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ABSTRACT  

Wound-associated infections create additional suffering and come at a high cost for patients and 

their families, which urgently require wound disinfection biomaterials with improved healing 

efficacy. Here, we report an adhesive with sustained bacteria disinfection ability, which is 

aggregated from hydrogen-bonded polymer particulates. The particulate-aggregated adhesive 

shows strong binding ability on different surfaces from rigid substrates to soft skins. Moreover, 

water-sensitive mechanical properties are shown in wound exudates, resulting from the 

dissociation of hydrogen bonds under the competition of water and thus the sustained release of 

particulates. Synergizing with the strong binding ability, exudates-sensitive behaviors, and 

sustained releasing of antibacterial particulates, the adhesive achieves sustained bactericidal 

activity and can facilitate the healing process in bacteria-infected skin wounds. 
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Introduction 

Wound-associated infections bring serious suffering and high expenditures for many families. 

Treating infections caused by surface-bound bacteria and biofilms represents one of the major 

challenges in clinical surgeries and implantation operations. For example, bacterial infection is 

the most common cause of death after skin injury,1 and billions of dollars are estimated to treat 

bacterial skin infections in United States alone.2,3 Although antibiotics remain an essential tool 

for treating bacterial infections, there is a huge demand on the development of antibacterial 

biomaterials, as they can potentially avoid the risk of resistance development.4,5 Representative 

examples include antibacterial micro/nanoparticles taking advantages from intrinsic mechanisms 

such as disrupting bacterial cell membrane via cationic molecules or reactive species.6-8 When 

used in wound healing gauzes and gels, they are usually loaded as extrinsic additives and are 

replaced or refilled regularly.9-11 It is noteworthy that the bactericidal activity of those wound 

dressings decayed quickly in in vivo conditions.12-14 Exudates are mixtures containing protein and 

cells, and the content of water is very rich.15 The continuous secretion of excessive exudates in 

wound bed will not only dilute the dissolved antibacterial additives but also accommodate the 

growth of bacteria, suppressing potency of materials and retarding the host healing procedure. 

Meanwhile, frequent replacement of wound dressings is not favorable for the healing of infected 

wounds that may lead to potential complications and the patients may also suffer from additional 

infection from airborne bacteria at the exposed wounds. A key to solve these issues is to 

maintain an effective concentration of antimicrobials in local wound site in a sustained manner, 

for example through controlled release procedures.16,17 

Incorporation of non-covalent interactions such as metal-ligand, host-guest, and hydrogen-

bond into polymer chains has been demonstrated as a pivotal and promising strategy to develop 
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biomaterials with mechanical adaptiveness and stimuli-responsiveness.18-20 On the one hand, 

additional intermolecular interactions could both increase the cohesion of polymer assemblies 

and improve the interfacial adhesion and toughness at versatile surfaces, enabling ultimate 

adhesion on tissues and wound sites.21,22 On the other hand, the dynamic nature of those non-

covalent interactions offer stimuli-responsiveness mechanism on regulating mechanical 

properties of the obtained supramolecular biomaterials. Therefore, taking good advantage of 

supramolecular chemistry may bring both superior mechanical performance and water-sensitive 

properties for achieving a sustained effective concentration, which enables an intelligent wound 

disinfection material. Currently, a couple of polymer-based biomaterials with intrinsic 

disinfection ability have been developed as wound dressings.23,24 Typical design strategies such 

as permanent intertwist of polymers to reduce flowability, enabling the extension of antibacterial 

longevity.25,26 However, the immobilization impedes antibacterial polymers to contact with 

bacteria within the infected tissues or protected in the biofilms, which is not efficient for treating 

deep wounds. To address all the above issues, construction of a particulate-aggregated adhesive 

which can sustainably maintain mechanical integration on its own and slowly release its 

antibacterial particulates into wounds in response to the generation of exudates could be an ideal 

means. 

