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Exudate management is of significant clinical value for the treatment of acute wound. Various wound dressings
have been developed to restore the function of injured tissues and promote wound healing, but proper exploiting
the healing factors inside exudate and achieving anti-adhesion wound care remains a challenge. Herein, we
present a novel multi-functional composite dressing (MCD) by coupling supernatant lyophilized powder of
mesenchymal stem cells (MSC-SLP) with a sandwich-structured wound dressing (SWD). The developed MCDs
demonstrated unique unidirectional drainage capability, stable anti-adhesion characteristics, and improved
wound healing performance. The designed SWD with both superhydrophobic inner surface and liquid-absorption
ability of mid layer enables the dressings exhibit desired anti-adhesion property to neoformative granulation
tissues, favorable shielding effect to exogenous bacteria, as well as appropriate exudate-retaining capability and
unidirectional exudate-absorption property. The introduction of MSC-SLP in SWD was demonstrated to further
improve wound healing quality. Compared to medical gauze, the synergic effect of SWD and MSC-SLP signifi-
cantly accelerates wound healing rate by over 30%, avoids tissue avulsion when changing dressings, and pro-
duces a flat-smooth closure surface. More importantly, the wound treated with MCDs presents more skin
accessory organs and blood vessels in regenerated tissues than other groups. In vivo/vitro biocompatibility
evaluations indicated little toxicity, demonstrating the biosecurity of the developed dressings. The proposed
method offers great potential in clinical applications particularly for chronic wound treatments.

1. Introduction

Exudate contains various healing factors, creates a moist environ-
ment, and provides support for wound healing [1,2]; while too much or
little exudate is unfavorable for wound healing due to the induced
wound infections or the insufficiency of nutrients for wound healing
especially for chronic wounds [3,4]. How to realize efficient exudate
management and make full use of the positive effect of exudate under
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the premise of avoiding wound infection seems to be imperative in
clinical care and receives increasing attention [5,6].

Dressings with good absorption ability, such as traditional gauze,
hydrogel and polyurethane (PU) sponges, have been developed to
remove the accumulated exudates on wound surface [7-10]. However,
exudate absorption is apt to result in an over-wet and adhesive interface
between these dressings and wound surface, making the dressings
adhere to wound surface through wound scabs or neoformative
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granulation tissues. As a result, severe wound avulsion occurs when
repeatedly replacing dressings, leading to secondary injury on wound
and bringing great pain to patients [11-13]. To address this issue, a type
of Janus dressing has been reported to quickly remove exudate and
create a dry wound environment so that to avoid adhesion between
dressing and wound surface [14-20]. For example, Qi et al. developed a
nanofiber Janus dressing to drain excessive exudate from wound by
taking advantage of the wettability difference between two layers [20].
Of note, the exudate removal also implies the loss of various vital
healing factors for wound repair [16,17]. Thereby, how to reach a
compromise between exploiting the promoting effect of these healing
factors for wound healing and efficiently removing the exudate from
wound is a critical issue.

In addition to the proper management of exudate, the introduction of
various beneficial factors that inhibit wound infection and favor wound
repair is also necessary for an ideal wound dressing [17-21]. In recent
studies, silver ions, silica nanoparticles, oxacillin and other
anti-bacterial drugs have been proposed to be added into dressings to
impart dressings antimicrobial activity [20-24]. As reported by Shen
et al., in order to prevent bacterial infection, amoxicillin powders were
uniformly encapsulated on the assembled Janus wound dressing to
achieve faster wound healing [21]. Zhong et al. developed an asym-
metric bacterial cellulose (ABC) wound dressing by incorporating
silver-metal organic frameworks (Ag-MOF) and curcumin into ABC
membrane, and obtained antioxidant, reactive oxygen species (ROS)
scavenging and anti-bacterial activities on dressings [24]. The incor-
poration of these anti-bacterial drugs into wound dressings can indeed
reduce wound infections and favor wound healing, but simultaneously
brings more risks of human allergies and drug toxicity in actual appli-
cations [20-24]. As a consequence, exploring a novel multi-functional
dressing that enables efficient exudate management, avoids tissue
adhesion between dressing and wound surface, and accelerates wound
repair is not only urgent but challenging.

Hydrogels have been extensively used as carriers in wound dressings
since they present favorable biocompatibility and provide extracellular
matrix (ECM)-like micro-environments for tissue regeneration [25].
Various biologically active substances or drugs can be loaded into
hydrogels and sustainedly released through degradation of hydrogels.
Poloxamer hydrogels present desired elasticity and plasticity, allowing it
to fit snugly with wound surface to avoid the generation of dead space
between wound surface and hydrogels and isolate the wound from
external environmental stimuli [26]. Simultaneously, hydrogels enable
the wound surface maintain a durable moist environment, providing an
advantageous condition for wound healing [27]. For instance, Du et al.
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curcumin-phospholipid complex (CPC) into poloxamer hydrogel for
wound healing [28]. Compared to curcumin hydrogel, CPC hydrogel
showed higher curcumin dissolution and wound healing effect on rat
skin wound model especially in early phase.

