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Abstract
Conventional wound dressings only protect passively against bacterial infection. Emerging mechanically active adhesive 
dressings (AADs) are inspired by the active closure of embryonic wounds. It can promote wound healing by actively con-
tracting the wound bed. AADs meet the requirements of high toughness, stimulus–response, and dynamic adhesion proper-
ties, which are challenging. Hence, we construct a water-responsive shape memory polyurea fibrous membrane (PU-fm) 
featuring favorable toughness, wet-adhesion, breathability, absorbency of four times its weight, and antibacterial. First, the 
water-toughened electrospun PU-fm is fabricated using a homemade polyurea (PU) elastomer with multistage hydrogen 
bond networks as a spinning solution. Furthermore, a Janus-structured polyurea-polydopamine-silver fibrous membrane 
(PU@PDA@Ag-fm) is engineered, integrating antibacterial properties without compromising mechanical robustness. It 
demonstrates strong adhesion to the skin, actively promotes wound contraction, and enables adaptive wrapping of tissues 
of varying sizes by the water-driven shape memory effect. Antibacterial tests and wound healing experiments indicate that 
the PU@PDA@Ag-fm has favorable antibacterial properties against Escherichia coli (E.coli) and accelerates the wound 
healing rate by 20%. For the first time, water-responsive shape memory PU-fm as the AADs is constructed, providing a new 
strategy for wound management. This can be extended to applications in other smart devices for biomedicine such as tendon 
repair, and bioelectronic interfaces.

Keywords Mechanically active dressing · Electrospun fibrous membrane · Janus structure · Water-responsive shape 
memory

1 Introduction

Bacterial infections will lead to delayed wound healing 
or even non-healing, seriously threatening life safety [1]. 
Wound dressings serve as a temporary protective layer, 
replacing compromised skin during the wound healing pro-
cess. Wound dressings mitigate or prevent wound infection 
and facilitate an optimal environment for tissue regeneration 
and healing [2]. To further promote wound healing, bio-
chemical function dressings with bioactive agents such as 
growth factors and cells, have been extensively studied, but 
some challenges such as complex manufacturing processes, 
uncontrolled drug release, and drug resistance, are difficult 
to overcome [3].

Wound healing is accompanied by an inward contrac-
tion of the wound bed, and the rate of wound contraction 
directly affects wound healing [4]. Embryonic healing 
exhibits a similar phenomenon that the contraction of cells 
around the wound pulls the edges of the wound together. 
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Based on the theory, Blacklow et al. [5] first reported 
AADs that rely on the active contraction force to pro-
mote wound closure. The AADs must fulfill the following 
three requirements [4, 6–8]: high mechanical strength and 
stretchability, the ability to produce contraction force when 
stimulated, and strong adhesion that effectively transfers 
contractile forces to the underlying wound edges. How-
ever, it is difficult for dressings to meet these requirements 
simultaneously. A recent research about water-responsive 
contractile film can wrap nerves, muscles, and new organs 
of different sizes without sutures [9]. The shape memory 
heat-shrinkable tube can wrap the cables for protection 
[10]. However, the heat-driven shape memory polymer 
(SMP) is not suitable for human tissue [11], and water is 
a clean stimulation. What is more, the fresh wound sur-
face contains a lot of water. Researchers have developed 
tunable, self-expanding, and drug-releasing functions of 
water-responsive SMP [12]. However, water-responsive 
SMP commonly faces complex programming, and pro-
longed recovery times [13]. Therefore, water-responsive 
SMP with fast response and controlled programming is 
highly desirable for biomedical applications.

Among all SMP, shape memory electrospun fibrous mem-
brane is particularly appealing for biomedical applications 
due to their high porosity, and tunable micro- to nano-scale 
structures [14–18]. Besides, the nanofiber microstructure is 
similar to the natural extracellular matrix which is important 
for cell adhesion and growth [19, 20]. However, the tradi-
tional fibrous membrane exhibits poor tensile strength and 
stretchability due to the physical accumulation of nanofib-
ers. The current shape memory fibrous membrane cannot 
satisfy the large deformation shrinkage and water-driven fast 
response.