A ureidopyrimidinone (UPy)-based supramolecular adhesive was obtained through the 

aggregation of hydrogen-bonded particulates from synthetic UPy-PEI (polyethyleneimine) 

molecules (Scheme 1a and b). Here, the UPy-PEI particulates are expected to perform multiple 

mechanisms of hydrogen bonding: the strong and complementary multivalent hydrogen bonds 

via the dimerization of UPy motifs,27 as well as the weak and less directional hydrogen bonds via 

the interaction of amino groups in PEI motif. Further study confirmed that the UPy-PEI 
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particulates were assembled with the help of UPy stacks, for which the more hydrophilic PEI 

motifs are enriched at particulate surface and serve synchronously as antibacterial and adhesive 

segments. The weak but abundant hydrogen bonding interactions between PEI motifs can assist 

UPy-PEI particulates to be aggregated into viscous adhesive. When the adhesive is subject to 

continuous exudates, the aggregated UPy-PEI particulates will be slowly dissociated due to the 

rupture of hydrogen bonds under the competition of H2O molecule.28,29 Therefore, the adhesive 

can achieve sustained particulates releasing for bacteria disinfection once pasted onto the wound 

sites without replacement (Scheme 1c). Meanwhile, good antibacterial activities were verified in 

vitro and in vivo. These features enable the adhesive a promising candidate for sustained wound 

treatment. 

Results and discussion 

UPy-motifs were introduced into branched PEI molecules by using hexamethylene diisocyanate 

as a bridging molecule. Briefly, 25 mg of UPy-NCO and 100 mg of PEI were reacted in DMSO 

solutions to synthesize the amphiphilic UPy-PEI molecules, and then dialyzed the solutions in 

water to remove solvent and unreacted molecules, and assist the assembly of particulates. Finally, 

the dialyzed products (Particulate solutions) were put into vacuum drying oven for dehydration, 

and a viscous and colorless adhesive was obtained. Detailed preparation procedures were 

presented in the experimental section. In Figure S1, Fourier transform infrared (FTIR) spectra 

confirmed the UPy-motifs were completely grafted on PEI molecules, as confirmed by the 

disappearance of the typical NCO peak (2268 cm-1). Meanwhile, the much broader band belongs 

to amino group in the UPy-PEI adhesive suggested the formation of UPy dimer and dimer 

stacking in the adhesive. The mass fraction of UPy-motifs in UPy-PEI molecule was calculated 

approximately 8.6%~9.1% from MALDI-TOF (Figure S2). To investigate the structures in the 
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adhesive, confocal microscope was used because it could achieve in-situ observation of the 

downstream forming processes. After dialysis, well dispersed particulates were formed and 

observed in water (Figure 1a, left and Figure S3), for which the diameters were mainly around 

3.2~4.4 μm. The image clearly showed that the colorless hydrophilic PEI surround UPy-motifs 

with dark contrast. After drying treatment of the dialyzed products (Particulate solutions), a 

colorless adhesive was obtained (Figure S4) and the particulates were well aggregated in the 

adhesive (Figure 1a, right). 

Viscosity of the adhesive measured from rheology test is 9000 Pa·s at room temperature, 

which is 75-fold higher than the unmodified PEI (~120 Pa·s). Such high viscosity makes it a 

good glue with high cohesion. High cohesion and adhesion for materials are helpful in many 

applications.30-33 In typical lap-shear and load-bearing tests, the adhesive could bear high shear 

stress when it is casted on different substrates including glass, Teflon, plastic and copper (Figure 

S6 and S7). Here, the UPy dimerization reduced the mobility of PEI main chains and the 

hydrogen bonds provided by abundant amino groups on the surface of particulates further limit 

the mobility of particulates, both of which contributed to the high cohesion and high viscosity of 

the adhesive. Comparing to the strong hydrogen bonds provided by UPy motifs, the hydrogen 

bonds provided by amino groups are much weaker and less directional. However, these abundant 

and less directional hydrogen bonds endow the adhesive with high binding ability on various 

substrates.29 

A unique feature of the adhesive is the water-sensitive releasing behavior, which is different 

from the swelling of bulk hydrogels in water.34 The adhesive could keep good mechanical 

properties without water and reversibly release its particulates again in response to water. Figure 

