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A B S T R A C T   

Medical adhesives play an important role in clinical medicine because of their flexibility and convenient oper-
ation. However, they are still limited to laparoscopic surgeries, which have demonstrated urgent demand for 
liver retraction with minimal damage to the human body. Here, inspired by the suction cup structure of octopus, 
an adhesive patch with excellent mechanical properties, robust and switchable adhesiveness, and biocompati-
bility is proposed. The adhesive patch is combined by the attachment body mainly made of poly(acrylic acid) 
grafted with N-hydroxysuccinimide ester, crosslinked biodegradable gelatin methacrylate and biodegradable 
biopolymer gelatin to mimic the adhesive sucker rim, and the temperature-sensitive telescopic layer of microgel- 
crosslinked poly(N-isopropylacrylamide-co-2-hydroxyethyl methacrylate) to shrink and form internal cavity with 
reduced pressure. Through mechanical tests, adhesion evaluation, and biocompatibility analysis, the bioinspired 
adhesive patch has demonstrated its capacity not only in adhesion to tissues but also in potential treatment for 
medical applications, especially laparoscopic technology. The bioinspired adhesive patch can break through the 
limitations of traditional retraction methods, and become an ideal candidate for liver retraction in laparoscopic 
surgery and related clinical medicine.   

1. Introduction 

The maturation and widespread adoption of laparoscopic technology 
have enabled a growing number of abdominal surgeries to be conducted 
laparoscopically. One of the advantages of laparoscopic surgeries over 
traditional open abdominal surgeries is that they treat patients with 
minimal trauma [1]. The laparoscopic technology is flexible for surgical 
resections by the elevation of the target organ to expose the operative 
field, especially in the treatment of gastric cancer, liver cancer and 
pancreatic cancer, which account for over 50 % of cancer-related 
morbidity and mortality [2,3]. Currently, most patients tend to opt for 

laparoscopic surgery for treatment. However, the liver is a large organ in 
the abdomen that is entirely covered by the visceral peritoneum, with 
the exception of the area in direct contact with the diaphragm, leading 
to limited maneuverable space and instrument mobility for surgical 
operation [4]. For complex surgeries such as gastrectomy and pan-
creaticoduodenectomy, it is often necessary to suspend the liver to fully 
expose the surgical resection area. Therefore, it is crucial to introduce 
advanced equipment to achieve optimal liver retraction, but this tech-
nical challenge still needs further research. Traditional liver retraction 
methods by forceful instruments used to suspend the liver not only 
reduce the space for operation, but also may generate unnecessary 
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injuries to normal tissue by excessive force, causing temporary abnor-
malities in liver function tests after laparoscopic surgeries. The use of 
medical adhesives or glues for the attachment with the diaphragm is an 
effective way to achieve liver suspension [5]. However, most currently 
commercially available medical adhesives or glues are not developed for 
laparoscopic surgeries, and have been found to have side effects 
including contamination, allergic or inflammatory response, toxic 
degradation, and possibility of compression on surrounding tissues [6]. 
Therefore, the design and development of suitable adhesive materials 
for wet tissue surfaces with switchable adhesiveness have become an 
urgent demand and remain a challenge for laparoscopic surgeries. 

Over the past decades, polymer-based adhesives and glues, such as 
fibrin glues, gelatins, collagens, celluloses, synthesized polymers, and 
adhesive hydrogels, have been developed for medical applications 
including regeneration of injured skin, wound dressings, surgical repair, 
hemostatic sealing, drug delivery, medical implants, and securing bio-
devices to tissue in wet conditions [7–11]. A variety of different mech-
anisms, including van der Waals forces, capillary forces, viscous forces, 
mechanical interlocking, glue through chemical bonding, friction, and 
suction, can contribute to the adhesion independently or synergistically 
[12]. Hydrogels show good mechanical properties mainly due to two 
physical mechanisms: the microscopic kinetic dissociation/association 
of crosslinks and inelastic conformational changes of gel networks [13], 
which can be predicted through the combination of theoretical models 
and experimental measurements [14]. The application of adhesive 
hydrogels in the field of tissue engineering has also made significant 
progress [15]. For example, a tough, biocompatible, and bioabsorbable 
tissue adhesive has been developed for adhesive anastomosis in organ 
transplantation, which has been successfully applied in a great vein 
when transplanting the liver of a pig [16]. In addition, the hemostatic 
microneedle arrays have been developed for rapid blood coagulation by 
attracting platelets with strong attachment to soft tissues via bio-
adhesion and interlocking [17]. It is worth noting that a biomimetic 
adhesive hydrogel inspired by mussels has been successfully applied as 
bone reinforcement material [18]. However, the existing hydrogels 
exhibit poor mechanical properties or cannot adhere well to wet surfaces 
and detach on demand, which makes it difficult to satisfy the needs in 
biomedical applications, especially in clinical operations with abdom-
inal cavity containing a certain amount of peritoneal fluid. 