In this study, we proposed a novel multi-functional composite dres-
sing (MCD) with unidirectional drainage capability and anti-adhesion
characteristics, where poloxamer hydrogels loaded with MSC-SLP (H/
MSC-SLP) were coated on the inner or mid layer of a sandwich-
structured wound dressing (SWD) to promote tissue repair through the
paracrine effect of stem cells, as illustrated in Fig. 1. SWD was con-
structed by assembling inner superhydrophobic (SHO) PDMS layer, mid
gauze layer and outer hydrophobic PDMS layer. The stable super-
hydrophobicity enables the inner layer present excellent anti-adhesion
property to both bacteria and cells, protect wound surface from bacte-
rial infections and eliminate tissue avulsion when replacing dressings.
Benefiting from the strong absorption ability of mid gauze layer, the
excess exudates produced on wound surface can be irreversibly absor-
bed through the micro-channels designed on inner layer. By coating H/
MSC-SLP on SHO PDMS surface or gauze layer, the synergic effect of
SWD and the MSC-SLP released from hydrogel was experimentally
demonstrated to significantly accelerate wound healing process and
eliminate tissue avulsion during wound treatments. Taking advantages
of the unique unidirectional drainage and stable anti-adhesion capa-
bilities of SWD, the biodegradable property of hydrogel and the para-
crine effect of MSC-SLP, the prepared biocompatible multi-functional
composite dressing holds the great promise as an ideal dressing for
wound healing.

2. Experimental section
2.1. Materials employed in experiments

The employed PDMS membranes of chemical grade were obtained
from Hangzhou Guinie Advanced Materials Co., Itd. (Zhejiang, China).
The cotton gauze and medical adhesive tapes were obtained from Lanluo
Kangmengda (Shandong, China). 407,/188 poloxamer hydrogel, DMEM/
F12 (F-12, HyClone, Logan City, UT) and fetal bovine serum (FBS, Gibco,
Grand Island, NY) were purchased from Aladdin Reagent (Shanghai)
Co., Ltd. Escherichia coli and Staphylococcus aureus were provided by
Novolife International Medical Central (Taian, China). The supernatant
lyophilized powders of mesenchymal stem cells (MSC-SLP) were pro-
vided by Suzhou Ruilai Biotechnology Co., Ltd.

Depilatory cream (Aifuyi) was provided by Naijing Tongrentang
(China). Silicone gaskets with the diameter and thickness of 10 mm and

prepared a medicated hydrogel through loading the 1.0 mm were provided by Shanghai Liangfei Trading Co., Ltd.
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Fig. 1. Schematic diagrams showing the fabrication process of multi-functional composite dressings and the release of the loaded MSC-SLP in hydrogel coating.
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(Shanghai, China). Male BALB/c mice 6-8 WEEKS OLD were purchased
from Beijing HFK Bioscience Co., Ltd. (Beijing, China) and were main-
tained in the animal facility of Qilu Hospital of Shandong University. All
the mice investigated in our experiments were approved by Animal
Procedures Committee of Qilu Hospital of Shandong University. The
mice were handled strictly in accordance with the guidelines for the care
and use of laboratory animals. All animal care and experimental pro-
cedures were reviewed and approved by the Animal Investigation Ethics
Committee of Qilu Hospital of Shandong University.

2.2. Preparation of superhydrophobic PDMS surface

Hierarchical micro/nano-structures were fabricated on PDMS sur-
face to obtain superhydrophobicity through femtosecond ultraviolet
(UV) laser system (Time Bandwidth; Duetto). The utilized laser param-
eters mainly include pulse duration of 209 fs, pulse repetition rate of
100 kHz, pulse energy of 4.2 pJ and laser scanning speed of 1000 mm
s~ 1. The geometrical dimensions of the fabricated structures were tuned
by controlling the distance between adjacent laser scanning lines and
laser scanning repetitions.

2.3. Preparation of various multi-functional dressings

The designed sandwich-structured wound dressing (SWD) is
designed to be composed of the outer pristine PDMS layer (thickness
100 pm), the mid gauze layer (thickness 1 mm), and the inner super-
hydrophobic PDMS layer (thickness 500 pm) with the superhydrophobic
surface facing wound surface. The via holes with the optimized diameter
of 1.5 mm were machined on PDMS membrane by using a hole punch.
Based on previous studies [29,30], hydrogel was obtained by mixing
sterile poloxamer 407 (Pol-407, 17.9%) and Pol-188 (8%, w/w) at 4 °C
environment. MSC-SLP-loaded hydrogel (H/MSC-SLP) was obtained by
dissolving MSC-SLP into hydrogel and maintained at 4 °C environment.
By smearing H/MSC-SLP on superhydrophobic PDMS surface or gauze
layer of SWD dressing, the dressings of SWDs + H/MSC-SLP or SWDm +
H/MSC-SLP was prepared. When preparing dressings, PDMS membranes
and gauze were cut of 3 cm x 3 cm, and the dressing was prepared by
adhering the three layers together along the edges with medical glue.

2.4. Surface morphology and wettability characterization

The topography and morphology of PDMS membranes were char-
acterized using atomic force microscope (AFM, Bruker BioScope
Resolve), scanning electron microscope (SEM, JSM-6610LV) and laser
scanning microscope (VK-X100, Keyence). Static contact angle was
measured using an DSA100S system (Kruss, Germany) under atmo-
spheric condition. In impinging experiments, dynamic droplet behaviors
were recorded with a high-resolution camera equipped in DSA100S
system at a frame rate of 1000 fps [31,32]. The experiments were con-
ducted in triplicate for each condition.

2.5. Investigation of unidirectional drainage capability of dressing

The prepared SWD was horizontally fixed, and the 50 pL droplet was
deposited using a pipette from both superhydrophobic PDMS and
superhydrophilic gauze sides of the dressing. When depositing the
droplet onto superhydrophobic PDMS surface, the droplet was gradually
squeezed using a pristine PDMS surface until the droplet passed through
superhydrophobic PDMS layer. During measurements, the images were
captured using a high-revolution camera.

2.6. Bacterial adhesion test
The experiments were divided into two groups, namely pristine

PDMS control group and superhydrophobic PDMS (SHO-PDMS) group.
E. coli and S. aureus were dissolved in 1 ml PBS respectively, then the
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dissolved bacteria were evenly added to the nutrient agar plate (NA),
and cultured in a biochemical incubator at 37 °C for 24 h [33]. Dis-
infected PDMS membranes of appropriate size were placed in bacterial
colony of NA for another 24 h. The PDMS were washed three times with
PBS and stained with the Annexin V-FITC and the Propidium Iodide (PI)
Staining Kit (MultiSciences, Hangzhou, China) according to the manu-
facturer’s instructions. Bacterial density was observed and measured
through a electron microscope.