1d demonstrated that dissociation (viscosity) of the adhesive was greatly affected by the volume 
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of water. Furthermore, water will change the appearance of the adhesive, tuning from colorless 

to white before and after water contact (Figure 1b). Although the adhesive was hydrophilic, the 

dissolving process is very slow (Movie 1). All these indicate that water molecules may take an 

important role in regulating molecular and topological structures of the adhesive. By using a 

typical hydrogen/deuterium (H/D) exchange method, the interaction between water molecules 

and the adhesive was investigated through active protons in N-H.28 The H/D exchange 

experiment was performed by sequentially immersing the adhesive (120 μm thickness) coated 

glass slide in D2O for 10 s to ensure absorption and binding of D2O molecules, followed by 

attenuated total reflectance Infrared (ATR-IR) examination in ambient air. Similar to water, 

when the adhesive is subjected to D2O, those weak hydrogen bonds will be dissociated as 

D2O/H2O is a strong competitor for hydrogen bonding (Figure 1c). After D2O exposure, a shift 

of the representative N-H bending peaks at 3436 cm-1 was observed, implying the D2O/H2O 

assisted dissociation of hydrogen bonds and the simultaneous proton exchange. When the 

adhesive was put in ambient air (RH~35%), the decreased intensity of bands was obvious and the 

peaks regarding N-D/H gradually blue shifted to 3390 cm-1 within ten minutes due to the 

reversible interaction between water molecules and amino groups (Figure 1e and S8). Meanwhile, 

water may not disrupt the structure of individual particulate, as confirmed by the good re-

dispersion of the adhesive in water for which there is almost no change for particulates on either 

the morphology or size distribution (Figure S9). All the above results indicate that water can 

assist releasing of particulates from the adhesive by contributing to the dissociation of the weak 

and less directional amino hydrogen bonds that aggregated together the particulates, resulting in 

unique water-triggered thinning and dissolving properties. 
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Such water-triggered thinning and dissolving properties can facilitate slow release of UPy-

PEI particulates in water-rich environment, for example, the wound conditions.35 As a proof of in 

vitro demonstration, a piece of agar hydrogel which can mimic the water-rich environment was 

used to investigate the releasing process of the particulate-aggregated adhesive (Figure 1f). The 

adhesive was firstly labeled with 50 μg/mL of fluorescein isothiocyanate (FITC) through the 

reaction with amino groups on PEI backbone. Because the quantity of FITC for labeling was a 

little, the influence for the adhesive was very small. As shown in Figure 1g, 100 mg of FITC-

labeled adhesive could slowly diffuse on the surface of agar gel for 10 hours. In the diffusion 

region, the fluorescence intensity is reversely proportional to the distance from the original site 

of the adhesive (Figure S10), indicating the diffusion is governed by the dissociation of adhesive 

and the water-triggered releasing of particulates. The local concentration was further calculated 

through the standard curve to show the adhesive could maintain a diffusion concentration beyond 

1.3 mg/mL at the diffusion front after 10 hours (Figure S11). As a comparison, 100 mg of PEI 

was quickly dissolved within only 30 min (Figure S12). 

Antibacterial activities of the adhesive were assessed through dose- and time- dependent 

manners. Bacteria were cultured at 37 °C in LB broth to mid-log phase. In dose-dependent 

manner, the adhesive showed good bacteria-killing ability on two gram-positive strains 

Staphylococcus aureus (S. aureus) and Bacillus subtilis (B. subtilis), and two gram-negative 

strains Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa), respectively 

(Figure 2a). Bactericidal efficacy of the adhesive at 200 μg/mL could all reach more than 90% 

for the four bacteria strains (initial at 106 CFU/mL). Particularly, the adhesive proved much 

better bactericidal effect on both S. aureus (>99%) and E. coli (>97%). Time-dependent results 

revealed that bactericidal efficacy was growing accompanied by the gradual dissociation of 
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adhesive (Figure S15a). Such antibacterial activity results from the positively charged surface of 

particulates, which helps to bind the negatively charged bacterial surface. Surface potential tests 

confirmed the adhesive in water was around 42.2 mv (Figure S13) and revealed that bacterial cell 

surfaces of all the four strains turned to net positive charge after treatment by the adhesive 

(Figure 2b). As a demonstration, fluorescent images confirmed that the FITC-labeled adhesive 

could release its particulates for binding and capturing both S. aureus and E. coli bacteria cells 

(Figure 2c and S14). Live/dead staining and morphologic changes for S. aureus and E. coli 

testified the antibacterial effects (Figure 2d). It should be noted that the serial dehydration and 

critical pointing drying during sample preparation for SEM imaging probably broke the charge 

interactions between particulates and bacteria. The sustained releasing coupled with a local 

effective concentration facilitated the antibacterial performance (Figure S15b and S15c). All 

results supported the adhesive a good candidate in wound disinfection. 