Hence, we design a shape memory PU-fm featuring 
water-induced toughening and water-induced contraction 
to promote wound closure. PU-fm with hydrophilic groups 
can absorb water molecules so that the fibers form hydrogen 
bonds with water molecules, increasing the slip between the 
stacked fibers, and resulting in higher toughness. In addition, 
it can form immediately interfacial hydrogen bonds with 
the wet interface, ensuring strong wet adhesion that effi-
ciently transfers contractile forces to wound edges. Besides, 
to endow PU-fm with physical antimicrobial properties 
without sacrificing mechanical strength and stretchability, 
a Janus structure is constructed to provide a platform for 
synergistic functional and mechanical properties. Further, 
water-induced shape contraction is demonstrated by clos-
ing the wound and wrapping the heart. Finally, antibacte-
rial properties against E. coli and promote wound healing 
are demonstrated by antibacterial tests and wound healing 
experiments. To the best of our knowledge, this is the first 
combination of water-responsive shape memory electrospun 
PU-fm and AADs for wound management.

2  Experimental Section

2.1  Fabrication of PU Elastomer

The specific methodology was detailed in our previous 
work [21]. Briefly, dehydrated ED2000 was dissolved in 
DMAc, and then dropped into HMDI solution at room 
temperature stirring for 0.5 h. Further, a 7% mass fraction 
of the 1,3-Diamino-2-propanol solution was dropped into 
the above reaction system, keeping the reaction 24 h at 
room temperature. The viscous reaction solution was then 
cast into a mold and placed in a 60 °C drying oven to dry 
overnight. The preparation process and chemical structure 
were shown (Fig. S1).

2.2  Fabrication of PU‑fm

The prepared PU elastomer was dissolved in a mixture 
of DMAc and  CH2Cl2 (7:3) to form a transparent viscous 
25% (mass fraction) electrospun solution. Then, a plastic 
syringe was linked in a rubber hose equipped with a metal 
nozzle connecting to the positive terminal of the high 
voltage power, and the negative terminal of power was 
connected to the collection roller locating 15 cm below 
the metal nozzle. Electrospinning parameters were ascer-
tained including of temperature of (25 ± 2) °C and relative 
humidity of (35 ± 5)%, the syringe feed rate of 0.6 mL/h 
and a 15 kV of high voltage power.

2.3  Fabrication of PU@PDA‑fm

The prepared PU-fm was immersed in a 2 mg/mL dopa-
mine (DA) aqueous solution and the pH was adjusted to 
8.5 using tris(hydroxymethyl)aminomethane (tris) buffer, 
stirring maintained for 24 h at room temperature. Subse-
quently, the membrane was rinsed with deionized water 
and dried, resulting in a distinct color transition from 
white to brownish-black.

2.4  Fabrication of PU@PDA@Ag‑fm

NH3·H2O was added drop by drop to 12  g/L or 6  g/L 
 AgNO3 solution until the solution changed from cloudy 
to clear, and the silver ammonia solution was prepared. 
Further, the PU@PDA-fm was soaked in silver ammonia 
solution stirring for 30 min. Next, 24 g/L or 12 g/L glucose 
solution was added drop by drop to silver ammonia solu-
tion with stirring intensely for 24 h. Finally, the prepared 
sample was washed with deionized water several times to 
wash away the unstable Ag nanoparticles on the surface. 
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A grayish-white membrane was obtained by drying oven 
at 30 °C.

3  Results and Discussion

3.1  Design and Fabrication of PU‑fm and PU@PDA@
Ag‑fm

The mechanical property of electrospun fibrous mem-
brane can be enhanced by improving the stack regularity 
of nanofibers and the mechanical property of electrospun 
polymer. Homemade humidity-responsive PU with high 
toughness is selected as the electrospun polymer [21, 22]. 
The molecular network of the electrospun solution is a 
reversible hydrogen bond network increasing segment slip to 
ensure the balance of strength and stretch-ability in Fig. 1a. 
Additionally, in Fig. 1b, a viscous electrospun solution is 
expelled from the needle nozzle and drawn into incredibly 