Achieving strong and switchable adhesion is significant in these 
material systems, which can be learnt from nature. Remarkable and 
switchable adhesion performance is commonly found in animals such as 
geckos, tree frogs, clingfishes, and octopuses [9]. The adhesive organs 
with special structures enable these animals to attach to different sur-
faces or capture preys through enhancing the interactive force between 
animals and target objects, and detach on demand [19]. Especially, the 
suction cup in an octopus forms strong and switchable adhesion to most 
surfaces underwater through physical action and internal negative 
pressure. Synthetic suction cup adhesives have been applied in a variety 
of applications such as cleaning conveyor systems, soft robotics, wear-
able devices, and stimulus-responsive adhesives [20–22]. Inspired by 
the structure of octopus suction cups, a biocompatible wound patch with 
selective adhesiveness and individualized design has been designed for 
different skin surfaces [23]. A scalable self-assembly technology for 
adhesion materials has been proposed to mimic octopus sucker func-
tionality and enables great adhesive capacity on both microrough and 
flat surfaces in dry and wet environments [24]. Smart adhesive pads 
inspired by octopus suckers have been developed with excellent 
switchable adhesion in response to a thermal stimulus [25]. An 
abalone-inspired sucker integrating an elastic body and a membrane 
structure is proposed and fabricated filled with rigid quartz particles to 
adjust the backing stiffness of the contact like abalone [26]. Many other 
studied have reported various bioinspired hydrogels, such as mussel foot 
proteins-inspired tissue adhesives with repeatable underwater tissue 
adhesive hydrogels [27], ctenophores-inspired adhesive hydrogels with 
fast self-healable capability, reversible underwater adhesion, 

biocompatibility and antibacterial ability for tissue repair [28], and 
bioinspired octapeptide hydrogels with concentration-dependent stor-
age modulus and controlled drug-release action for drug encapsulation 
and delivery [29]. However, adhesive materials are still limited in 
laparoscopic surgeries that require robust yet switchable adhesion in a 
wet environment for liver retraction. 

In the present work, inspired by the structure of suction cups from 
octopus, an adhesive patch with high mechanical properties, adjustable 
adhesive ability, and good biocompatibility is developed for liver 
retraction in laparoscopic surgeries. The bioinspired adhesive patch, 
designed to be of an optimal size for effect operation, consists of an 
attachment body (compose of gelatin-based poly(acrylic acid) hydrogel) 
to provide adhesion to tissues in wet conditions and a temperature- 
sensitive telescopic layer (compose of microgel-crosslinked poly(N-sio-
propylacrylamide-co-2-hydroxythyl methacrylate) (poly(NIPAM-co- 
HEMA)) in the center of the attachment body to provide strong and 
switchable adsorption ability, as schemed in Fig. 1. The attachment body 
provides strong adhesion on the wet surface, while the temperature- 
sensitive telescopic layer allows for switchable adhesion capability. 
Demonstrated through mechanical tests, adhesion evaluation, and 
detailed biocompatibility analysis including in vitro hemolysis and 
cytotoxicity, and in vivo implantation, this bioinspired adhesive patch 
can adhere strongly to tissue surfaces, providing excellent support dur-
ing organ exposure while minimizing the risk of injury and irritation to 
tissues, and being detached from the surface on demand. This work 
presents a novel adhesive patch specifically suitable for liver retraction, 
and the results indicate that this designed adhesive patch can be a po-
tential and ideal candidate for laparoscopic surgeries that involve tissue 
and organ retraction. 

2. Materials and methods 

2.1. Materials 

Acrylic acid (AAc, >99 %), gelatin, methyl methacrylate, phosphate- 
buffered saline (PBS), lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP), N-isopropyl acrylamide (NIPAM, 
98 %), N,N′-methylenebisacrylamide (MBA, 95 %), potassium persulfate 
(KPS, AR, 99.5 %), sodium dodecyl sulfate (SDS), 2-hydroxyethyl 
methacrylate (HEMA), 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide (EDC), 4-dimethylaminopyridine (DMAP), and N,N,N′,N′- 
tetramethylethylenediamine (TEMED, 99 %) were purchased from 
Aladdin, Shanghai, China. NIH 3T3 cells (GNM 6) were supplied by the 
Cell Bank of the Chinese Academy of Sciences, Shanghai, China. NIPAM 
monomers were purified before use, and all other chemicals and solvents 
used were analytical grade without further purification. 

2.2. Preparation of prepolymer solution for the attachment body 

The gelatin-based attachment body was prepared through dissolving 
30 % (w/w) acrylic acid, 10 % (w/w) gelatin, 1 % (w/w) acrylic acid N- 
hydroxysuccinimide (AAc-NHS) ester, 0.1 % (w/w) gelatin methacrylate 
(GelMA), and 0.2 % (w/w) LAP in deionized water. The prepolymer 
solution was then injected into a silicone mold with 5 mm thickness 
sandwiched between two glass plates using a sterile syringe, and 
exposed to 365 nm UV light with 15 W power for 20 min to obtain the 
attachment body of the adhesive patch with a groove with the diameters 
of 2 cm, 3 cm, and 4 cm and the thicknesses of 2 mm, 3 mm, and 4 mm 
respectively in the center. 

2.3. Synthesis of microgel grafted with vinyl groups 

Poly(N-isopropylacrylamide) (PNIPAM) microgel (MG) was synthe-
sized by free-radical precipitation polymerization. In particular, 2.848 g 
of NIPAM, 0.202 g of AAc, and 0.064 g of MBA were dissolved in 200 mL 
of deionized water, and placed in a round-bottomed three-necked flask 
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fitted with a condenser. The mixture was bubbled with nitrogen for 15 
min, and 0.116 g of SDS was then added to the mixture and heated to 
70 ◦C. 0.16 g of KPS dissolved in 4 mL of deionized water was added 
after 1 h to induce the reaction for 4 h. The synthesized MG was 
collected and purified via dialysis against deionized water for 3 days. 
Vinyl groups were grafted onto MG through an esterification reaction 
with HEMA. 4.78 g of EDC, 3.64 g of HEMA, and 0.17 g of DMAP were 
added to 100 mL of MG dispersion (containing about 1.5 g microgels), 
and the reaction mixture was stirred continuously at room temperature 
for 4 h. The functionalized MG after purification for at least 3 days was 
lyophilized by freeze-dryer (Scientz-10N multi-manifold common type, 
Xinzhi Biological Technology, Ningbo, China) and stored at − 20 ◦C to 
obtain the microgel grafted with vinyl groups (MGV). Proton nuclear 
magnetic resonance spectra (1H NMR, Ascend 400 MHz Bruker) were 
recorded with a Varian Mercury plus (400 MHz) spectrometer using 
deuterated water and deuterated acetic acid as solvent and internal 
standard to determine chemical structures. 