An important index for biomaterials to evaluate the biocompatibility is hemolysis. Because 

the surface of mammalian cells is lack of negatively charged lipids, membrane disruption by 

cationic molecules is often dominated by their hydrophobicity. The interior of the lipid bilayer 

cell membrane is hydrophobic, which will cause amphiphilic biomaterials with very hydrophilic 

surfaces less likely to penetrate the normal mammalian cells.9 Firstly, we performed a hemolysis 

activity assay to investigate the effects of the adhesive on human red blood cells. Figure S16a 

showed that the adhesive had exceptionally nonhemolytic activity (0.1%) even at 1 mg/mL. Then, 

a standard MTT assay with CHO-K1 fibroblast cells was employed, which demonstrated the 

much reduced cytotoxicity (Figure S16b) when compared with PEI.36 Collectively, the greater 

membrane potential in bacteria than those of mammalian cells, as well as the reduced surface 

charge of the particulates due to chemical modifications could largely reduce the toxic side 
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effects.37,38 It is worthy to note that the water-triggered slow-release effect avoids burst 

releasing,39 which enabled a moderate concentration in the culture medium at early stage. 

Engineering particulates into an adhesive that could adhere to skin without the aid of other 

carriers can bring convenience to medical procedures and improved efficacy in the treatment of 

infected wounds.40 In a typical ex vivo experiment, two dissected mouse skin pieces could be 

firmly adhered by the pasted adhesive to withstand tensile and torsional deformation (Figure 3). 

The adhesion strengths were all over than 22 KPa on animal skins and higher than some 

available adhesives including commercial cyanoacrylate and fibrin glue.41,42 Further in vivo 

investigations showed that the adhesive pasted in mouse skin wounds could dissociate slowly in 

response to the continuous secretion of exudates (Figure S17). In wound healing investigations, 

the adhesive (ca. 70 mg) was pasted to fully cover the infected wounds by a surgical spoon, and 

skin regeneration processes on the mice skin models were presented in Figure 4a. Compared 

with wounds treated by commercial biomedical gauzes (Figure 4b), the adhesive showed better 

wound closure area especially for E. coli infected group. By taking S. aureus and E. coli to infect 

the modeled wound skins, accelerated wound contractions and the average healing time were 

recorded throughout the period of adhesive treatment (Figure 4c). The average healing rates for 

E. coli treatment group were faster than those of S. aureus treatment group though a larger 

wound area was introduced initially in E. coli group, which might be the stronger virulence or 

more enzymatic toxins secreted by S. aureus than E. coli.43 Due to the slow secretion of water-

rich exudates, the dissociation of adhesive was also slow and it could stay on the wound site 

without replacement and maintain function for 3 days (Day 2 - Day 5), which is much longer 

than traditional drug-loaded gauzes and gels.10 Then, the infected-wound skin tissues were 

collected on Day 5 for evaluating the antibacterial activity of the adhesive through the agar plate 
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dilution method.44 As shown in Figure 4d, the adhesive in both treatment groups exhibited much 

less bacteria than those of untreated groups. Figure 4e quantitatively depicted the antibacterial 

efficiencies were about 98.2% and 96.8% respectively. Benefitted from the slow dissociation, the 

adhesive also enabled us real-time observation at wound sites. Collectively, the adhesive 

demonstrated its sustained antibacterial performance in infected wounds. 