tiny fibers by an electrostatic filed, which cures quickly 
and creates fiber. As the accumulation of time increases, 
a pure white PU-fm is collected without spray powder, 
spray liquid, and granular feeling in Fig. 1c. The PU-fm 
(30 mm*10 mm*0.11 mm) can resist 400% strain without 
breaking, indicating favorable stretch-ability (Fig. S2). In 
addition to excellent stretch-ability, antibacterial properties 
are essential for medical materials. Ag is well known for its 
antimicrobial properties, and Ag atoms located on the sur-
face of metallic Ag or Ag-covering materials can release free 
 Ag+ in the presence of  H2O and  O2 in the environment [23]. 
These  Ag+ are highly biologically active and have a strong 
killing effect on microorganisms such as bacteria and viruses 
[24]. However, Ag nanoparticles are easy to agglomerate and 
are usually encased in a matrix resulting in limited antimi-
crobial properties. PDA with strong non-selective adhesion 
properties and strong adsorb ability to Ag(NH3)2

+, provides 
firm sites for in situ growth of Ag nanoparticles [25]. To 
endow the PU-fm with antibacterial properties without 

Fig. 1  Preparation and structure of PU-fm and PU@PDA@Ag-fm. a Molecular structure of electrospun solution. b Collection process of 
PU-fm. c Actual image of the collected PU-fm. d Schematic fabrication process of PU@PDA@Ag-fm
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sacrificing mechanical properties, PU@PDA@Ag-fm is 
constructed with a Janus structure integrating the targeting 
of Ag bacteria with the photothermal properties of PDA in 
Fig. 1d. The prepared PU-fm is immersed in dopamine (DA) 
solution, and DA spontaneously polymerize on the nanofib-
ers forming PDA. The -OH and -NH2 groups on the PDA 
surface can adsorb Ag(NH3)2

+ to the nanofibers surface, and 
Ag(NH3)2

+ is reduced to Ag nanoparticles and grows tightly 
on the nanofibers wall forming a stable Janus structure. The 
deposition amount of Ag can be adjusted by controlling the 
concentration of  AgNO3 solution. Therefore, combining 
the favorable toughness of PU-fm and the photo-thermal 
bacterial property of PDA, an advanced PU@PDA@Ag-fm 
dressing is fabricated.

3.2  Structural and Mechanical Property of PU‑fm, 
and PU@PDA@Ag‑fm

To confirm micro-morphology structure and composition, 
scanning electron microscopy (SEM) and energy dispersive 
spectroscopy (EDS) are employed. Excellent spinning qual-
ity contributes to improving the mechanical property. The 
spinning quality can be measured by SEM. Nanofibers have 
smooth surfaces, and with uniform size in Fig. 2a, corre-
sponding EDS image in Fig. S3a. Compared with Fig. 2a, 
Fig. 2d shows that each nanofiber is covered with nanopar-
ticles corresponding EDS image (Fig. S3b), and only a few 
scattered particles is caused by the excessive load of Ag 
under 12 g/L  AgNO3 solution. Notably, the scattered Ag 
nanoparticles are clustered together, while the Ag deposited 
on the fiber wall is uniformly dispersed because of the strong 
attraction of the PDA for Ag(NH3)2+ to improve the disper-
sion of Ag nanoparticles. The nanoparticles all grow on the 
nanofiber wall at a concentration of 6 g/L of  AgNO3 solution 
(Fig. S4), suggesting an adjustable Ag deposition amount. 
Average fiber diameters  (dav) are measured and fitted to 
calculate the thickness of nanoparticles.  dav of PU fiber is 
1.34 μm in Fig. 2b and  dav of PU@PDA@Ag fiber increases 
to 1.88 μm in Fig. 2e, suggesting that the deposition thick-
ness of Ag nanoparticles is 0.27 μm. Ag deposition doesn’t 
increase the RMS roughness (Rq) of PU-fm in Fig. 2c, 2f, 
indicating that the interlayers of the fibrous membrane are 
denser due to the in situ growth of Ag. The PU@PDA@
Ag-fm contains 67% (mass fraction) Ag (Fig. S3c), and its 
EDS with different element colors are shown in Fig. 2g. As 
shown in Fig. 2g1, Ag is uniformly covered without aggrega-
tion, because the color uniformity on the fiber wall is con-
sistent with the C and O elements in Fig. 2g2 and g3. PU 
and PU@PDA present a bread peak at 2θ = 18.8°, a typical 
amorphous structure in Fig. 2h. For PU@PDA@Ag-fm, the 
diffraction peaks of metallic Ag are observed at 38.3°(111), 
44.4°(200), 64.6°(220), 77.6°(311), 81.7°(222), confirm-
ing that the nanoparticles is Ag rather than AgO. The Ag 