2.7. Cell adhesion test

The experiments were also divided into three groups, namely pristine
PDMS control group, SHO-PDMS group and SHO-H-PDMS group.
Human Embryonic Kidney HEK-293 T cells (293T) and Human umbili-
cal vein endothelial cells (HUVECs) were cultured in DMEM (Hyclone,
Logan, UT) containing 10% fetal bovine serum, 100 IU/mL penicillin,
100 mg/mL streptomycin and incubated at 37 °C in a humidified at-
mosphere containing 5% COz. The SHO PDMS membranes were cut into
appropriate sizes, soaked in 75% ethanol for 30 min, washed three times
with PBS. Subsequently, the membranes were placed on the bottom of a
6-well cell culture plate with the superhydrophobic facing up. HUVECs
and 293T cells were prepared as cell suspensions in DMEM medium.
After incubation for 48 h, the supernatant was aspirated, 4% para-
formaldehyde was added and incubated for 30 min at room temperature,
then the supernatant was aspirated, and washed twice with PBS. Sub-
sequently, the membranes were taken out, placed on a glass slide with
the fiber side facing up. The distribution of cells on the film was recorded
by a microscope (NIKON ECLIPSE CI, Tokyo, Japan).

2.8. Cell viability and toxicity assay in vitro

Live/dead cell assay: NIH-3T3, HUVEC and HaCaT cells were first
seeded on each 6-well culture plate for culture and adhesion for 4 h. For
each plate, the six wells were equally divided into three groups. Then the
PDMS membranes before and after laser processing were respectively
added into two of the six wells and co-cultured with cells for another 48
h, where the used PDMS membranes have the same dimension of 8 mm
x 8 mm. Subsequently, the cells in each group were stained by AO-PI
kits (Acridine Orange, AO, Propidium Iodide, PI) for live/dead cells
assay according to the manufacturer’s instructions. Finally, cell viability
in each group was assessed using fluorescence microscope (Leica,
Germany).

Cell viability and toxicity assays: NIH-3T3, HUVEC, and HaCaT cells
were used for cell viability and toxicity assay. For cell viability assay, the
three kinds of the cells were respectively cultured in 96-well plates with
DMEM containing 10% FBS at 37 °C in a 5% CO; atmosphere. In each
well, approximately 5000 cells were added. After 4 h of cell adhesion,
the wells were equally divided three groups. The PDMS membranes
before and after laser treatment were respectively added into one group
wells and co-cultured with cells for another 24h, 48h, and 72h,
respectively. Then, a volume of 20 pL of CCK-8 solution was added to
each well and incubated for another 3 h. The absorbance of each well
was measured at the wavelength of 450 nm through microplate reader
(Thermo). For toxicity assay, the cells grouping and co-culturing pro-
cedures are the same with cell viability assay. LDH kit was used for
toxicity assay according to the manufacturer’s instructions. The absor-
bance of each well was measured at the wavelength of 490 nm through
above microplate reader. Of note that three independent experiments
were repeated in each group for cell viability and toxicity assays.

Cytotoxicity Tests of hydrogel: The hydrogel was dissolved in DMEM
medium containing 10% FBS in the proportion of 0%, 1%, 10% and
20%. A volume of 200 pL. DMEM medium of cell suspension of NIH-3T3
was dropped into 96-well plates (5000 cells in each well) with hydrogels
of different concentrations. The cells and hydrogels were co-incubated
for 24 h. A volume of 20 pL of CCK-8 solution was then added to each
well and incubated for another 3 h. The absorbance at 450 nm was
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measured through a microplate reader (Thermo). Three independent
experiments were repeated.

2.9. Cell scratch tests

NIH-3T3, HUVEC, and HaCaT cells were used in experiments. Each
type cells were planted in a six-well plate with each well containing 5 x
10° cells. The cells were cultured in high-glucose DMEM medium con-
taining 10% fetal bovine serum (FBS) at 37 °C in a 5% CO atmosphere.
When the cell fusion rate reached 80-90%, we used a 200 pl pipet tip to
slide vertically along the bottom of the cell culture plate. Afterwards, the
supernatant were removed and the floated cells were washed with PBS.
And 2 ml of FBS free high glucose DMEM medium was added to each
well for continued observation. For each type cells, in addition to the
control well (addition of nothing), experimental groups with addition of
low concentration exosome (2 x 10° particles/well), high concentration
exosome (1 x 1010 particles/well), low concentration MSC-SLP (1 pg/
well), and high concentration MSC-SLP (5 pg/well) groups were also set.
After 18-24 h, the proliferation and migration states of the cells were
observed under optical microscope.

2.10. Release characteristics of the MSC-SLP loaded in hydrogel

20 mg MSC-SLPs were first mixed with the prepared 10 ml hydrogel
solution. Then the mixed hydrogel solution was transferred to a 50 ml
centrifuge tube and placed in a refrigerator at 4 °C for 6 h to remove the
bubbles and fully liquefy the hydrogel. After that, the hydrogel solution
was incubated at 37 °C for 6 h to allow it to fully gelify. Then 10 ml
preheated DMEM culture medium was added on top of hydrogel (sam-
ple). Such sample was repeated in six 50 ml centrifuge tubes. Then the
upper layer culture medium was drawn in one tube every 2 h in
sequence. After 12 h, the protein concentrations in the solutions were
measured using bicinchoninic acid (BCA) method according to the
instructions.