2.4. Fabrication of PNIPAM and poly(NIPAM-co-HEMA) hydrogel 

PNIPAM was prepared through a single-pot free radical 

polymerization. In particular, 3 mol/L (3.4 g) of NIPAM monomers were 
dissolved in 10 mL of deionized water. For PNIPAM, 0.015 mol/L (0.023 
g) of MBA was added as the crosslinking agent at room temperature, and 
then 0.0015 mol/L (0.0041 g) of KPS was added, followed by nitrogen 
deoxygenation for 15 min. After incubating in an ice bath for 5 min, 
TEMED of 20 μL was quickly added and mixed thoroughly. For poly 
(NIPAM-co-HEMA), HMEA was added dropwise with the amounts of 0 
mol/L, 0.15 mol/L, 0.30 mol/L, 0.45 mol/L, 0.60 mol/L and 0.75 mol/L 
respectively and the complete dissolution was achieved. 0.2 g of MGV 
was added and dispersed completely, followed by the dropwise addition 
of 0.0015 mol/L (0.0041 g) of KPS. After nitrogen deoxygenation for 15 
min and incubation in an ice bath for 5 min, TEMED was quickly added 
and mixed thoroughly. The obtained mixture was injected into the 
groove of the suction cup using a syringe until it filled the groove 
without bubbles. The sample was left for 48 h at room temperature to 
form the stable poly(NIPAM-co-HEMA) hydrogel through free-radical 
polymerization. 

2.5. Shrinkage behavior of poly(NIPAM-co-HEMA) 

Poly(NIPAM-co-HEMA) hydrogel was cut into samples in a circle 

Fig. 1. The design inspiration, strategy, and application prospect of the adhesive patch. (a) Application of traditional methods of liver retraction in laparoscopic 
surgery and schematic overview of the bioinspired adhesive patch. The components of the bioinspired adhesive patch with synthesis routes of (b) the attachment 
body and (c) the temperature-sensitive telescopic layer. 
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shape with a diameter of 20 mm and a thickness of 2 mm. The shrinkage 
behaviors of all the hydrogel samples were observed and captured after 
incubation in deionized water at 37 ◦C for 1 min, 3 min, and 5 min, and 
the water retention after shrinkage was measured accordingly. The 
weight of the dry sample was recorded as Wo, and the weight at each set 
time point was recorded as Wt. The water retention (Wr) at different time 
points was recorded through the equation: 

Wr=(Wt − Wo) /Wo × 100%  

2.6. Thermal properties of poly(NIPAM-co-HEMA) hydrogel 

For thermal analysis, the hydrogel was heated from 20 ◦C to 50 ◦C, 
and then cooled from 50 ◦C to 20 ◦C in a nitrogen-containing atmo-
sphere at the rate of 10 ◦C/min. The volume phase transition tempera-
ture of hydrogel was determined at the beginning of the endothermic 
peak during the second heating process using differential scanning 
calorimetry (DSC, DSC2500, Waters Technology). 

2.7. Mechanical tests 

The mechanical tests were performed using a universal testing ma-
chine (Model C43, MTS standard) with a constant loading rate of 20 
mm/min to obtain the tensile properties of poly(NIPAM-co-HEMA) 
hydrogel. The values of stress and strain were calculated based on the 
average results from four separate measurements. 

The adhesion properties of the samples were measured using a uni-
versal material testing machine with a 200 N load cell at a speed of 20 
mm/min. The diameter and thickness of the attachment and the adhe-
sive patch sample were 50 mm and 5 mm, respectively. For the samples 
with the thickness ratios of 2:5, 3:5, and 4:5, the values for the thickness 
of the temperature-sensitive telescopic layers were 2 mm, 3 mm, and 4 
mm, and the corresponding values for the diameter were 20 mm, 30 mm, 
and 40 mm. Porcine skin is selected as the substrate material. For the 
case at 37 ◦C, the temperature of the porcine skin was maintained using 
heated water. The substrate surface of porcine skin was dehaired with 
excess grease scraped off, rinsed with ethanol, and then with deionized 
water and dried before use. The adhesion strength was calculated by the 
measured maximum load divided by the bonded area. Each sample was 
tested four times, and the average value was used to assess the adhesive 
properties. The adhesive patch was adhered to the finger of a volunteer 
to demonstrate the stretchability of the patch. The experiment was 
conducted with the consent of the volunteer. 

2.8. Characterization of microstructure in poly(NIPAM-co-HEMA) 
hydrogel 

For microstructure characterization, the attachment body and poly 
(NIPAM-co-HEMA) were observed by scanning electron microscopy 
(SEM, Regulus 8230, Hitachi) after removing moisture using a freeze- 
drying oven (Scientz-10N multi-manifold common type, Xinzhi Biolog-
ical Technology, Ningbo, China). 