nanoparticles belong to antibacterial activity face-centered 
cubic crystal structure [26, 27]. The physical and chemical 
interactions between PU, PDA, and Ag is confirmed by FTIR 
spectra (Fig. S5). For the PU spectrum, the free C = O peak 
is matched in 1 740  cm−1, and the C-H peak is matched 
in 722  cm−1. Compared with PU@PDA spectra, two peaks 
disappear to form intermolecular hydrogen bonds between 
PU and PDA. Compared with PU, a new peak correspond-
ing to Ag3d appears in the PU@PDA@Ag (Fig. S6a). The 
characteristic peaks at 373.5 eV and 367.5 eV correspond to 
Ag3d5/2 and Ag3d3/2 of Ag0, respectively, indicating that 
Ag nano-particles have been effectively assembled on the 
surface of PU@PDA (Fig. S6b).

Favorable spinning effect and uniform particle deposi-
tion provide the basis for mechanical properties. Predict-
ably, in Fig. 2j, stress increases from 8.6 to 10.7 MPa, and 
strain increases from 457 to 522%, because the density 
between layers is improved by the bonding PDA and depo-
sition Ag nanoparticles resulting in increased mechanical 
properties. The introduction of functionality does not lead 
to a deterioration in mechanical properties, but to enhance-
ment, because the Janus structure provides a compatible 
platform for functionality and mechanical properties [28]. 
Finally, PU-fm or PU@PDA@Ag-fm are far superior to 
many recently reported electrospun fibrous membranes in 
strength and stretchability, and exhibit the highest toughness 
in Fig. 2k [29–35], which enhances the stimulus-responsive 
strain shrink.

3.3  Effect of Water on Microstructure 
and Mechanical Property

3.3.1  Water Absorbency

The dressings’ breathability and hydrophilic properties 
ensure unobstructed airflow around the wound while 
efficiently absorbing exudates and secreted perspiration. 
This facilitates the drainage of purulent discharge from 
the body to promote wound healing. The hydrophilicity 
is characterized in Fig. 3a. The contact angle changes 
from 114° to 0° in 11 s indicating super-hydrophilicity 
of PU-fm. PU@PDA-fm has the fastest liquid absorption 
capability, with the contact angle decreasing from 109° 
to 0° in just 5 s in Fig. 3b and Fig. S7. This is because of 
the abundance of hydrophilic groups, such as -OH and 
-NH2 in PU@PDA-fm. The contact angle of PU@PDA@
Ag-fm decreases from 105° to 0° in 35 s due to deposi-
tion of Ag, but it is still super-hydrophilic. Absorbency is 
characterized by testing its water absorption since blood 
is made up of 90% water. Each gram of PU-fm absorbs 
four times water only 4 s arriving stability in Fig. 3c, 
suggesting that only 0.125 g PU-fm absorbs 500 mL of 
exudate. As shown in Fig. 3d, the PU-fm’s breathability is 



Advanced Fiber Materials 

demonstrated by a water vapor condensation experiment. 
Water vapor quickly passes through the PU-fm and con-
denses into droplets at the bottom of a beaker, reflecting 
the breathability.

3.3.2  Microstructure Change

To more intuitively illustrate the effect of water on the 
structure, the microstructure of dry and wet states is 

Fig. 2  Micro-structure of PU-fm and PU@PDA@Ag-fm. SEM image 
of a PU-fm, and d PU@PDA@Ag-fm. The average diameters of b 
PU-fm, and e PU@PDA@Ag-fm. Surface roughness of c PU-fm, and 
f PU@PDA@Ag-fm. g–g3 EDS image of different elements of PU@

PDA@Ag-fm. h XRD spectrum. j Strain–stress plot of PU-fm, and 
PU@PDA@Ag-fm. k Comparison of mechanical properties of the 
reported electrospun fibrous membrane
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Fig. 3  The structural and mechanical properties of PU-fm respond 
to water. a Hydrophilicity of fibrous membrane. b Contact angle 
changes with time. c Water absorption of PU-fm. d Breathability of 
PU-fm. e RMS roughness of dry PU-fm. f Surface evenness of dry 