2.11. In vivo imaging characterizations

2 mg MSC-SLP was dissolved in 1 ml hydrogel solution. 100 pl of 5
mM CY7 dye (Catalog no. HY-D0825, MCE, USA) was added in above
solution and mixed well in dark for 15 min. Then the hydrogels loaded
with MSC-SLP were used to prepare SWDs + H/MSC-SLP or SWDm + H/
MSC-SLP dressings. The dye-containing dressings were applied on the
created diabetic wounds on mice, and the fluorescence signals around
wound were collected at 0 h, 12 h, and 24 h using an In Vivo Imaging
System (Tanon company, Shanghai, China). After 24 h, the mice were
euthanized, and blood, urine and various internal organs were collected
for fluorescence signal detection.

2.12. Induction of diabetes

6-8 weeks old male BALB/c mice were rendered diabetic by high fat
feeding for 4 weeks and intraperitoneal injection of 200 mg/kg strep-
tozotocin (STZ; Sigma-Aldrich, St Louis, MO, USA). Blood sugar was
monitored using a glucose meter (Roche Diagnostics, Mannheim, Ger-
many). Animals with two consecutive daily blood glucose measurements
above 20 mmol/l were considered diabetic and were performed skin
wound surgery.

2.13. Study on the treatment effect for diabetic wound healing model

Diabetic BALB/c with a model of back skin wounds were divided into
6 groups mice treated with (1) ordinary medical gauze, (2) SWD, (3) H/
MSC-SLP + G, (4) SWDm + H/MSC-SLP, (5) SWDs + H/MSC-SLP and (6)
SWDm/s + H/MSC-SLP. There were 3 mice in each group. The mice
were anesthetized with pentobarbital sodium. The hair in the center of
mice back was depilated through epilator and depilatory ointment. A
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skin biopsy device was used to punch a hole with the diameter of 8 mm.
The round skin wound presents a sharp cut edge. Cotton swabs was used
to press wound to stop bleeding, and silicone rings were used to fix the
wound to avoid the impact of mechanical traction on wound healing.
According to different groups, the wound was first covered with a
dressing, followed by a medical adhesive bandage. The dressings were
changed every 3 days. The wound size was recorded using a vernier
caliper, and the evolution of wound appearance was recorded using a
camera. ImageJ software was used to calculate wound area for statistics
analysis of the wound healing rate. At the end of the experiment(at day
15), the mice were anesthetized and euthanized, and the newborn skin
tissue of the back was removed for further observation.

2.14. Histopathological analysis

The collected skin tissue was fixed with 4% paraformaldehyde for 24
h, then dehydrated with 15% and 30% sucrose solutions for 24 h and 12
h, respectively. Later, dehydrated skin tissue was placed in an embed-
ding box and embedded with optimal cutting temperature compound.
The tissue was sectioned to the thickness of 6 pm, and then conventional
H&E, CD31 and masson staining was performed. After sealing the tissue,
the tissue was observed and photographed under ordinary microscope
and fluorescence microscope.

3. Results and discussion
3.1. Material characterizations

Polydimethylsiloxane (PDMS) membranes and gauze were applied to
construct SWD with the aid of laser micro/nano-manufacturing process
(Fig. 1), where the milli-holes were machined through mechanical
drilling and the superhydrophobic surface was fabricated through laser
irradiating on PDMS surface. Surface morphology of pristine PDMS
membrane was measured through SEM and AFM. As observed in Fig. 2a
and b, where the inset image in Fig. 2a showed the morphology on
pristine PDMS surface with higher magnification, the pristine PDMS
membrane was constructed of numerous closely interconnected nano-
pores with the dimension ranging from tens to hundreds of nanometers.
The intrinsic chemical compositions and porous surface morphology
endowed PDMS membrane with good surface hydrophobicity, where the
droplets of water, FBS and F12 on pristine PDMS surface presented a
contact angle of 106.2°, 93.0° and 95.0°, respectively (Fig. 2e). These
droplets strongly adhered on the surface and do not slide off even when
the surface tilted at 90°.

Constructing hierarchical micro/nanostructures with specific char-
acteristics on hydrophobic surface is a common strategy to realize
superhydrophobic property [34,35]. Fig. 2¢ shows the laser fabricated
hierarchical micro/nano-structures consisting of the microcones array
(Fig. 2c) and the densely distributed nanoparticles on microcones sur-
faces (inset image in Fig. 2c¢), where the microcones have an average
height of 60 pm and an adjacent distance between microcones of 120
pm. Fig. 2d shows the three-dimensional morphology of laser fabricated
microcones on PDMS surface, which indicates that the formed micro-
cones present regular shapes and uniform dimensions in height and
diameter. Thus, the resultant structured surface in large area presents
uniform properties, e.g. surface wettability. As observed in Fig. 2e and f,
these structured surfaces exhibit superhydrophobic property and pre-
sent low adhesion to various liquids, where water, FBS and F12 on the
structured surfaces present a contact angle of over 150° and a sliding
angle of less than 10° (Fig. 2e). Fig. 2f shows the dynamic behaviors of
various droplets impinging on the structured surface, which is used to
evaluate the stability of superhydrophobicity. The falling water droplet
first underwent a lateral spreading process (0-3 ms) when contacting
superhydrophobic surface, then retracted and rebounded up (3-7 ms),
and completely separated from the surface (7-15 ms), followed by
several fall-rebound cycles, and finally rolled off the surface. In contrast,
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Fig. 2. Morphology and wettability characteristics of PDMS surfaces before and after laser processing. a-b) Surface morphologies and typical height profiles of
nanopores on pristine PDMS membrane. c-d) Surface morphologies and typical cross-sectional profiles of the laser fabricated hierarchical micro/nano-structures on
PDMS membrane, where the height of microcones is approximately 60 pm and the interspace distance between microcones is 120 pm. e) Contact angle and sliding
angle of various droplets on PDMS surfaces with different morphology. f) Dynamic processes of various droplets impinging on the structured PDMS surface.

the falling FBS or F12 droplets finally adhered on the surface after
impact, without detaching from surface in retracting process (Fig. 2f).
Both the droplets stabilized on surface with an ellipsoid shape. The
Cassie-to-Wenzel translation at solid-liquid interface is responsible to
the high adhesion of the interface to droplets, but droplets on the
structured surface retain a superhydrophobic state. The results demon-
strated strong stability of the superhydrophobicity, which laid the
foundation for subsequent preparation of MCDs and SWDs.