2.9. Experimental setup for the removal of the adhesive patch from liver 

The trimmed porcine skin was fixed on the surface of the 
temperature-controlled experimental clamp. One side of the adhesive 
patch was adhered onto the surface of the porcine skin, and the porcine 
liver sample was then attached to the other side of the adhesive patch at 
the temperature of 37 ◦C. The bonding interface was sprayed with three 
types of solutions, including pure water, PBS solution, and the mixture 
of 0.5 mol/L of sodium bicarbonate (SBC) and 50 mmol/L of glutathione 
(GSH) dissolved in PBS solution. It was found that the detachment of the 
liver sample from the adhesive patch did not show after the spraying of 
pure water and PBS solution, while appeared after 10 s with the spraying 
of the mixture of SBC and GSH in PBS solution. 

2.10. Hemolysis assays and cytotoxicity of the adhesive patch 

Fresh rabbit blood was filled in an ethylenediaminetetraacetic acid 
anticoagulation tube, and pipetted into an Eppendorf tube, followed by 
centrifugation at 1800–2000 rpm at 4 ◦C for 6–8 min. The serum was 
extracted into the tube. 0.9 % normal saline with an equal volume was 
added to the remaining erythrocytes, and it was repeated three times to 
remove excess serum. The erythrocytes were then suspended in 0.1 M 
PBS (pH 7.0) and diluted 50-fold (0.5–1 mL of erythrocyte suspension 
was added to 25–50 mL of PBS) to obtain an erythrocyte suspension with 
a concentration of 2 × 108 cells/mL. The erythrocyte solution (900 μL) 
added to the hydrogel immersion fluid (100 μL) was used as the sample 
group. The erythrocyte suspension (900 μL) added to normal saline (100 
μL) and to Triton X-100 (1 %, 100 μL) were used as the negative and 
positive controls, respectively. After incubation at 37 ◦C for 60 min, the 
suspension was centrifuged at 2000 rpm for 8 min at room temperature. 
The supernatant was added to a 96-well plate, and the absorbance of the 
supernatant at the wavelength of 541 nm was determined. The hemo-
lysis ratio was calculated using the following formula: Hemolysis ratio 
(%) = (At - Anc)/(Apc - Anc) × 100 %, where At is the absorbance of the 
sample group, Anc is the absorbance of the normal saline group, and Apc 
is the absorbance of the Triton X-100 group. 

The in vitro cytotoxicity assessment was conducted following the 
international standard ISO 10993-5. A sample measuring 1 cm × 3 cm ×
0.1 cm was immersed in 5.44 mL of Dulbecco’s Modified Eagle Medium 
(DMEM), supplemented with 10 % fetal bovine serum, 105 U/L peni-
cillin, and 100 mg/L streptomycin, with a surface area to volume ratio of 
1.25 cm2/mL. The sample was then incubated at 37 ◦C with 5 % CO2 for 
24 h. Simultaneously, NIH/3T3 fibroblasts were seeded in a 96-well 
plate at a concentration of 104 cells per well. After incubation at 37 ◦C 
for 24 h, the cell culture medium was replaced with 100 μL of the sample 
extract and incubated for an additional 24 h. In the control group, the 
culture medium was replaced with 100 μL of fresh DMEM. The viability 
of the cells in each well was assessed using the Cell Counting Kit-8 (CCK- 
8) assay. For microscopic examination, a 100 μL cell suspension con-
taining a concentration of 105 cells/mL was seeded in a confocal culture 
dish and incubated at 37 ◦C. After 24 h, the medium was replaced with 
the same volume of extract as mentioned earlier. The cells were then 
cultured for an additional 24 h, stained with the Calcein/PI Cell 
Viability/Cytotoxicity Assay Kit, and observed using confocal laser 
scanning microscopy (CLSM, TCS SP8, Leica, Germany). 

2.11. Animal test model 

All animal experiments were approved by the Institutional Animal 
Ethics Committee of Ningbo University (NBU20220134). The laboratory 
rabbits (6-8-week housed male New Zealand rabbits, about 2–3 kg) were 
anesthetized with a 3 % pentobarbital sodium solution, and the 
abdomen skin was shaved. Their limbs were fixed, and routine disin-
fection was performed. The blood was taken from the vein at the edge of 
the ear and sent to the blood routine. The upper abdomen was incised in 
the middle of the abdomen by a 5 cm incision, and the suction cup was 
placed between the liver and the septal muscle. The exposure of the 
hepatic portal was observed after the liver was hung. In the event that no 
abnormal condition was found, the abdominal muscles and skins of the 
laboratory rabbits were gradually sutured after the operation, and the 
wounds were disinfected and bandaged. These rabbits were given a 
small amount of water 4 h after the operation. After 24 h, the rabbits 
were anesthetized again, and blood was taken from the vein at the ear 
margin. Rapid intravenous injection of 10 % potassium chloride at the 
concentration of 0.5 mL/kg was provided for the execution. The liver 
and septum muscle specimens were taken out to observe the post-
operative reactions, and the liver tissues were taken out for histological 
analysis. 
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2.12. Data processing 

All the data were expressed as mean standard deviation. Data anal-
ysis was performed using IBM SPSS Statistics 26 (IBM Corp., USA) for 
comparison with one-way ANOVA followed by Tukey’s test to indicate 
statistically significant differences in * (p < 0.05), ** (p < 0.01), and *** 
(p < 0.001). All tests were repeated at least three times. 