PU-fm. g Section SEM images of dry PU-fm. h RMS roughness of 
wet PU-fm. i Surface evenness of wet PU-fm. j Section SEM images 
of wet PU-fm. k Stress–strain plot of PU-fm after soaking at different 
times in water. l Demonstration of a biaxially stretched wet PU-fm
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characterized. The  Rq of dry PU-fm is 2331 nm in Fig. 3e, 
but the  Rq of wet PU-fm is 1108 nm in Fig. 3h, indicating 
that wet PU-fm has a more irregular surface. Further, surface 
roughness distribution of dry PU-fm is wide, and it is mainly 
divided into 2–8 μm in Fig. 3f, and the wet PU-fm is concen-
trated on 2–4 μm in Fig. 3i, indicating more uniform inter-
layer structure. By comparing the SEM image of a cross-
section, the thickness of dry PU-fm is about 300 μm and the 
gap between layers is large and messy in Fig. 3g. However, 
the wet PU-fm is more orderly, and the thickness is reduced 
to 200 μm and the stack is more compact in Fig. 3j. This is 
very beneficial for tightening wound, avoiding the problem 
of wet-adhesive hydrogels expanding and peeling the wound 
in wet environment [36].

3.3.3  Mechanical Property Change

Structure changes directly affect the mechanical proper-
ties. According to different soaking times in the water, 
PU-fm is named as PU,  PUw1,  PUw2, and  PUw3 to study the 
effect of water on tensile property. The PU-fm has different 
stress–strain shapes in wet and dry states in Fig. 3k. The 
stress–strain plot suggests that PU is a typically strong and 
hard material, and the tensile strength reaches 8.6 MPa cor-
responding to 457% strain. Different from the PU plot shape, 
stress–strain plots of  PUw1,  PUw2, and  PUw3 are subjected to 
a small stress accompanied by a big strain. Until it breaks, 
the stress sharply rises, which is a typical soft and tough 
material. Concretely, the tensile strength and elongation at 
break of  PUw1and  PUw2 increase to 9.3 MPa, 9.4 MPa, and 
579%, 604%, which is higher than PU. For PU, -OH groups 
in the side chains and the urea bonds in PU main chains form 
intermolecular hydrogen bonds. However, there are large 
gaps between the layers with poor molecular slip (Fig. 3g). 
When water molecules enter interlayers of PU-fm, the 
hydrogen bonds between PU molecules are slightly opened 
and re-established between water molecules and PU. The 
water molecules act as bound rather than free water between 
the layers and increase the interlayer slipperiness of PU-fm. 
The  PUW3 strain increases to 793%, and tensile strength 
decreases to 7 MPa. As the soaking time increases, PU-fm 
becomes saturated. A large amount of water enters the inter-
layer, destroying the ordered hydrogen bond structure and 
causing hydrogen bond dissociation, which greatly reduces 
the tensile strength of PU-fm and increases the ductility [37, 
38]. For the dry and wet states of PU-fm, hanging the same 
200 g weight produces a deformation difference, indicating 
that the wet PU-fm becomes softer but has better elastic 
recovery (Fig. S8a). In Fig. 3l, a wet PU-fm (3 cm × 3 cm) 
is stretched into a transparent membrane with an increased 
area of about 9 cm× 9 cm. This is nearly a nine-fold increase 
indicating excellent toughness (Movie S1). Just like the silk 
reeling process of a cocoon, a pliable silk pocket is formed 

(Fig. S8b). Hence, the unique water molecule zipper struc-
ture increases the toughness of PU-fm, which provides a 
basis for high contractility.