Histomorphological analysis was performed via hemotoxylin and eosin (H&E) and 

Masson's trichrome staining. Compared with control groups, an intact epidermis and many hair 

follicles inside the dermis were observed in both of the treatment groups (Figure 5). The 

epidermis and dermis of healed skin section were comparable with that of healthy skin (Figure 

S18). Reduced inflammation was observed for the treatment groups and further quantitative 

analysis demonstrated the accelerated healing effects (Figure 6). The proportion of granulation 

tissues was lower in control groups and the number of new blood vessels showed a large increase 

in both S. aureus- and E. coli-treatment groups (Figure S19 and S20). Quantification of collagen-

occupied regions further demonstrated that much more intact and newly generated collagen was 

deposited in granulation tissues for both treatment groups (Figure 7). In short, the untreated 

groups showed higher levels of inflammation cells, more immature granulation tissues, less 

angiogenesis and collagen, resulting in slower healing rates. On the contrary, the treatment 

groups exhibited reduced inflammation cells, higher granulation tissue area, better 

neovascularization, and greater collagen depositions in the wounds. All results demonstrated the 

favorable healing effects on both the S. aureus- and E. coli-infected groups with the adhesive 

treatment. 

Conclusions 
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To conclude, we have successfully prepared an exudates-sensitive supramolecular adhesive 

which is aggregated from particulate assemblies. Current therapeutic materials toward wound 

disinfections primarily aim at delivering extrinsic antimicrobials by wound dressings or intrinsic 

contact-active hydrogels. As an alternative, the adhesive demonstrates several significant 

advantages as a wound disinfection material due to the distinctive design: (1) The adhesive 

aggregated from particulates is a carrier-free platform (not limited by the loading efficiency), and 

it shows strongly cohesive with improved binding ability on wet surfaces and skins. (2) Water-

triggered dissociation leads to the sustained release of particulates from the adhesive, endowing 

the adhesive with sensitivity to water-rich exudates. (3) Sustained releasing enables a persistent 

effective concentration of antibacterial particulates in wounds, which leads to an excellent 

bacteria disinfection in vivo to promote wound healing. We expect the adhesive can pave a 

pathway for broadening the adhesive family, particularly in the healing and treatment of skin 

wound infections. 

Experimental section 

Chemicals and Materials. All commercially available chemicals and materials were used 

without purification otherwise stated. A resistivity with 18.2 MΩ in deionized water (Millipore 

Milli-Q grade) was used during the experiments. Polyethylenimine (PEI: Mn≈10 kDa, branched; 

PDI: 2.5) was purchased from Sigma-Aldrich, Inc. S. aureus (ATCC 29213) and E. coli 

(k12MG1655) were utilized for infecting wound bed. 

Synthesis of 2-(6-isocyanato-hexylamino)-6-methyl-4[1H]-pyrimidinone (UPy-NCO). 

UPy-NCO powder that we used was in line with our previous report.28 To begin, 10 g of 2-

Amino-4-hydroxy-6-methylpyrimidine, 100 mL of Hexamethylene diisocyanate (HMDI) and 7 

mL of pyridine were added to a 250 mL round-bottomed flask. Then, the flask was immobilized 
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with a reflux condenser under heating at 100°C overnight, and keep stirring under N2. 30 mL of 

Pentane was dropped and the white solid powder was filtrated to collect. Finally, the white 

powder was washed several times with large quantities of acetone. After the unreacted HMDI 

was removed, and then dried the powder for 24 h under high vacuum (60 °C) (yield 95%). 

Synthesis of UPy-PEI particulates and UPy-PEI adhesive. 25 mg of UPy-NCO and 100 

mg of PEI were dispersed in DMSO to react through -NCO and -NH2 or -NH. Then, the mixture 

was stirred for 12 h to make sure the successful reaction. Afterwards, we dialyzed the above 

DMSO solution through dialysis bag (Molecular weight cut off: 3500) in the water to remove the 

DMSO and the UPy-PEI molecules were formed into particulates during the process. 

For preparing the UPy-PEI adhesive, the above UPy-PEI particulates were centrifugated at 

10000 rpm to obtain the humid sediment. The sediment with a small amount of water was all 

collected for preparing the adhesive. UPy-PEI adhesive (around 120 mg) was acquired by drying 

under vacuum at 60 °C for several days to totally evaporate water. 

Statistic analysis of size distributions. Sizes of particulates from the confocal images were 

all analyzed by Image J. More than 100 counts in each process were evaluated. The statistic 

analysis was carried out by using Origin 9.0. 

