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ABSTRACT  

Using antimicrobial coatings to control the spread of pathogenic microbes is appreciated in 

public and healthcare settings, but the performance of most antimicrobial coatings could not 

fulfill the increasing requirements, particularly the ease of preparation, high durability, rapid 

response, and high killing efficiency. Herein, we develop a new type of mechano-induced 

assembly of nanocomposite coating by simple “Press-N-Go” procedures on various substrates 

such as glassware, gloves, and fabrics, in which the coating shows strong adhesion, high shear 

stability and high stiffness, making it durable in daily use to withstand common mechanical 

deformation and scratches. The coating also shows remarkable disinfection effectiveness over 

99.9% to clinically significant multiple drug-resistant (MDR) bacterial pathogens upon only 6 s 

near-infrared irradiation, which can be further improved to over 99.9999% upon another 6 s 

treatment. We envision that the coating can provide convenience and values to control pathogens 

spread for easily contaminated substrates in high-risk areas. 
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Introduction 

Airborne and contact transmissions are important routes for pathogens spread between 

environment and hosts.1-4 Recent examples are respiratory viruses, which remain viable for 

several hours in aerosols and many days on different surfaces.5, 6 In addition to exploring new 

therapeutic methods, it is highly desirable to develop strategies that help prevent pathogen spread 

by blocking the transmission pathways. Current strategies of using antimicrobial coatings to 

control the spread of pathogens widely rely on the chemical or biological inactivation 

mechanisms, which often suffer from poor durability and low killing efficiency, making them 

insufficient in public and healthcare settings.7-9 Meanwhile, the bactericidal components used in 

the antimicrobial coatings will bring concerns to human health and environment,10-12 and 

particularly the abuse or long-term usage will increase the risk on the potential development of 

drug-resistance to bacteria.13, 14 To apply antimicrobial coatings based on fast and effective 

physical disinfection mechanisms15-18 with the capabilities of easy-to-use, low cost, recyclability 

and reprocessability, damage-tolerance and high durability, could cover the gap of regular 

surface disinfection treatments, and enhance the infection control and prevention in high-risk 

regions such as nosocomial environment.19 However, current antimicrobial coatings can rarely 

achieve these features simutaneously, for which a fundamental understanding on the molecular 

engineering and material design is highly desired. 

Taking advantages of supramolecular chemistry in regulating mechanical integrity by 

reversible crosslinks such as hydrogen bonding, metal ion chelation and pi-pi interactions,20, 21 

supramolecular polymers have been developed with unique features of intrinsic healing, stimuli-

responsiveness and recyclability.22-26 Most supramolecular polymers crosslinked by non-covalent 

bonds are outstanding on flexibility, elasticity and toughness, but they are usually lack of 
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optimization on stiffness and mechanical strength.27 There are a couple of examples on the 

development of damage-healable supramolecular coatings for anti-biofouling applications; 

however, they are lack of rapid disinfection ability to surface-deposited pathogens.28, 29 Some 

supramolecular coatings could provide additional binding abilities to bacterial cells to facilitate 

high disinfection effectiveness, but the trade-off is the insufficiency of coating durability and 

longevity.30, 31 Incorporating nanoparticles or nanofibers with specific functions to form 

supramolecular nanocomposites could harness the features of all components to synergistically 

improve the performance of developed materials.32-34 In accordance with applications for potent 

and durable antimicrobial coatings, both the configuration of supramolecular polymers and the 

assembly status of functional nanofillers should be carefully designed to enable the 

supramolecular nanocomposites with reconfigurable topography, adaptive mechanical properties, 

controllable interfacial properties, rapid disinfection with high effectiveness to fit diverse 

requirements.35, 36 

We report herein a new “Press-N-Go” supramolecular nanocomposite coating through 

mechano-induced assembly of powder precursors, which possesses high mechanical strength, 

ease-of-development on diverse substrates, rapid and effective photothermal surface disinfection 

abilities (Scheme 1). The powder precursor is prepared from siloxane-modified gold nanorods 