3. Results and discussion 

3.1. Mechanical properties of the adhesive gelatin-based poly(acrylic 
acid) attachment body 

The attachment body of the bioinspired adhesive patch is mainly 
made of poly(acrylic acid) grafted with N-hydroxysuccinimide ester 
(PAAc-NHS ester), crosslinked biodegradable GelMA, and biodegrad-
able biopolymer gelatin, and the compositions are based on the previous 
work of the design of dry double-sided tape [30]. The presence of 
negatively charged carboxylic acid groups in the PAAc-NHS ester facil-
itates the rapid hydration and swelling of the attachment body, and 
consequently, the wet surfaces of various tissues can be dried efficiently 
within a few seconds under a pressure of around 1 kPa [30]. In addition, 
these NHS-activated carboxylic acid groups form amide bonds as well as 
intermolecular bonds including hydrogen bonds and electrostatic in-
teractions with the amino groups on the tissue surfaces simultaneously, 
which further enhance interfacial adhesion. To evaluate the mechanical 
performance of the attachment body, mechanical tests including the lap 
shear test for the shear strength and the tensile test for the tensile 
strength were performed, as shown in Fig. 2(a) and (b). The attachment 
body had a high adhesion strength of 66.5 ± 11.5 kPa and a toughness of 
108.3 ± 42.1 J/m2 (Fig. 2(a)). The Young’s modulus, tensile strength, 
and the elongation at break were 66.3 ± 15.7 kPa, 143.1 ± 35.7 kPa, 

and 1365.4 ± 266.7 %, respectively (Fig. 2(b)). The results show that 
the attachment body presents good mechanical properties, which are 
attributed to the strong hydrogen bonding, electrostatic interactions, 
and covalent bonds at the interface. The gelatin acts as the bridging 
polymer between the tissue and the adhesive patch and provides robust 
adhesion to the tissues. The adhesive patch can withstand a load of 1 kg 
at least (see Fig. 2(c)). In consideration of practical applications in 
laparoscopic surgeries, the adhesion performance on the porcine liver 
sample was evaluated, and it was found that it strongly stuck to the liver 
tissue (approximately of 1 kg) even after water flushing (see Fig. 2(d)), 
indicating robust adhesiveness with the tissues for liver retraction. The 
adhesive was also attached to the human finger to evaluate its bending 
performance. It was observed in Fig. 2(e) that the attachment body can 
withstand large bending with an angle of 90◦. The excellent bending 
performance may be attributed to the dissociation of the hydrogen 
bonds and macromolecular chain slippage caused by external forces 
[31]. 

3.2. Thermal-mechanical properties of the temperature-sensitive 
telescopic layer 

Poly(NIPAM-co-AAc) microgels were synthesized using precipitation 
polymerization of NIPAM and AAc, and grafted with vinyl groups by 
esterifying with HEMA according to our previous study (Fig. 3(a)) [32]. 
The successful introduction of vinyl groups on poly(NIPAM-co-AAc) 
microgel was confirmed by the appearance of new peaks at 6.15 and 
5.77 ppm in the 1H NMR spectrum (Fig. 3(b)). The new peak at 4.22 ppm 
(protons in -O–CH2–CH2-O-) further confirmed the successful grafting of 
HEMA to the microgels. About 23 % of the carboxyl groups in the 
microgel reacted with HEMA as calculated from the ratio of the inte-
gration area of the peak of protons in the vinyl groups to those in CH 
(CH3)2 in NIPAM units (3.91 ppm). The low critical solution 

Fig. 2. Mechanical and adhesion properties of the attachment body at room temperature. (a) Lap shear test of the attachment body to porcine skin and the cor-
responding stress-strain curve. (b) Tensile test of the attachment body and the corresponding stress-strain curve. (c) Adhesion ability of the attachment body between 
the glass and the bottle with a weight of 1 kg. (d) The adhesion test with the 1 kg porcine liver sample. (e) The demonstration of the bending behavior of the adhesive 
patch adhering on human finger. 
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temperature (LCST) of vinyl-functionalized microgels (MGV) was 
determined to be 46.9 ◦C and they were used for fabrication of 
thermo-responsive poly(NIPAM-co-HEMA) consisting of PNIPAM and 
poly(2-hydroxyethyl methacrylate) (PHEMA), which was applied as the 
temperature-sensitive telescopic layer. Thermo-responsive property is 
an important factor for the temperature-sensitive telescopic layer, which 
exhibits discontinuous changes in their conformations or physical 
properties at a LCST [32–34]. The layer can swell with water absorption 
or shrink with dehydration at the temperature around LCST, resulting in 
a significant change in volume (see Fig. 1(c)). The hydration and 
dehydration of PNIPAM polymer chains cause the phase transition of 
PNIPAM in water, and the polymer chains are dehydrated due to the 
activation of movement of water molecules at temperature levels higher 
than LCST [35]. Furthermore, PHEMA has good mechanical properties 
as well as long-term biocompatibility and stability. As a result, the 
copolymer with the combination of PNIPAM and PHEMA inherits these 
advantageous characteristics. PNIPAM-based hydrogel has been used in 
human clinical studies for tissue regeneration [36]. The effects of the 
crosslinking agent and the amount of HEMA addition on the 
thermo-mechanical properties of the temperature-sensitive telescopic 
layer are investigated. MBA and MGV were used as crosslinking agents. 
The concentration of NIPAM was set at 3 mol/L with the amounts of 
HEMA selected at 0 mol/L, 0.15 mol/L, 0.30 mol/L, 0.45 mol/L, 0.60 
mol/L, and 0.75 mol/L for the preparation of hydrogels of PN3H0, 
PN3H0.15, PN3H0.30, PN3H0.45, PN3H0.60, and PN3H0.75, respec-
tively. The shrinkage behavior in drainage of the temperature-sensitive 
telescopic layer is evaluated at 37 ◦C for up to 5 min. As illustrated in 
Fig. 3(c), when PNIPAM was synthesized using only MBA or MGV as a 
crosslinker, it exhibited a shrinkage of approximately 20 % after heating 
to 37 ◦C for 5 min. In contrast, the poly(NIPAM-co-HEMA) crosslinked 