3.3.4  Water‑Driven Shape Memory Mechanism

The composition of tissue fluid in the biological body is 
mainly water, so it is very meaningful to develop a soft 
membrane being stimulated by water in a biological therapy 
system [9]. Different from conventional heat-driven SMP 
depending on the reversible and stationary phases of the 
molecular network [39], the water-driven shape memory 
PU-fm is based on the recombination of reversible hydro-
gen bonds network [40]. Figure 4a shows the temporary 
shape programming process by water, and corresponding 
molecular structural changes are presented in Fig. 4(i–iii). 
Minutely, PU-fm is fixed in different shape molds after 
absorbing water. As the water naturally evaporates, tempo-
rary shapes are obtained, such as hat-shaped, spiral (Fig. 
S9). The mechanism of the shape memory effect by water-
driven is explained by molecular structure changes: i. The 
chain segment of the original shape is the lowest energy state 
with a large number of hydrogen bonds. ii. Water molecules 
are absorbed within the molecule structure, breaking the 
original hydrogen bond arrays to reform new hydrogen bond 
arrays. iii. After the water evaporates, hydrogen bonds are 
reorganized to form new hydrogen bond arrays contributing 
to a temporary shape. iv. When PU-fm touches a wet surface 
again, the intermolecular hydrogen bonds with the unilateral 
water molecule pull the membrane to unfold. The curled 
fibrous membrane recovers to a flat state covering the water 
in Fig. 4b. Vividly, a schematic diagram of forces acting at 
two interfaces is presented in Fig. 4c, and the force is a kind 
of hydrogen bonds attraction in water molecules and PU-fm.

3.3.5  Demonstration Model of Water‑Induced Shrink

Traditional dressing such as cotton and gauze, adheres to 
a new granulation tissue during the healing process, caus-
ing pain and tear when it is removed. As a physiologically 
regulated adhesive wound dressing, wet adhesion is formed 
by forming intermolecular hydrogen bonds with the wound 
interface and is capable of avoiding secondary injury of 
the wound [36]. Predictably, the PU-fm well adheres to the 
irregular wound surface in Fig. 5a. The PU-fm is tightly 
attached to the surface of the wound in Fig. 5b (Movie S3), 
which efficiently transfers contractile forces to the underly-
ing wound edges. The PU-fm is closely fitted to cover the 
wound, which is inseparable from its low modulus and silki-
ness. As shown in Fig. 5c, the wet-adhesive mechanism is 
that a large number of -OH groups of PU-fm side chains 
form hydrogen bonds with water molecules in the blood. The 
wet-adhesive effect can increase the tightness and fit between 
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a dressing and a wound [7]. PU-fm is tightly attached to the 
wet skin, when the moisture on the skin surface is dry, the 
PU-fm automatically falls off (Fig. S10), which explains its 
physiologically regulated adhesive property. Wet adhesion is 
a basic requirement for mechanically active dressings, while 
responsive contraction is essential for wound closure.

Next, based on the water-responsive shape memory 
effect of PU@PDA@Ag-fm, two application models are 
demonstrated. The first model is an external wound model 
in Fig. 5d, the pre-stretched 50% PU@PDA@Ag-fm is 
wrapped directly around the wet wound and it adheres to the 
tissue without any fixation by its wet adhesion character. The 
pre-stretched PU@PDA@Ag-fm generates a contraction 
force in the shape recovery process to promote wound clo-
sure in Fig. 5dii. A 10 mm wide wound is closed in Fig. 5di, 
and the separated wound is rejoined in Fig. 5diii. Differ-
ent from nonantibiotic bactericides [41, 42], PU@PDA@
Ag-fm is a physical method that water-driven shape recovery 
promoted actively wound closure (Movie S4). As shown in 

Fig. 5e, when the temporary shape is 50%, 100%, 150%, and 
200% strain, respectively, the corresponding Rr is a decreas-
ing trend. For example, when the temporary shape is 50% 
and 100% strain, Rr reaches 100%. However, when the tem-
porary shape is 150% and 200% strain, Rr decreases to 85% 
and 70%, respectively. Because the shape recovery force of 
PU@PDA@Ag-fm is produced by the hydrogen bond rear-
rangements under a water-driven molecular network, the 
excessive molecular gap causes the hydrogen bonds to be 
unable to rebond affecting its shape recovery rate (Rr).