(GNRs) with siloxane oligomers as binders. Multivalent hydrogen bonds can be formed between 

the GNRs and the binder molecules under mechanical compression to enable bulk assembly and 

thus coating development. The mechanism of mechano-induced assembly enables ease-of-

preparation of the coating,37, 38 which can be readily prepared by compressing the powder 

precursors on different substrates such as glassware, gloves, and fabrics. Once developed, for 

example on the nitrile glove, the coating can withstand common mechanical deformation and 
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scratches due to its high shear stability, high stiffness and strong adhesion. With a rapid and 

potent photothermal effect, the weight ratio of GNRs in the coating can be as low as around 1.58% 

that could significantly reduce the cost of preparation. With such a small amount of GNRs, the 

coating shows outstanding photothermal effects and disinfection effectiveness upon near-infrared 

(NIR) irradiation. Using multiple drug-resistant (MDR) bacteria as a model study, the 

disinfection effectiveness of the coating is over 99.9% upon 6 s irradiation, which can be further 

improved to over 99.9999% upon another 6 s treatment. All these features make the coating 

outstanding for applications on surfaces where high contact frequency, rapid and high-efficient 

disinfection are required. 

Results and discussion 

The GNRs are prepared through a typical seed-mediated method,39, 40 and a thin layer of silicon 

oxide is coated to synthesize the GNRs@SiO2 (Figure 1a). The ureidopyrimidinone (UPy) and 

polydimethylsiloxane (PDMS) motifs are sequentially modified onto the GNRs@SiO2 through 

typical polycondensation reactions, resulting in the GNRs@SiO2-PDMS-UPy (GNRs@SPU) 

(Figure S1). Finally, an oligomeric crosslinker (CL), bis-UPy-terminated PDMS (Figure S2), 

will blend and co-assemble with the core-shell particles to form compact coatings through a 

mechano-induced process (Scheme 1). 

The UPy motifs can form dimers via complementary quadruple hydrogen bonding to induce 

molecular assemblies, and such processes typically happen in solutions or within polymer 

networks.41-44 In our case, here we show that the dimerization can happen through mechano-

induced processes using powder precursors. The GNRs@SPU-CLs precursors are first uniformly 

cast on the target substrate, followed by mechanical compression through a PTFE stamp under a 

pressure of 15-20 KPa for coating development (Figure S3). A sufficient compression pressure is 
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needed to promote the complete assembly of the precursors and assure mechanical robustness of 

the coating. In a typical experiment, 6.5 mg powders (~0.72 mg GNRs@SPU, ~5.78 mg CLs) 

can form a uniform coating at ~1 cm × 1 cm area and ~70 μm thickness on glass slide (Figure 

1b). The coating can be smashed into powders with the help of acetone and alcohols for 

recycling or reprocessing (Figure S4), because these solvents can swell the polymer domains of 

the coating and dissociate the hydrogen bonding within the coating.45 

To elucidate the mechanism of mechano-induced assembly, we investigate the hydrogen 

bonding interactions via spectrometric methods. Our data indicate that strong and abundant 

hydrogen bonding interactions are observed within the coating, which is distinct from the weak 

signals of hydrogen bonding interactions in the powders. As from the Fourier transform infrared 

(FTIR) spectra, the representative N-H band of the powders identified at 3360 cm-1 is blue-

shifted to 3346 cm-1 after the powders are compressed into a coating (Figure 1c). The blue shift 

of N-H band is ascribed to the increased UPy dimerization in the coating.41, 46 X-ray diffraction 

(XRD) patterns also confirm that there are highly ordered structures and crystalline domains in 

the coating, which show much stronger diffraction peaks than those of the powders (Figure 1d). 

The rich crystalline domains which are absent in the powders, could be ascribed to the semi-

crystalline aggregations contributed by UPy dimers and dimer stackings.41, 47 All the results 

prove that there are strong and abundant hydrogen bonding interactions in the coating during the 

mechano-induced assembly process. Comparing to traditional solvent-processing methods, such 

mechano-induced assembly is more versatile and environment-friendly, and more importantly 

the quality of the molecular/particle assembly is robust and reliable. 

In our system, the use of oligomeric CLs is crucial as they are expected to serve as 

supramolecular binders to facilitate the assembly of the particles during the mechano-induced 
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processes. Rheological tests show that the assembly by pure GNRs@SPU is not stable. The 

initial storage modulus (G′) of the coating made from GNRs@SPU is at ~ 400 KPa, but it will 

drastically decrease to 17 KPa when 1% shear strain is applied, due to the failure of dynamic 

hydrogen-bonded networks and corresponding rupture of structural integrity. Although the 

modulus can restore with the help of reversible hydrogen bonding when the strain is removed 

(Figure 1e), such coating is not suitable for high-duty usage because it is very sensitive to shear 

strains and cannot withstand most mechanical deformation and scratches which will induce large 

strains and cause damages on the coating. 

