time of wet-

ting gradually increased with larger hydrophilic channel diameters

(d1), which confirmed the correctness of Eq. 1 in the theoretical

model. Additionally, the total time for the entire liquid expulsion

process depended on Fc, which indicated that larger hydrophilic

channels facilitated quicker liquid transport, confirming the valid-

ity of Eq. 2. Furthermore, the transport speed of the microchan-

nel was assessed by designing the percentage of hydrophilic area

through the regulation of channel diameter and spacing. As shown

in Fig. 2d, the transport speed exhibited a positive correlation with

the hydrophilic area. Considering the ideal mass seepage of chronic

wounds (0.12 μL/s) [26], it was hypothesized that approximately

10% hydrophilic area would be sufficient for transporting wound

fluid (the dotted line represented the 100 times). For assessed

blood exported rate in vitro, the DAD could reach blood export ef-

ficiency of 92% (Fig. S15 in Supporting information).

The introduction of hydrophilic channels inevitably impacts the

peeling force of AD and the peeling force curve elucidated that the

presence of a clot on the hydrophilic channel precipitates a force

increase, but it was significantly lower compared to the cotton, at-

tributed to its adherence solely in micro-sized clots (Fig. 3a). A vi-

sual representation of the peeling process from pigskin in vitro was

provided in Fig. S16 (Supporting information).

In the capillary force liquid-exported theoretical model of DAD,

the d1 played a crucial role, at the same time, it also had a strong

correlation with the peeling force (Fp) as indicated by Fp ∼ d1
2
.

Consequently, there are two principles to arrange the microchan-

nel array of DAD. On the one hand, the clot adherence to the skin

for each hydrophilic channel was examined by designing a single

row DAD, revealing the influence of channel diameter on peeling.

The peeling force curve indicated that a larger channel diameter

corresponded to a higher peeling force, and a higher peeling force

implied greater difficulty in separating the wound from the skin,

al nigning with the theoretical model (Fig. S17 in Supporting infor-

mation). Considering the delicate balance between liquid-exported

and wound dressing removal, about 800 μm might be a suitable

diameter for hydrophilic channels designed on DAD (Fig. 3b). On

the other hand, the hydrophilic channel was designed as the array

adhered to pigskin, with the hydrophilic area maintained at ap-

proximately 10% (red dotted circle in Fig. 2d), through adjustments

in the diameter and number of channels to influence the concen-

tration and dispersion of force. The peeling process was concretely

defined as relieving pain in comparison to cotton (Fig. 3c and Fig.

S18 in Supporting information). The results demonstrated that the

introduction of micro-sized channels could reduce the pain sen-

sation to approximately 3 times, the detachment energy of DAD

could reduce to 18.7%. And larger-sized hydrophilic channels were

observed to amplify pain during the peeling process, while nu-
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Fig. 3. The microarray arrangement guidance the anti-adhesion property for preventing secondary trauma. (a) The peeling force curve of various wound dressings from

pigskin. (b) The balance of liquid transport rate and peeling force for various sizes of hydrophilic microchannels. (c) The peeling force curve for various sizes of hydrophilic

microchannels as array (about 10% hydrophilic proportion) from pigskin. (d) The radar chart to evaluate the diameter of the channel on the wound dressings. (e) Images of

wound dressing used and removed in abdominal vein wound of rabbits.

merous small hydrophilic channels also induced a high degree of

pain. This phenomenon was attributed to the simultaneous tear-

ing of numerous hydrophilic regions in contact with the skin, lead-

ing to an increased disengagement line, and the pain intensity was

quantified by comparison with cotton (Fig. S18f) [27,28]. Further,

a comprehensive analysis was undertaken to establish criteria for

the hydrophilic channel diameter, including the speed of blood and

wound fluid transport, peeling force, pain reduction, and liquid

transport capability (Fig. 3d). The findings revealed that DAD ex-

hibited superior comprehensive abilities when the channel diame-

ter was set at about 800 μm, and about 600 μm channel on DAD

emerged as a favorable choice for small amount of exudate.

The separation between the skin and the wound dressing was

visually demonstrated in vivo (Fig. 3e and Fig. S19 in Supporting

information). When the DAD was applied to the abdominal vein

wound of New Zealand white rabbits, both the cotton and DAD

demonstrated the capability to transport blood to the absorbent

layer (Movies S1 and S3 in Supporting information). Accumulation

of blood on the wound surface occurred as AD repelled the blood

(Movie S2 in Supporting information). After 2 h, the wound dress-

ing was peeled off, revealing that peeling the cotton resulted in

the wound reopening, whereas the DAD group exhibited an intact

blood clot. In contrast, wounds treated with AD exhibited strong

adhesion, attributed to the excessive blood, causing it to assume

the Wenzel state and making detachment challenging [29].