by MGV exhibited a shrinkage of approximately 40 % after 5 min. This 
phenomenon may be attributed to the increased hydrophilicity due to 
the hydroxyl group in HEMA. When the hydrogel was placed at a tem-
perature exceeding the LCST, it released a higher content of water, 
resulting in a correspondingly larger shape change, as illustrated in 
Fig. S1. This indicates a stronger temperature-sensitive response in the 
poly(NIPAM-co-HEMA) crosslinked by MGV. The maximum tensile 
stress in each case was measured in Fig. 3(d). The tensile strength of 
MBA-crosslinked PNIPAM hydrogel was 8.5 ± 3.0 kPa, and it increased 
to 14.8 ± 4.2 kPa for the MGV-crosslinked PNIPAM hydrogel. After 
copolymerization with HEMA, the tensile strength of the hydrogel 
further increased, with the maximum tensile strength was achieved with 
a value of 21.9 ± 2.3 kPa for poly(NIPAM-co-HEMA) with 0.30 mol/L 
HEMA and crosslinked by MGV. This is probably because of the for-
mation of hydrogen bonding by the hydroxyl group in HEMA, thereby 
increasing the strength of the hydrogel. The mechanical strength of the 
MGV-crosslinked poly(NIPAM-co-HEMA) hydrogel then decreased as 
the HEMA content further increased from 0.45 mol/L to 0.75 mol/L, 
probably due to the excessive or uneven distribution of the crosslinking 
points. The high mechanical property of the poly(NIPAM-co-HEMA) 
hydrogel is important to ensure the integrity and functionality of the 
telescopic layer of the patch. The LCST phase transition of the poly 
(NIPAM-co-HEMA) hydrogel with various copolymer ratios was 
measured through DSC as shown in Fig. 3(e). The LCST of the PNIPAM 
crosslinked by MBA is about 31.9 ◦C, while that of the PNIPAM cross-
linked by MGV (i.e., PN3H0) and poly(NIPAM-co-HEMA) crosslinked by 
MGV with the addition of HEMA (i.e., PN3H0.15, PN3H0.30, PN3H0.45, 
PN3H0.60, and PN3H0.75) is about 34.1 ◦C. This indicates that MGV 
crosslinking increased the LCST of telescopic layer, and copolymeriza-
tion of HEMA did not affect the LCST significantly. The increase in the 

Fig. 3. Synthesis formulas for (a) P(NIPAm-co-AAc) microgel and HEMA-modified microgel respectively, and 1H NMR spectra of (b) gelatine, GelMA, MG, and MGV, 
respectively. The corresponding characterization of thermal-mechanical properties in PNIPAM and poly(NIPAM-co-HEMA) samples: (c) Water retention over 5 min at 
37 ◦C. (d) Tensile strength of PNIPAM hydrogel and poly(NIPAM-co-HEMA) hydrogels with various amounts of HEMA. (e) DSC curves of PNIPAM hydrogel and poly 
(NIPAM-co-HEMA) hydrogels with various amounts of HEMA. 
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LCST of the MGV-crosslinked hydrogels is likely due to the formation of 
additional hydrogen bonding by the carboxyl groups with water in MGV 
[32]. The LCST of MGV-crosslinked poly(NIPAM-co-HEMA) is closer to 
the normal body temperature, which satisfies the condition in human 
body for temperature sensitivity. When the temperature exceeds LCST, 
PNIPAM transforms from linear micelles to spherical ones, and the hy-
drophobic portion inside the micelles shrinks inward, resulting in 
smaller gel volume and smaller gel mesh, and its temperature sensitivity 
refers to the above transformation properties. The LCST phase transition 
with an endothermic process was clearly observed for all the samples, 
and the exhibited endothermic peaks were attributed to the dehydration 
of the polymer chains [37]. The PNIPAM crosslinked by MBA shows the 
largest endothermic peaks. The poly(NIPAM-co-HEMA) with smaller 
amount of HEMA shows smaller peaks, which is attributed to the smaller 
number of NIPAM units being involved in dehydration upon heating 
[38]. Such a phenomenon has been observed in the previous study with 
relatively low enthalpy change [39]. 

3.3. Characterization and adhesion performance of the adhesive patch 

The bioinspired adhesive patch designed in this study is expected to 
display excellent adhesiveness to human tissue during surgeries. Since 
porcine skin is similar to human skin tissues in terms of mechanical 
toughness, it was chosen as the model to evaluate the adhesion property 
of the adhesive patch. The assembly of the adhesive patch was through 
injecting the prepolymerization solution of the temperature-sensitive 
layer into the grooves of the attachment body in an ice bath, and the 
reaction was continued for 48 h to make it bonded to the attachment 

body (see Fig. 4(a)). Since the adhesive patch is a combination of two 
components, the connection between these two materials is analyzed 
using SEM. The microstructures of the attachment body (see Fig. 4(b1)-4 
(b3)), the temperature-sensitive telescopic layer (see Fig. 4(c1)-4(c3)), 
and the junction part between the attachment body and the thermo-
sensitive telescopic layer (see Fig. 4(d1)-4(d3)) were observed under 
SEM. The joint site shows the strong bonding between the attachment 
body and the thermosensitive telescopic layer. Furthermore, incubation 
of the adhesive patch for up to 24 h caused enlargement of the pores in 
the telescopic layer, but did not damage the bonding of the attachment 
body to the telescopic layer (Fig. S3), indicating the good stability of the 
adhesive patch. 