Two CLs with molecular weights at ~3000 and ~5000 are used to further elucidate the 

assembly mechanism. The addition of CLs can improve the tolerance to shear strains (Figure 1f), 

but it will also reduce the shear modulus of the GNRs@SPU-CLs coatings (Figure S5). This is 

probably because the flexible polysiloxane chains in the CLs will reduce the density of physical 

cross-linking from the hydrogen-bonded UPy dimers, improve the mobility of nanocomposite 

assemblies, and thereby compensate the shear deformation applied on the coating.48-50 Moreover, 

the CLs-5000 can significantly improve the strain tolerance of the nanocomposite, and the 

GNRs@SPU-CLs-5000 coating shows the best strain tolerance that it can maintain the shear 

modulus within 10% strain, ensuring high deformability on most bendable substrates.51 Atomic 

force microscopy (AFM) mapping is subsequently performed to compare the modulus and 

adhesion force of the coatings (Figure 2a-d and Table S1). The averaged modulus of the 

GNRs@SPU coating in a scanned area at 5 μm × 5 μm is 2.72 GPa, which is much higher than 

that in the GNRs@SPU-CLs-5000 coating (0.86 GPa). The decrease on the moduli correlates 

very well with previous rheological results. While in the adhesion force mapping, the measured 

average adhesion forces of the GNRs@SPU-CLs-5000 and the GNRs@SPU coatings are 172 nN 
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and 101 nN, respectively. The adhesion forces are appreciated for the interfacial adhesive with 

bonding substrates.2, 44, 52 The adhesion force will increase when the distance between the coating 

and substrates is closer (Figure S6). The modulus and adhesion force also distribute more 

uniformly in the GNRs@SPU-CLs-5000 coating than those in the GNRs@SPU coating. 

Although the modulus of the GNRs@SPU-CLs-5000 coating is reduced, it is still high enough to 

withstand common mechanical scratches made by rubber gloves, fabrics and plastics which are 

typically around 0.03-0.7 GPa.53, 54 These results highlight that the addition of an oligomeric 

binder will significantly improve the stability and toughness of the supramolecular 

nanocomposite coating, making it preferable for the “Press-N-Go” procedures. Moreover, the 

high shear stability of the GNRs@SPU-CLs-5000 coating makes it favorable in coating 

applications. The GNRs@SPU-CLs-5000 coatings were therefore selected as typical samples in 

all demonstrations. 

Surface and optical properties of the coating are subsequently investigated. The 

GNRs@SPU-CLs-5000 coating is compact and uniform with a roughness Rq at 23.1 nm when it 

is prepared on a glass slide (Figure S7). Elemental analysis shows that the weight percentage of 

Au is around 1.58% in the coating (Figure S8), and the top surface layer of the coating is covered 

with UPy motifs and PDMS (Figure S9). With the help of GNRs, the coating shows a broad 

absorption band from 600 to 900 nm (Figure S10). For a coating with 70 μm thickness, an 

ultrafast surface temperature elevation is observed upon NIR irradiation (Figure 3a). The average 

surface temperature on the coated glass slide increases to 113°C after 60 s irradiation (Figure 3b 

and Movie S1), while the bare glass slide displays little changes under the same treatment 

(Movie S2). In a repeatable experiment, 6 s irradiation can quickly raise the average surface 

temperature to 74°C which is suitable for photothermal disinfection of drug-resistant bacteria, 
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because the denaturation of nucleic acid-binding and enzyme-modulating proteins will happen 

when the temperature is over 50°C.17 Higher power density will further elevate the surface 

temperature of the illuminated coating (Figure S11). The coated glass slide can cool down in 42 s 

when the irradiation is off (Figure 3c). The coating also displays an excellent thermal stability 

and there are no apparent changes on the physical and chemical properties after repeatable on-off 

tests (Figure S12). 