3.2. Anti-adhesion properties of superhydrophobic PDMS surface

Wound healing is generally a complex process, especially for chronic
wounds such as diabetic wound, due to bacterial infection. Imparting
anti-bacterial adhesion property to dressing is an important strategy to
reduce wound infections [36,37]. Compared with conventional
anti-bacterial materials containing Ag ions or antibiotics, super-
hydrophobic surface shows low cytotoxicity and remains good
anti-adhesion properties [38,39]. Anti-adhesion performance of super-
hydrophobic PDMS surface to bacteria was evaluated by culturing E. coli
and S. aureus on PDMS membranes. When lifting the membranes from
nutrient agar plate, large amount of bacteria (both E. coli and S. aureus)
were strongly adhered on pristine PDMS surface (Fig. S1), where the
area ratio of E. coli and S. aureus on pristine PDMS surface reached up to
61.6% and 68.2%, respectively. By contrast, few bacteria were adhered
on SHO PDMS surface, where the area ratio of E. coli and S. aureus on
SHO PDMS surface was 11.9% and 3.2%, respectively. After washing

and staining process, as displayed in Fig. 3, numerous E. coli colonies
(area ratio of 16.2%) and densely distributed S. aureus (1.05 x 10°
mm~2) adhered on pristine PDMS surface, indicating high adhesion of
the surface to both bacteria. In contrast, nearly no bacteria were
observed on superhydrophobic PDMS surface, indicating low adhesion
of the structured PDMS surface to E. coli and S. Aureus. The anti-adhesion
performance of superhydrophobic PDMS surface was also performed by
culturing 293T and HUVEC cells on PDMS membranes. As observed in
Fig. 3b, the densely distributed 293T cell groups (25 groups/mm?) and
HUVEC cells (587 cells/mm?) were observed on pristine PDMS surface,
while few cells were detected on superhydrophobic PDMS surfaces. The
low cell adhesion performance of superhydrophobic PDMS surface was
mainly ascribed to the low contact area of the cells to surface and the
unfavorable growth environment on superhydrophobic PDMS surface
[40,41]. When used for preparing dressings, the excellent anti-adhesion
performance of superhydrophobic PDMS surface provides great promise
for reducing the tearing of wound tissues and secondary wound injury
[42,43].

3.3. Preparation of multi-functional composite dressing

The sandwich-structured wound dressing (SWD) is prepared by
assembling a SHO PDMS membrane with milli-scale via holes as inner
layer, a gauze layer to absorb excess exudate on wound surface, and a
pristine PDMS membrane as outer layer to protect wound from in-
fections by external pathogens (Fig. 1), where the milli-holes function as
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Fig. 3. The anti-adhesion properties of PDMS surface with different hierarchical structures. a) SEM images showing the anti-bacterial property of pristine and
superhydrophobic PDMS surfaces to E. coli and S. aureus. b) Fluorescence microscope images showing the anti-bacterial and anti-cell adhesion properties of pristine

and superhydrophobic PDMS surfaces.

channels to realize unidirectional drainage capability at the interface
between SHO PDMS and gauze layers. The unidirectional drainage effect
of SWD was physically simulated as schematically illustrated in Fig. S2
(a), where the droplet represents the accumulated exudate on wound
surface. When droplet was dropped on SHO PDMS surface, the droplet
could be drained into milli-holes and absorbed by gauze layer under the
squeezing effect from a PDMS surface, where the squeezing effect rep-
resents the interaction between dressing and wound surface. On the
contrary, when droplet was dropped from gauze side, the liquid was
quickly absorbed by gauze layer, but liquid diffusion ended at the
interface between gauze and PDMS layers (Fig. S2(b)). The above results
demonstrate the potential unidirectional drainage capability of the
designed sandwich-structured dressings. Thus, these dressings exhibit
potential abilities of protecting wound from external fluids, removing
excess exudate from wound and maintaining anti-adhesion performance
of the dressings.

When introducing MSC-SLP in SWD, the wound healing process is
expected to be further accelerated due to the promoting effect of MSC-
SLP in cell proliferation. In our experiments, MSC-SLPs were evenly
dissolved into poloxamer hydrogel to prepare the mixed gel (H/MSC-
SLP). By loading H/MSC-SLP on SHO PDMS surface or mid gauze layer,
two different multi-functional composite dressings of SWDs + H/MSC-
SLP and SWDm + H/MSC-SLP were prepared, as illustrated in Figs. 1
and 4. When applied SWDs + H/MSC-SLP on wound surface, the H/
MSC-SLP layer was tightly contacted with wound surface (Fig. 4, left).
The large contact area between H/MSC-SLP and the exudate on wound
surface enabled hydrogel to degrade quickly, leading to the release of
numerous MSC-SLPs into wound surface to facilitate wound repair.
However, the close contact of the H/MSC-SLP layer with wound surface
simultaneously led to severe adhesion at the interface, which brought
great challenge for dressing replacement. In comparison, when applied
SWDm -+ H/MSC-SLP on wound surface, much less hydrogels were

/Outer PDMS surfacti
Gauze <MSC-SLP - - - Gauzethydrogel+MSC-SLP
o G : T Inner SHO = R ;
L 000 o 000 o000 . N ¥ ¥ v »

e

Wound surface

Hydrogel

Wound surface

Fig. 4. The release of the MSC-SLPs loaded in hydrogel coated on inner SHO PDMS surface (left) or mid gauze layer (right).
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exposed to wound surface and the released small amount of MSC-SLPs
from hydrogel contributed to wound healing; meanwhile, the inner
SHO PDMS surface enabled the dressing difficult to be adhered to wound
surface, which provided great convenience for dressing replacement
during wound healing.