To achieve the optimal performance of the adhesive patch, the me-
chanical tests with the setup shown in Fig. 5(a) were performed with 
different diameter ratios and thickness ratios between the attachment 
body and the temperature-sensitive telescopic layer under room tem-
perature and the normal body temperature, i.e., 37 ◦C. Pulling directly 
the liver sample fixed in experimental apparatus using the adhesive 
patch can easily cause tearing due to the fragile nature of the liver. In 
this case, porcine skin is applied for the experiment. In Fig. 5(b) and (c), 
it was observed that the adhesion properties exhibit minimal change at 
room temperature, but significant differences at normal body tempera-
ture. At 37 ◦C, the adhesive design with a diameter ratio of 3:5 (cm, 
telescopic layer: attachment body) and thickness ratio of 2:5 (mm, 
telescopic layer: attachment body) demonstrated the highest adhesive 
strength, reaching 11.5 ± 1.3 kPa. This may be attributed to the 
increased thickness of the temperature-sensitive telescopic layer, lead-
ing to dehydration of the system at its critical temperature and resulting 

Fig. 4. (a) The structure of the adhesive patch. The SEM images of (b) the attachment body with solid structure, (c) the temperature-sensitive telescopic layer with 
porous structures, and (d) the junction part of the interface between the adhesive patch and the temperature-sensitive telescopic layer showing tight bonding. The 
yellow dashed lines in (d1)-(d3) highlight the interface between the attachment body and the temperature-sensitive telescopic layer. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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in an accumulation of water at the bonding interface, thereby affecting 
internal negative pressure and reducing bonding strength. This effect is 
negligible at room temperature. As shown in Fig. 5(d), the adhesion 
strength of adhesive patches with a diameter ratio of 3:5 (cm) and a 
thickness ratio of 2:5 (mm) was tested at 37 ◦C, and it was found that the 
adhesive strength of the adhesive patches was superior to that of the 
attachment body with the same size. Furthermore, the adhesive strength 
of adhesive patches with a diameter ratio of 3:5 (cm) and a thickness 
ratio of 2:5 (mm) at different temperatures was also investigated (see 
Fig. 5(e)). The results demonstrated that there was no significant dif-
ference in the mechanical changes when the temperature exceeded the 
LCST. 

These results indicate that the adhesive patch with the optimal 
diameter ration of 3:5 (cm) and thickness ratio of 2:5 (mm) can provide 
robust adhesive and suction functions as well as switchable adhesive 
ability for liver retraction in clinical applications. In addition, the ad-
hesive patch can be removed easily by spraying to the interface with the 
mixture of SBC and GSH dissolved in PBS solution, which has been tested 
on porcine liver sample (see Fig. 6, and Video S1, S2, and S3 in Sup-
plementary Materials). Specifically, SBC in the solution could cleave 
physical crosslinking (i.e., hydrogen bonding, electrostatic interactions) 
between the attachment body and the tissue surface through neutrali-
zation of the carboxyl groups [40]. GSH has been demonstrated to 
possess free radical scavenging properties and reduces the potential 
damage to liver tissue caused by sucker adhesion [41]. 

3.4. Mechanisms of switchable adhesion and suction 

The robust adhesion and suction functions to tissues come from the 
two components of the adhesive patch. The attachment body is designed 
to quickly adhere to wet tissues when applied, forming strong bonding. 
Additionally, a large number of carboxylic acid groups in the polyacrylic 
acid-based networks can immediately form intermolecular bonds, spe-
cifically hydrogen bonds, and electrostatic interactions with the surface 
of the tissues [42]. Moreover, the attachment body is equipped with 
cleavable NHS ester groups that are grafted to the PAA network. These 
ester groups create stable covalent bonds, specifically amide bonds, with 
the primary amine groups that are abundant on the surface of the tissues 
[42], as illustrated in Fig. 7(a). This combination of physical and 
chemical interactions ensures an instant and reliable connection 

between the attachment body and the wet tissues. 
In addition, the temperature-sensitive telescopic layer provides the 

suction function during application. The temperature-sensitive tele-
scopic layer remains flat with neutral pressure at the room temperature 
(see Fig. 7(b)). When the temperature exceeds LCST, it shrinks to a 
reversible conformation due to the hydrogen bond interactions and the 
hydrophobic effect, and the corresponding structure transforms into 
similar shape of octopus’s sucker. The attachment body contracts due to 
the strong bonding with the telescopic layer, and the volume of the 
telescopic layer is formed at the interface with the tissue as shown in 
Fig. 7(b). During this process, the attachment body adheres firmly to the 
tissue, thereby forming a closed internal cavity with decreased pressure 
due to the shrinkage of the thermo-responsive telescopic layer. Such a 
pressure difference through the suction cup structure leads to the in-
crease in the adhesion strength [21]. As shown from the experiments in 
the previous section, the removal of the adhesive patch can be realized 
through treatment of SBC and GSH mixture due to the cleavage of the 
physical crosslinking structures at the adherent-tissue interface. 