As shown in Fig. 5f, a fixed-shape ring with a diameter 
of 20 mm is set on a plastic pipe with a diameter of 10 mm, 
and it can shrink and tightly wrap on the wall within 12 s 
by water (Movie S5). This process is like the earliest shape 
memory heat shrink tubing. It can shrink to protect the cir-
cuit and devices [10]. The heat shrink tube is driven by a 
high temperature and is suitable for the engineering field. 
The PU@PDA@Ag-fm is driven by green water, which is 
very convenient in the tissue. What is more, PU@PDA@

Fig. 4  Water-driven shape memory mechanism. a Programming pro-
cess of PU-fm from an unfolded state to a curled state (i–iii Change 
diagram of corresponding molecular structure). b Water-driven shape 

recovery process. c Water-driven recovery schematic (iv Change dia-
gram of corresponding molecular structure)
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Ag-fm has a faster water response compared with previ-
ous report with 7 h responsive recovery [13]. As shown in 
Fig. 5g, the 40 mm diameter PU@PDA@Ag-fm shrinks rap-
idly under water drive and wraps the heart without sutures, 
serving as a bioelectronic interface to monitor and treat heart 
disease. The water-driven shrinkable PU@PDA@Ag-fm 
is promising in electronic biological interfaces as well as 
mechanically active dressings [9].

3.4  The Photo‑Thermal Effect and Antimicrobial 
Property of PU@PDA@Ag‑fm

When human skin is broken, pathogenic microorganisms 
enter the body through small wounds causing infections 
and diseases. AADs promote wound closure, but cannot 
kill the bacteria. The photo-thermal effect can promote 

local microcirculatory blood flow, inhibit bacteria, and 
reduce inflammation [43]. The photo-thermal effect of 
the PU@PDA-fm is evaluated by an 808 nm near-infrared 
(NIR) laser with different intensities. Specifically, the 
PU@PDA-fm temperature increases from 25 to 50 °C 
only 75 s under the NIR laser (5 mW/cm2) in Fig. 6(a, 
b). Under 15 mW/cm2 NIR laser irradiation, the tempera-
ture increases from 25 to 100 °C. Compared with PU@
PDA@Ag-fm in Fig. 6(c, d), the coating of Ag results in 
a lower photo-thermal effect than PU@PDA under 5 mW/
cm2 irradiation. Owing to the strong penetrating power 
of NIR, the PU@PDA@Ag-fm can effectively convert 
NIR light energy into heating under 10 and 15 mW/cm2. 
The PU@PDA@Ag-fm surface arrives at 50 °C under 
10 mW/cm2 and arrives at 105  °C under 15 mW/cm2. 

Fig. 5  Application model based on the shape shrinking. a-b Wet-
adhesion to wet wounds. c Schematic diagram of wet-adhesion. d 
Concept demonstration of PU@PDA@Ag-fm for wound closure and 

changes of molecular structure in the process. e The effect of strain 
on Rr. f Shape shrink-wrapped a plastic pipe. g Application concept 
of water-driven shrink-wrapped heart
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High temperatures can damage normal tissue, so a laser 
intensity of 10 mW/cm2 is selected to test antibacterial 
properties.

To evaluate the antibacterial properties of PU@PDA@
Ag-fm, Gram-negative E.coli is chosen as a research object 
because of a common bacteria in infected wounds [44]. 
Compared with the control group, colonies of PU@PDA@
Ag + NIR-0 min group have a decreasing trend in Fig. 6e, 
because PU@PDA@Ag-fm releases  Ag+ to inhibit bacte-
rial growth [27]. After irradiating for 5 min, the colonies of 
PU@PDA@Ag + NIR-5 min are reduced, compared with 
PU@PDA + NIR-5 min, indicating PU@PDA@Ag with 
better antimicrobial property. The excellent antibacterial 
property of PU@PDA@Ag is mainly attributed to the NIR-
induced photo-thermal effect of PDA and the release of  Ag+. 

When irradiation time lasts 30 min, E. coli almost all are 
killed. Effective bacterial ablation can avoid wound infection 
and promote wound healing. Finally, because of the uniform 
and stable deposition of Ag nanoparticles, PU@PDA@Ag 
with excellent electrical conductivity is discussed in Fig. 
S11 and Fig. S12, which offers a possibility for electronic 
biological interfaces. Almost all cells have a strong green 
signal and normal spindle-like morphology by Toxicity test 
(Fig. S13), suggesting PU@PDA@Ag-fm’s non-toxicity.