The diabetic wound is commonly known to be difficult to heal, which
is mainly attributed to the vascular reconstruction disorder, local
inflammation, glucotoxicity, and matrix production disorders. The su-
pernatant of stem cells contains abundant various cytokines (VEGF, EGF,
FGF, TGF-p), exosomes and anti-inflammatory factors, which promote
vascular regeneration, fibroblast differentiation, deposition of extra-
cellular matrix such as collagen, as well as anti-inflammation and
fibroblast migration to facilitate wound healing [44-46]. These bioac-
tive substances are well preserved in the MSC-SLPs used in our experi-
ments. The most important cytokines for promoting wound healing,
including the vascular endothelial growth factor (VEGF), the epidermal
growth factor (EGF) and the exosomes in MSC-SLPs, have been detected
using enzyme linked immunosorbent assay (ELISA) and nanoparticle
tracking analysis (NTA) methods when the lyophilized powders are
completely restored to original supernatant concentration (e.g., Fig. S3),
where the concentrations of VEGF, EGF and exosome is 7.36 pg/ml,
16.24 pg/ml and 5.7 x 10° particles/mL, respectively. In actual appli-
cations, the concentration of these bioactive substances dissolved in
wound exudate is much higher than that in supernatant. Particularly,
the biological functions of extracellular vesicles (exosomes) from stem
cells in diabetic wounds healing, such as anti-inflammatory [47,48],
promoting angiogenesis [49,50] and facilitating cell proliferation and
migration [51,52], have been widely reported in previous
investigations.

To evaluate the biological effects of MSC-SLP, cell scratch tests have
been carried out using the representative fibroblasts (NIH-3T3), endo-
thelial cells (HUVEC), and epidermal keratinocytes (HaCaT) that make
up the skin. Compared with control group, the addition of exosome
contributed to the proliferation and migration of NIH-3T3 and HUVEC
cells to a certain extent, while the addition of MSC-SLP significantly
accelerated the proliferation and migration of NIH-3T3 and HUVEC
cells, as clearly observed in Figs. S4(a-b). In contrast, the addition of
both exosome and SLP contributed little to the proliferation and
migration of HaCaT cells (Fig. S4(c)). Therefore, compared with exo-
some, the introduction of MSC-SLP in the prepared dressings shows
higher potential to promote wound healing. Moreover, the diabetic
wound healing process includes inflammatory, proliferative, and
remodeling phases. The various bioactive substances in MSC-SLP func-
tion their biological effects over the whole healing process [47]. For
instance, the exosomes and anti-inflammatory factors function their
effects in early inflammatory phase, while various reparative cytokines
function their effects in subsequent proliferative and remodeling phases
[50,52,531.

The release characteristics of the loaded MSC-SLP in hydrogel was
tested in DMEM culture medium. As displayed in Fig. S5, the loaded
MSC-SLPs in hydrogel were gradually released with time due to the
degradation of hydrogels in DMEM culture medium. Simultaneously, the
MSC-SLP concentration in the medium increased with time at nearly a
liner trend. To validate that the loaded MSC-SLP in hydrogel can be
effectively released and absorbed by wound exudate during applica-
tions, the wounds treated by SWDs + H/MSC-SLP and SWDm + H/MSC-
SLP dressings were respectively characterized using CY7 dye. As indi-
cated in Figs. S6(a-b), the loaded MSC-SLPs in both SWDs + H/MSC-SLP
and SWDm + H/MSC-SLP dressings have been detected within and
around the wounds of two models, especially when both the wounds
were treated for more than 12 h. Furthermore, after the wounds were
treated for 24 h, the mouse organs were harvested for fluorescence
detection. As observed in Figs. S6(c—d), the fluorescence signals have
been detected in the liver, spleen, kidney and blood from both mice,
indicating that the bioactive substances in MSC-SLPs have entered the
bloodstream, liver, spleen and kidneys. All these experimental results
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demonstrate that the loaded MSC-SLPs in both SWDs + H/MSC-SLP and
SWDm + H/MSC-SLP dressings can be continuously released and suc-
cessfully absorbed by wound exudate to function their biological effects
during wound healing.

3.4. In vivo excisional wound healing study

Based on the presented capabilities of SWD and the promoting effect
of MSC-SLP in cell proliferation, in vivo experiments were conducted to
evaluate the effect of the prepared various dressings on wound healing
process. Diabetic acute wound model was created on the center of mice
back as shown in Fig. 5a, then the wounds were treated with different
dressings, namely control (gauze), SWD (sandwich-structured wound
dressing), H/MSC-SLP + G (gauze loaded with H/MSC-SLP), SWDm +
H/MSC-SLP (SWD loaded with H/MSC-SLP on mid gauze layer), SWDs
+ H/MSC-SLP (SWD loaded with H/MSC-SLP on SHO PDMS surface),
and SWDm/s + H/MSC-SLP (SWDm + H/MSC-SLP in first 3 days while
SWDs + H/MSC-SLP in later period) groups. The wound healing process
was tracked over a 15-day period, where the dressings were replaced
and the repaired wound surfaces were recorded every 3 days. In early
period (within 3 days), the wound is in the acute inflammatory phase, a
large amount of exudates are produced on wound surface. As observed
in Fig. S7, severe tissue adhesion generated between wound surface and
gauze or H/MSC-SLP in control, H/MSC-SLP + G and SWDs + H/MSC-
SLP groups, leading to avulsion of neoformative granulation tissues on
wound surface when replacing dressings (Video S1, Video S3, Video S5).
In comparison, little adhesion was observed at the interfaces between
dressing and wound surface in other groups (SWD, SWDm + H/MSC-
SLP) (Video S2, Video S4), which benefited from the stable super-
hydrophobic and anti-adhesion properties on PDMS surface and the
unidirectional drainage capability of SWD.