3.5. Biocompatibility testing for the adhesive patch 

The adhesive patch is in direct contact with the liver and probably 
blood in laparoscopic surgeries, and therefore it is required to have good 
hemocompatibility and cell compatibility and does not cause damage to 
cells. The effect of materials in the adhesive patch on blood and 
mammalian cells were examined through hemolysis assays and CCK-8. 
The results show in Fig. 8(a) that similar to the situation in normal sa-
line, the adhesive patch does not cause hemolysis. Fig. 8(b) demon-
strates that the calculated hemolysis ratios are less than 5 %, which is the 
acceptable limit of a hemocompatible material, indicating that it does 
not affect the internal environmental homeostasis of tissues. The LIVE/ 
DEAD staining results in Fig. 8(c) and the CCK-8 detection results in 
Fig. 8(d) show that the cells cultured with the control and sample groups 
exhibit comparable viability, and their growth trends are similar over 
time from Day 1 to Day 3 as the optical density (OD) values between the 
control group and the sample group vary slightly, suggesting that the 
adhesive patch with certain cell proliferation effects has no cytotoxicity 
and does not cause apoptosis. Since the adhesive patch is used for liver 
retraction and subsequently removed after operation, the biodegrad-
ability after suturing is not considered in this study. 

Fig. 5. (a) The experimental setup of tensile tests of the adhesive patch on the porcine skin. The adhesive strength of the adhesive patch with various thickness and 
diameter ratios was measured at (b) room temperature and (c) 37 ◦C. (d) The adhesive strength of the attachment body and the adhesive patch at 37 ◦C. (e) The 
variation in adhesive strength of adhesive patches with a diameter ratio of 3:5 (cm) and a thickness ratio of 2:5 (mm) at different temperatures. * represents p < 0.05. 
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3.6. In vivo animal study on rabbits 

The inflammation and infection after the treatment with medical 
facilities are a major concern for clinical medicine, and therefore the in 
vivo biocompatibility properties of the adhesive patch have been eval-
uated by the adhesion to the liver surface in laboratory rabbits for 24 h 
(see Fig. 9(a)). Hematoxylin and eosin (H&E) staining was also carried 
out to investigate the reaction of the tissue after treatment. The results 
before and after the treatment with the adhesive patch shown by the 
images in Fig. 9(b) and (c) demonstrated that only a few erythrocyte 
deposits were observed in liver tissue after 24 h of implantation, and 
there was no significant inflammatory reaction found in the sample 
group. In addition, the counts of inflammatory cells including white 
blood cells (Fig. 9(d)) and neutrophil granulocytes (Fig. 9(e)) were 
accessed in both preoperative and postoperative cases. The quantitative 
analysis results between the preoperative and postoperative groups in 
six laboratory rabbits show that the number of white blood cells was 
indifferent. The number of neutrophil granulocytes increased in the 
postoperative case probably due to the surgically induced stress 
response in laboratory rabbits, but they all were within the normal limits 
with complete adherence to aseptic procedures. There was no obvious 

tissue damage, lesions, inflammation, or noticeable abnormality 
observed in the major organs of all the laboratory rabbits, indicating that 
the designed adhesive patch is biocompatible to normal tissues. 

4. Conclusions 

With the vigorous exploration of animals and biomaterials in wet 
environments, bioinspired hydrogel has evolved to meet the versatile 
needs of medical applications. An adhesive patch inspired by the suction 
cup structure in octopus has been successfully fabricated in this study. 
The bioinspired adhesive patch consisting of the attachment body and 
the temperature-sensitive telescopic layer showed excellent mechanical 
properties and robust and on-demand adhesive performance through 
tensile and adhesion tests and thermal analysis, which ensure strong and 
switchable tissue adhesion. The adequate biocompatibility with non-
toxicity to the living tissue intraoperatively was further demonstrated 
through hemolysis, cytotoxicity analysis, and in vivo animal experi-
ments. The favorable properties of the bioinspired adhesive patch 
including high elasticity, mechanical strength, and stability demonstrate 
the desirable potential for liver retraction during laparoscopic surgeries, 
and it has overcome the limitations in traditional methods for 

Fig. 6. The setup for the removal of the adhesive patch from liver: (a) the bonding of adhesive patch to the experimental clamp at room temperature; (b) the bonding 
of adhesive patch to the experimental clamp at the temperature of 37 ◦C; (c) the three applied solutions including pure water, PBS solution, and the mixture of SBC 
and GSH dissolved in PBS solution; (d) the bonding of the liver tissue to the adhesive patch; the spraying of (e) water, (f) PBS, and (g) SBC + GSH solutions to the 
bonding interface. 
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Fig. 7. Schematic illustration of the adhesion and suction mechanisms of (a) the attachment body and (b) the temperature-sensitive telescopic layer.  

Fig. 8. Hemolysis and cytotoxicity of the bioinspired adhesive patch. (a) Hemolysis performance of the prepared sample in normal saline, adhesive patch with saline, 
and 1 % Triton X-100, respectively. The results show that the adhesive patch has similar hemolysis with normal saline. (b) The corresponding hemolysis ratios of the 
negative control (NC) group, the adhesive patch, and the positive control (PC) group. (c) LIVE/DEAD staining of NIH-3T3 cells in both the control group and the 
sample group extracted for 24 h and 72 h culture. Green fluorescence represents viable cells. (d) The OD value of the control and sample groups by the CCK-8 assay 
after 1, 2, and 3 days. Ns means no significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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laparoscopic surgeries, which not only promotes the development of the 
state-of-the-art adhesive technology, but also provides more flexibility 
for clinical medicine. 
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