Mechanical tensile-stress tests. Mechanical tensile-stress tests were conducted using 

INSTRON-5566 based on the ASTM D2256 standard. The lap shear test was performed by using 

two substrates, and 2 cm × 2 cm area of the adhesive or PEI was uniformly smeared on one 

substrate. Then, we hot compressed the two substrates at the same force. The two substrates were 

attached between two cramps in a perpendicular orientation. When performing tensile tests, the 

constant speed at 10 mm/min was applied. The data were recorded by a real-time detection 

system. 
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Preparation of FITC-labelled adhesive. 50 μg/mL of FITC was added into UPy-PEI 

particulates dispersion, and then the mixture was stirred for 12 h. Afterwards, the mixture was 

dried under 60 °C for several days to totally remove water. Finally, the FITC-labeled adhesive 

was successfully prepared. 

Zeta potential measurements. Mid-log phase bacteria in PBS were incubated with 100 mg 

of the adhesive for 30 min at 37 °C. After incubation, the suspension was centrifugated (5000 

rpm, 10 min) to remove supernatant. The obtained precipitate was washed two times, and then 

re-dispersed with 2 mL of PBS. Finally, the suspensions were deposited on ice for zeta potential 

measurements on a Malvern Nano-ZS Particle Sizer (Malvern Instruments, Malvern, U.K.). For 

negative controls, the untreated bacteria were also cultured with identical conditions. 

Hydrophilic property investigation. A thin adhesive film was coated on a glass slice. 

Then, 5 μL of water was dropped on the adhesive. The swift absorption of water by the adhesive 

was recorded. After several seconds, the contact angle was close to 0°, which demonstrated the 

hydrophilic property of the adhesive. 

Dose-dependent antibacterial performance. Bacteria were cultured at 37 °C in LB broth 

to mid-log phase. Then, a 106 CFU/mL bacteria solution was incubated with the adhesive at 

various concentrations (0, 25, 50, 100 and 200 μg/mL) at 37 °C for 24 h. The obtained bacteria 

solutions were transferred to LB agrar plate and incubation at 37 °C. The number of CFUs was 

counted for evaluating the antibacterial efficacy by CFUadhesive/CFUcontrol, where CFUadhesive and 

CFUcontrol represented the CFU numbers of each group. The control group was bacteria solution 

without incubation of the adhesive. 

Live/dead staining assay for bacteria. The SYTO 9/ Propidium Iodide (PI) was used to 

detect the live/dead assay. In short, 1 mL of bacteria suspensions were incubated with 200 μg of 
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the adhesive. Then, the suspensions were incubated for 24 h in the incubator. Centrifugation at 

5000 rpm for 3 min was applied to obtain the sediment. Meanwhile, the supernatant was 

discarded, and the bacteria were washed several times with PBS. SYTO 9/PI (5 μL) was added to 

the bacteria suspensions (200 μL) and incubated at 37 °C for 20 min. 

Hemolysis assay. 10 mL of fresh blood was collected from a healthy adult (age 27, Male). 

Red blood cells (RBCs) were obtained under centrifugation (1000 g) for 15 min, and then 

washed several times with PBS buffer. It was finally diluted to ultimate concentration (5%, v/v). 

Different quality of the adhesive or PEI was mixed with 100 μL of RBCs stock and were added 

to a 96-well microplate and incubated for 1 h at 37 °C with constant shaking. The microplate was 

then centrifuged. A fresh microplate was used to hold the transferred supernatant (50 μL) and the 

new 50 μL of PBS buffer. The hemolysis assay was detected at 540 nm. Triton X-100 (0.1% in 

PBS buffer) was used as positive control, and individual PBS buffer was served as negative 

control. The calculation of hemolytic activity was measured by the formulation: hemolytic 

activity = [(A - B)/(C - B)] × 100%, where A is the absorbance for the antimicrobial agent, B is 

the absorbance for the PBS buffer treated, and C is the absorbance for the Triton X-100 treated. 

MTT assay to investigate the adhesive. The fibroblast CHO-K1 was used for MTT assay. 