The images in Fig. 5b documented the development of wound
healing under the different treatments at 0, 3, 6, 9, 12 and 15 days. As a
whole, the wound size in all six groups reduced over time, as observed in
Fig. S8. The wounds in Control, SWD and SWDs + H/MSC-SLP groups
showed small closure and low healing rate (Fig. 5b and c), even the
wound size was enlarged (Control group) at day 3. In comparison, the
wounds in SWDm + H/MSC-SLP and SWDm/s + H/MSC-SLP groups
showed larger closure and exhibited higher healing rate throughout the
whole period, which mainly benefiting from the positive effect of
exudate and H/MSC-SLP on tissue repair and the timely removal of
excess exudate through unidirectional drainage effect of SWD. However,
the wound healing in SWDm + H/MSC-SLP group gradually became
slower than that in SWDm/s + H/MSC-SLP group in later period, due to
different availability of bioactive substances such as exosomes from
dressings for wound healing. In later period, wound healing progressed
to proliferation stage and exudates produced on wound surface became
less, the adhesion generated between dressing and wound surface
reduced significantly [54]. Meanwhile, the MSC-SLPs loaded in
SWDm/s + H/MSC-SLP group were sustainedly released through the
degradation of hydrogel during the direct interactions between wound
exudate and the H/MSC-SLP on dressing surface. By comparison, most of
the MSC-SLPs loaded in SWDm + H/MSC-SLP group were isolated by the
inner SHO PDMS layer of dressing and much less MSC-SLPs were
released to exert functions for wound healing, leading to lower healing
rate. Notably, the wound treated in H/MSC-SLP + G group still exhibited
high healing rate, though severe avulsion of neoformative granulation
tissues repeatedly occurred when replacing dressings. This is mainly
ascribed to the strong promoting effect of the released MSC-SLP from
hydrogel on wound healing and the excellent breathability of gauze.

Overall, the wound treated in SWDm/s + H/MSC-SLP group
exhibited superior healing quality during the whole period, owing to the
synergetic effect of the anti-adhesion property of SWDm + H/MSC-SLP
to wound surface in early period, the excellent unidirectional drainage
capability and moisturizing performance of dressing, and the strong
promoting effect of MSC-SLP on wound repair in later period. In this
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Fig. 5. a) Diabetic acute wound model constructed on mice back. b) Evolution of the wounds treated with gauze (control), SWD, H/MSC-SLP + G, SWDm + H/MSC-
SLP, SWDs + H/MSC-SLP, and SWDm/s + H/MSC-SLP, respectively. c) Statistical analysis of the healing rate of the wounds treated with different dressings.

group, severe avulsion of neoformative granulation tissues was effec- by over 30% at the same phase, as observed in Fig. 5c.
tively avoided in early wound healing period when large amount of
exudate generated on wound surface, which was conducive to wound
healing; moreover, the released MSC-SLP from H/MSC-SLP fully exerted
its promoting effect on wound repair in later wound healing period.
Compared with control group, the wound healing rate was accelerated

3.5. Histological assessment

To further evaluate the wound healing quality, the full-thickness skin
layers of the wounds treated with different dressings were completely

H&E CD31/DAPI Masson

H/MSC-SLP
+
G SWD Control

SWDm
+

SWDm/s SWDs
+ +
H/MSC-SLP H/MSC-SLP H/MSC-SLP

Fig. 6. H&E, CD31 and Masson’s staining of the skin tissue around wounds.
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removed at day 15 for histological analysis using HE staining, CD31
immunofluorescence staining and Masson staining (Fig. 6). It can be
seen from Fig. 5 that the wound edge of epidermis layer in control group
is irregular, which is presumed to be caused by the tissue avulsion when
changing dressings. Since the gauze possesses lattice-like porous struc-
tures with hole size of approximately 0.8 + 0.1 mm and provides
favorable condition for neoformative granulation tissues to grow into
the holes, leading to severe adhesion between gauze and tissues. Thus,
the tissue avulsion occurred when replacing dressings results in rough
wound edges. In SWD group, the repaired wound surface shows regular
shape (Fig. 6). Meanwhile, small amount of skin appendages and a thin
subcutaneous collagen layer were obtained. In both H/MSC-SLP + G and
SWDs + H/MSC-SLP groups, obvious traces of tissue pulling were
observed due to the strong adhesion of neoformative granulation tissues
to hydrogel. On the one hand, the adhesion derives from the physical
sticky property of hydrogels to wound surface [29]. On the other hand,
the porous structures of hydrogels also provide the possibility for the
cells to grow into hydrogels.

The pulling of tissue is conducive to alignment healing of wound to
some extent, but is more likely to result in the generation of folds and
scarring in the repaired wound surface (Fig. 5b and Fig. S7). In SWDm +
MSC-SLP group, the unidirectional drainage capability and anti-
adhesion property of SWD as well as the loaded H/MSC-SLP in gauze
layer played indispensable roles in removing exudate from wound sur-
face, avoiding adhesion between dressing and wound surface, and pro-
moting wound healing in early period, but lost its advantages in later
stages (after day 6, Fig. 5¢). The wound in this group presents a higher
depth, generates much more necrosis exudes and shows lower healing
speed than that in other groups in the healing process, leading to a
crater-like shape on the repaired wound surface (Fig. 6).