In the wound region, the fibroblast cells, human venous en-

dothelial cells (HUVEC), and macrophages (MA, RAW 267.4) played

physiological roles in wound repair [30,31]. Cells selectively ad-

hered only to the activated hydrophilic channel due to hydrophilic

and superhydrophobic transformation (Fig. S20 in Supporting infor-

mation). The CCK-8 and Calcein AM/PI staining results proved that

DAD had good biocompatibility (Figs. S21-S26 in Supporting infor-

mation). The biosafety of DAD ensured that the superhydropho-

bic construction was fluoride-free [32]. Moreover, compared with

hydrophilic wound dressing, superhydrophobic dressing possesses

antibacterial adhesion properties, especially the HACC (chitosan

quaternary ammonium salt) can also be adsorbed in hydrophilic

channels as an antibacterial material (Figs. S27-S29 in Supporting

information). And the DAD also had a good hemocompatibility (Fig.

S30 in Supporting information).

Clinical chronic wounds can arise from various reasons with

wound exudate, including infected wounds, diabetic wounds, pres-

sure ulcers, and so on. A pressure ulcer wound model was created

by applying persistent pressure with a magnet [33], and a mass of

wound fluid began to appear at day 5 (Fig. 4a and Fig. S31 in Sup-

porting information). At day 7, the magnet was removed, and the

pressure ulcer was treated with the wound dressing. It was ob-

served that the wound exhibited accelerated healing directly fol-

lowing treatment with DAD (Fig. 4b). After comparison with the

control group, DAD significantly promoted pressure ulcer healing

as a wound dressing, demonstrating a repair rate approximately 2-

3 times higher than that of conventional cotton (Fig. 4d). At day

20, HE staining of the wound revealed clot and incomplete epider-

mis, except for the wound treated with DAD (Fig. 4c). Though the

comprehensive analysis including wound situation, the formation

of new blood vessels, the thickness of the epidermis, and the col-

lagen volume fraction (CVF) showed that the wound treated with

DAD had a mature and optimal wound status (Fig. 4c and Fig.

S32c in Supporting information) [34,35]. To investigate the under-

lying reasons for the promotion of chronic wound healing by DAD,

the inflammatory response in the early stages of chronic wounds

was studied through staining with CD68/CD206. The results re-

vealed the M2 phenotype predominated with DAD-treated, which

exhibited approximately three times more than others (Figs. 4c

and e, Fig. S32a in Supporting information) [36,37]. This indicated

that the inflammatory response in chronic wounds was regulated

by DAD treatment in the management of excess wound seepage,

thereby facilitating quick healing of chronic wounds. Moreover, the

same wound dressing was applied to normal acute wounds, which

exhibited no significant treatment (Fig. S33 in Supporting informa-

tion).

Simultaneously, to conclusively validate the results, infected

wound, and diabetic wound models were established to observe

the healing process. In essence, DAD also facilitated the healing
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Fig. 4. The pressure ulcer healing with draining anti-adhesion dressing. (a) Schematic of the wound dressings used to heal the pressure ulcer wound. (b) Images of pressure

ulcer wound healed with different wound dressing at day 5, 10, 15, 20 (Scale bar=1mm). (c) The HE (Scale bar=1000 μm) and Masson (Scale bar=100 μm) staining of the

wound at day 20, and the CD68/CD206 (red/green) staining of the wound at day 5 (Scale bar=100 μm) (n=3, the black arrow showed the unhealing epidermis). (d) The

wound healed area compared with the blank group at day 5, 10, 15, 20 (n=3). (e) The fluorescence area of CD206/CD68 at day 5 (n=3, ∗∗P<0.01, ∗∗∗P<0.001).

of infected wounds (Figs. S34 and S35 in Supporting information)

and diabetic wounds (Figs. S36 and S37 in Supporting information),

by effectively managing wound seepage to regulate inflammation.

Thus, DAD specifically regulated wound seepage to reduce inflam-

mation in chronic wounds, bringing the wound closer to a healthy

tissue state.

In summary, based on the need to prevent secondary trauma,

the draining anti-adhesion dressings (DAD) with high-efficiency

exudates transport capacity were developed in this work through

the superhydrophobic/hydrophilic pattern, and the hydrophilic mi-

crochannels array was carefully designed through regulating the

diameter and distribution of microchannels, to balance the re-

lationship between anti-adhesion and liquid drainage. The DAD

showed the good biocompatibility and promotion healing of

chronic wounds, which integrated holds promise for addressing

the challenges associated with the impaired healing and secondary

trauma of chronic wounds in clinical settings. With further devel-

opment and clinical testing, the strategic approach to wound dress-

ing design outlined in this study holds significant promise.
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