In short, 1.5×104 of CHO-K1 cells with 100 μL of DMEM/F12 were cultured within a 96-well 

microplate. A dose-dependent adhesive or PEI was added in the cell medium and then 

transferred to get a certain concentration (0, 25, 50, 100, and 200 μg/mL). The cells were 

incubated with the adhesive or PEI at incubator for 24 h, and then the above culture medium was 

discarded, and each well was added with MTT solution (100 μL, 1 mg/mL in DMEM). After 4 h 

of incubation, the MTT medium was discarded, and 100 μL of DMSO was instilled. The 
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microplate was shaken for several minutes. The cell viability was measured according to the 

absorption of each well at 490 nm. 

Bacteria capture assay. A trace of FITC labeled adhesive was incubated with bacteria 

stained by Nile Red. After incubation with bacteria suspension for 1 h, centrifugation at 3000 

rpm for 5 min was conducted to obtain the pellets. Then, the sediment was re-suspended into 

PBS buffer. Confocal microscopy was finally used to investigate the co-localization of 

particulates and bacteria. 

Bacteria morphology investigation. Untreated bacteria and bacteria treated with adhesive 

were acquired in a similar method with that of live/dead staining assay. After a period of fixation 

with 2.5% glutaraldehyde, the bacteria were washed several times with PBS buffer. After that, 

the bacteria were dehydrated with different ethanol concentrations (20% - 100%) for 10 min, 

then lyophilized for SEM imaging. 

In vivo wound healing assay. Animal experiments were approved by the China Committee 

for Research and Animal Ethics in compliance with the law on experimental animals. Female 

C57BL/6 mice aged 8 weeks were used for in vivo wound infection and healing assay. All mice 

were randomly divided into two groups: S. aureus-infected and E. coli-infected groups. Each 

group contained 9 mice, three of which were painted with the adhesive (70 mg), three were 

untreated as negative control and the other three were treated with biomedical gauzes as positive 

control. After anaesthetization with diethyl ether, the hair on the dorsal was partially shaved 

under the help of 7% sodium sulfide solution. Antiseptic preparation was performed on the 

region with 75% ethanol. Then, a full-thickness circle wound was created on the dorsal region of 

each mouse. After that, 100 μL of S. aureus and E. coli suspensions (108 CFU/mL) were used to 

infect the wound bed. After 24 h, the wounds subsequently got seriously infected with pus (Day 
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1). At day 2, the treatment group for S. aureus and E. coli adhered to the adhesive (70 mg). The  

positive control groups were treated with a biomedical gauze from day 2 to day 5. The health and 

wound conditions of the mice were all recorded every day until the wounds were healed. The 

mice were housed in each ventilated cage to prevent disturbance and then fed with commercial 

mice feed and water after the surgery. The representative photographs were acquired through 

direct and real-time observation of wound sizes, and biomedical gauzes should be picked up 

when taking pictures. 

In vivo antibacterial evaluation. The management of mice was the same as that in wound 

healing assay. Each infected group contained 6 mice for control and treatment. On day 5, the 

mice were all sacrificed and the infected tissues were transferred to 5 mL of PBS buffer. They 

were sonicated for 10 min to disperse bacteria, and the bacterial suspension was diluted for 

plating on LB agar. After incubation at 37 °C for 12 h, the number of colonies could be counted. 

Histological investigation. The mice were sacrificed and wound histology specimens were 

collected on day 15 (S. aureus-infected) and day 13 (E. coli-infected). In brief, all the samples 

were fixed with 4% paraformaldehyde solution for 2 days, Then, the immersed samples were 

obtained and make them embedded in paraffin and cut within 3-5 μm in thickness. These 

sections were all stained with hematoxylin-eosin (H&E) and Masson trichrome for capturing by 

Nikon microscope and investigation through microscopic examination. The optical microscopy 

(10× and 20×field were utilized) was ultimately applied to observe. In terms of quantitative 

analysis of the histopathological variations, the number of microvessels in granulation tissues 

(vessels/20×field) and the proportion of granulation tissues area (%/20×field), the number of 

blood vessels (vessels/20×field), the area of collagen-occupied percentage (%/20×field) and the 
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number of infiltrated inflammatory cells (cells/20×field) were measured on histological skin 

sections by NIS-elements analysis software. 

Statistical analysis. All data were presented as mean or means ± standard derivation. 