In SWDm/s + H/MSC-SLP group, a large amount of exudates
generate on wound surface in early wound healing period, the sandwich-
structured dressing with H/MSC-SLP loaded in mid layer (SWDm + H/
MSC-SLP) can effectively remove excess exudates from wound surface
through unidirectional drainage effect of SWD [31], which protects the
wound healing process from being influenced by the excess exudates
induced hypoxia and avoids the generation of pathogens. After 6 days,
the wound healing process passed through acute exudative period and a
cellulosic cap formed on wound surface. The cellulosic cap is packed
with tissue matrix such as mucin and fibrin, and serves as a barrier to the
stimulation from external environment to some extend. In this period,
loading H/MSC-SLP on SWD surface (SWDs + H/MSC-SLP) is beneficial
to directly exert the biological effect of MSC-SLP in promoting wound
healing through the degradation of hydrogel [55]. Simultaneously, the
results in immunofluorescence staining of the characteristic marker
CD31 of vascular endothelial cells suggests that more neovascularization
were observed in SWDm/s + H/MSC-SLP group than that in other
groups (Fig. 6). As a consequence, the wound in SWDm/s + H/MSC-SLP
group shows the highest healing speed and presents the best healing
quality.

3.6. Evaluation of in vitro cytotoxicity and in vivo biocompatibility

The cytotoxicity of PDMS membranes before and after laser treat-
ment was first evaluated by co-culturing PDMS membranes with NIH-
3T3, HUVEC, or HaCaT cells in cell suspension for 24 h, 48 h, and 72
h, respectively. As displayed by the CCK-8 and LDH assay results shown
in Figs. S9(a—f), compared with control group (pure suspension), cell
viability of NIH-3T3, HUVEC, and HaCaT cells in the suspension co-
incubating with pristine or SHO PDMS membrane changes little. The
cells in all the groups show similar proliferation rate when incubation
time increased from 24 h to 72 h (Figs. S9(a-c)), and the cell cytotoxicity
in all the groups shows no obvious increase with time (Figs. S9(d-f)).
Furthermore, the live/dead cell assays were also performed by incu-
bating NIH-3T3, HUVEC, or HaCaT cells with PDMS membranes for 48h.
Then the cell viability was characterized through fluorescence
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microscope, where the live cells were stained by AO (green) and the
dead cells were stained by PI (red). As shown in Fig. S10, there are
nearly no dead cells were observed in all the groups in the images. These
results indicated that the PDMS membranes before and after laser irra-
diating had no potential cytotoxicity.

The influence of 407,/188 poloxamer hydrogels on the viability of
NIH-3T3 cells was also evaluated using CCK-8 assay. Poloxamer
hydrogel solutions with different volume concentrations were added
into the culture system of NIH-3T3 cells. After 24 h, the viability of NIH-
3T3 cells in different hydrogel solutions was detected. As shown in
Fig. S11, when hydrogel concentration increases to 10% and above, cell
proliferation is obviously suppressed. Thus, the direct utilization of
hydrogel on wound surface is not considered an positive method to
promote wound healing. In our experiments, the hydrogels mixed with
MSC-SLP were loaded onto the surface of dressing to exert the functions
of MSC-SLP through the degradation of hydrogels in exudate.

After being treated with different dressings, the mice were killed at
day 15 and the main organs (heart, liver, spleen, lung and kidney) of
mice were stained with H&E for pathological analysis. As shown in
Fig. 7, no significant organ damage, histological abnormity or inflam-
matory lesions was observed in the H&E staining photos of heart, liver,
spleen, lung, and kidney among all the treated groups, suggesting that
all the as-prepared dressings were nontoxic and bio-safe. Further, we
performed serum biochemical analysis on day 15 through canthus vein
blood collection. As observed in Fig. 8, no significant difference in blood
biochemical indicators, including total protein (TP), albumin (ALB),
globulin (GLB), alkaline phosphatase (ALP), alanine transaminase
(ALT), aspartate transaminase (AST), AST/ALT, total bilirubin (TBIL),
indirect bilirubin (IBIL), UREA, and uric acid (UA) was found among all
the groups. Thus, the application of PDMS and poloxamer hydrogels
loaded with MSC-SLP has little side effect on the blood biochemical
indicators, suggesting good biocompatibility of the as-prepared various
dressings and little side influence of the dressings on the functions and
metabolism of liver and kidneys.

4. Conclusion

In summary, we have demonstrated a novel multifunctional com-
posite dressing with unidirectional drainage capability and anti-
adhesion property to improve cutaneous wound healing efficiency.
The stable superhydrophobicity on inner PDMS layer enables the
dressings present strong exudate-repellency and anti-adhesion proper-
ties to both bacteria and new granulation tissue, which is conducive to
exerting the positive effect of exudate on wound healing and preventing
tissue avulsion when replacing dressings. In vivo excisional wound
healing study and histological analysis confirmed the favorable effects of
the loaded MSC-SLP in dressings on wound repair. The synergetic effects
of the multifunctions of SWD and the efficient paracrine effect of MSC-
SLP enable the wound healing rate be improved by up to 30%. Patho-
logical and serum biochemical analysis indicated that the application of
PDMS and poloxamer hydrogels loaded with MSC-SLP had little side
effect on the blood biochemical indicators and the functions and meta-
bolism of main organs of mice, demonstrating good biocompatibility,
non-toxicity and bio-safety of the developed composite dressings.
Compared to existing dressings, the developed novel multi-functional
composite dressings present advantages of eliminating adhesion be-
tween dressing and new granulation tissues, providing sustained pro-
healing effect of MSC-SLP on wound repair, reducing bacteria induced
wound infections and enhancing wound healing quality.
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