3.5  Wound Healing of PU@PDA@Ag‑fm

Further, the contribution of PU@PDA@Ag-fm on wound 
tissue regeneration is estimated by constructing a skin defect 
model [45]. The building process is shown in Fig. 7a. Wound 

Fig. 6  Photo-thermal and antibacterial properties of fibrous mem-
branes. a NIR thermal images and b Photo-thermal temperature 
plots of PU@PDA-fm under diverse NIR laser intensity (5, 10, and 
15 mW/cm2). c NIR thermal images and d Photo-thermal tempera-

ture plots of PU@PDA@Ag-fm under diverse NIR laser intensity (5, 
10, and 15 mW/cm2). e Bacterial colony of E.coli after different treat-
ments
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healing images of three groups are shown in Fig. 7b under 
healing on different days. The wound healing ratio is cal-
culated in Fig. 7c. For undergoing 3 days of healing treat-
ment, the wound healing ratio of the PU@PDA@Ag + IR 
group reaches 65%, the PU@PDA@Ag group is 53%, and 
the control group is 45%. PU@PDA@Ag + IR group has the 
best healing effect because the photo-thermal effect and  Ag+ 
release prevent wound infection and promote wound tissue 
metabolism to accelerate wound healing [46]. With heal-
ing lasting 12 days, the wound healing ratio reaches 96%, 
93%, and 90%, respectively, without significant difference. 
The first 3 days after trauma is a critical period, because 
it involves a phase of inflammatory response that directly 
affects tissue proliferation, granulation, and the restoration 
of skin continuity [47].

The H&E and Masson staining of histopathological skin 
wounds are employed to assess trauma issues [48], and tis-
sue slice data of different experiment groups are demon-
strated (Fig. 7d). After comparing, an obvious feature of 
the PU@PDA@Ag + IR group is fewer inflammatory cells 
marked white arrow and thicker granulation tissue. Further, 
collagen deposition, a vital indicator of wound healing, is 
dyed blue by Masson staining distinguishing a visible rela-
tive intensity change representing indicative of collagen-
ous fiber [49]. Compared with other two groups, the PU@
PDA@Ag + IR group has the most pronounced collagen 
fiber deposition, which accelerates the wound healing. To 
study the toxicity of the PU@PDA@Ag-fm over wound sites 
to internal organs, histological analysis of the mice about 
kidney, lung, and liver is demonstrated (Fig. 7e). Compared 

Fig. 7  Promoting wound healing of the PU@PDA@Ag-fm. a Sche-
matic of acting on mouse wounds. b Digital photographs of wound 
healing at 0, 3, 6, and 12 days for different groups. c Wound healing 
ratios for different groups. d Corresponding H&E and Masson stain-

ing sections of healing 3  days. e Optical microscope H&E staining 
images of visceral tissue (kidney, lung, and liver) for healing 12 days. 
The scale bar is 100 μm
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with the control group, the organ structure of the mice is not 
obvious cell necrosis, inflammatory lesions and organ injury. 
PU@PDA@Ag-fm with excellent biocompatibility and high 
biosafety is capable of promoting wound healing.

4  Conclusions

In summary, water-responsive PU@PDA@Ag-fm with 
photo-thermal bactericidal property are fabricated by a 
combination of electrospun technique and Janus struc-
ture. Based on humidity responsive PU elastomer as spin-
ning fluid, PU-fm with the tensile strength of  8.6 MPa corre-
sponding to a strain of 457% is prepared. The PU-fm absorbs 
4 times its own mass of water, indicating favourable water 
absorbency. After absorbing water, the PU-fm area can 
increase by 9 times when biaxially stretched. PU-fm with 
favorable toughness, wet adhesion and water-driven shape 
memory effect meets the requirements for toughness, stimu-
lation response, and adhesion of AADs. By in-situ deposi-
tion of Ag nanoparticles on PU-fm wall, PU@PDA@Ag-fm 
with water-responsive contraction and wet adhesion, and the 
tensile strength is increased to 10.7 MPa. PU@PDA@Ag-fm 
can shrink to close a wound of 10 mm wide without sutures. 
A diameter of 40 mm annular PU@PDA@Ag-fm contracts 
to 20 mm and wraps around a heart within seconds under 
water stimulation. Through the experiments of E.coli sterili-
zation and wound healing, PU@PDA@Ag-fm has excellent 
antibacterial property resulting in a 20% increase in wound 
healing rate. Consequently, PU@PDA@Ag-fm holds con-
siderable promise for broadened application prospects in 
various biomedical smart devices, including tendon repair 
and bioelectronic interfaces.
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