Statistical significance was carried out using t-test function in Origin 9.0. p-value < 0.05 was 

considered statistically significant. 
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Scheme 1. Schematic preparation of transparent particulate-aggregated adhesive for bacteria-

infected wound coating. a) Detailed synthetic procedures of UPy (blue) - PEI (fuchsia) 

particulates, and the dynamic reversible water (green) -sensitive behaviors of the adhesive. b) 

Chemical structure of UPy-PEI molecule. c) The water-rich exudates endow the adhesive with 

sustained releasing of particulates to capture and kill bacteria. Meanwhile, real-time observation 

of wound conditions can be achieved due to transparency of the adhesive. 
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Figure 1. a) Image from optical microscope showing the well dispersed particulates were formed 

in water after dialysis (left) and aggregated particulates in a colorless adhesive after water 

removal by vacuum drying (right). Scale bar: 20 μm. b) Appearance of the adhesive changed 

from colorless (without water) to white (with water). c) Mechanism illustration for dissociation 

of the adhesive by H2O. d) Viscosity measurement of the adhesive upon stimulation by different 

volumes of water. Insert: the adhesive without water (left) and the adhesive with water (right). e) 

Time-lapse FTIR spectra showing H/D exchange between the adhesive and D2O, which 

presented the decreased intensity of bands. Bottom to top: time-lapse evaporation of D2O from 2 

min to 10 min, leading to regeneration of amino hydrogen bonds in the adhesive. Shadow area 

represents the peak shifts occurred to corresponding components (N-D/H and D2O). f) 

Representative illustration of the particulate-aggregated adhesive absorbing water from LB agar 

plate for diffusion. g) Real-time fluorescence observation on a LB agar plate to show the slow 

releasing from the adhesive. 
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Figure 2. Antibacterial performance of the adhesive. a) The dose-dependent antibacterial 

performance for four types of bacteria. b) Zeta potentials of bacteria without/with 

adhesive treatment. c) The adhesive shows the released particulates (green) to capture 

Nile red-labeled bacteria (red). Scale bar: 20 μm. White arrows: representative overlap of 

particulates and E. coli. d) Top: live/dead staining by SYTO 9 and Propidium Iodide (PI) to 

investigate the viability before and after the adhesive treatment. Scale bar: 20 μm. Bottom: 

morphologies of bacteria before and after the adhesive treatment. Scale bar: 500 nm. 
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Figure 3. Ex vivo investigation of adhesion ability. (a) Ability of the particulate-aggregated 

adhesive to anastomose two mouse skin sections when perpendicularly elevated. Moreover, the 

particulate-aggregated adhesive could adhere to the mouse skin section and tolerate continuous 

torsion tests. (b) Quantitative adhesion strength by lap-shear tests on animal skins to show the 

strong binding ability for wound paste. 
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Figure 4. Wound healing promoted by the adhesive. Representative photos of the skin 

regeneration processes in a) control and adhesive treatment groups and b) biomedical gauze-

treated groups. c) Statistical graph shows the wound closure of S. aureus- and E. coli-infected 

groups, which demonstrated the accelerated wound contractions for the treatment groups. (mean 

± SD, t-test, n = 3, **P < 0.05) d) Digital images showed the in vivo antibacterial efficiency on 

Day 5, which were evaluated from the infected-wound tissues. e) Relative bacteria numbers from 

infected wounds measured by colony counts. (mean ± SD, t-test, n = 3, **P < 0.05) 
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Figure 5. H&E stained histological sections. In both treatment groups, an intact epidermis could 

be clearly found and many hair follicles were newly formed. However, the epidermis in S. 

aureus- and E. coli-infected control groups were less mature, which also showed few hair 

follicles inside the dermis. Scale bar: 100 μm. 
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Figure 6. Quantitative analysis of a) the number of inflammatory cells, b) the proportion of 

granulation tissue area, c) the number of blood vessels, and d) collagen-occupied percentage by 

Masson's trichrome staining. (mean ± SD, t-test, n = 3, *P < 0.01, **P < 0.05) 
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Figure 7. Masson's trichrome staining to observe collagen-occupied regions in control and 

treatment groups. Scale bar: 50 μm. 
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