Five different clinically significant drug-resistant bacterial pathogens are selected to 

demonstrate the photothermal disinfection of the coating: Methicillin-resistant Staphylococcus 

aureus (MRSA); Carbapenem-resistant Escherichia coli (CREC); Carbapenem-resistant 

Acinetobacter pittii (CRAP); Carbapenem-resistant Klebsiella pneumonia (CRKP); Carbapenem- 

and colistin-resistant Klebsiella pneumonia (CCRKP). Specifically, the coating samples are 

immersed with the bacteria solution (107 CFU/mL) for 6 h to allow bacteria accommodation, and 

then they are taken out for NIR treatment. From the scanning electron microscope (SEM) 

images, serious damages on the cellular integrity are observed for the drug-resistant bacteria on 

the nanocomposite coating upon 6 s irradiation (Figure 3d). However, bacteria on the control 

group (UPy-terminated PDMS mixtures without GNRs) maintain a good appearance with 

integral structure after irradiation. The nanocomposite coating shows that the disinfection 

effectiveness is over 99.9% in repeatable tests to all the five bacterial strains upon 6 s irradiation 

(Figure 3e and 3f). The disinfection effectiveness can be further improved to over 99.9999% 

upon another 6 s treatment (Figure S13). Rapid disinfection on surface deposited microdroplets 

has raised more and more attention in the control of infectious diseases, because airborne 

respiratory droplets and aerosols are important media for bacterial or viral transmission (Figure 

S14a).2 The disinfection effectiveness of the nanocomposite coating to the microdroplets keep 
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over 99.9% upon 6 s irradiation in the mimicked sneezing/coughing process (Figure S14b and 

S14c). The strong efficacy to kill pathogens upon short-time irradiation, coupled with the lack of 

toxicity (Figure S15) will bring the coatings with high convenience and practicability for 

pathogens control. 

The powder precursors can be applied on many surfaces (Figure S16) and they can also be 

prepared on PTFE plate and then transferred to other surfaces through the “Press-N-Go” 

procedures. In standard lap shear tests, the assembled coating shows the highest adhesion 

strength on nitrile glove and the lowest adhesion strength on PTFE (Figure 4a). When developed 

on nitrile gloves, the coating well tolerates the deformation without exfoliation (Figure 4b and 

4c). It exhibits excellent water-repellent properties and cannot be washed away by water blasting 

due to the hydrophobicity of PDMS (Figure 4d and S17). As shown in Figure 4e and Movie S3, 

the coated glove can be normally used and no damage occurred. In typical tape peel-off tests, the 

coating on the glove remains intact during the 40 peel-off cycles (Figure 4f), which is evident 

from there being no exfoliated coating on the standard tape (adhesion to steel: 642 N m-1),35 

verifying the high stability and durability of the coating. Even under cross hatch by ASTM 

adhesion tests, the coating on the glove can withstand the mechanical scratches with minimal 

depletion (Figure S18). These results indicate that the coating on nitrile gloves has strong 

resistance to the common shear deformation and scratches. The coating on nitrile gloves can also 

maintain the efficient photothermal effect upon NIR irradiation (Figure 4g). The average 

temperature at the outer surface of the glove increases rapidly to over 70°C upon 6 s irradiation 

(Figure 4h and Movie S4), making it effective for bacterial disinfection. The temperature 

measured at the inner surface of the glove increases slower than it is at the outer surface of the 

glove due to the insulating effect of the glove. The peak temperature of the inner surface is 
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measured at ~43°C, which is 11 s delayed after the irradiation. Within 50 s, temperatures of the 

both inner and outer layer of the glove return to ~29°C (Figure 4i and S19). These results suggest 

that the coated regions can be disinfected while the fingers can remain comfortable. 

Conclusion 

In summary, we develop a new mechano-induced assembly of nanocomposite coating through 

simple “Press-N-Go” procedures on various substrates, particularly the nitrile glove. The coating 

shows the integration of high shear stability, high stiffness and strong adhesion to withstand 

common mechanical deformation and scratches for normal use. The coating also shows 

extraordinary photothermal effects with high-efficient disinfection effectiveness. MDR bacterial 

pathogens can be disinfected at over 99.9% effectiveness upon 6 s irradiation, and the 

effectiveness can be further improved to over 99.9999% upon another 6 s treatment. These 

features provide great convenience for realistic applications of the coating to prevent pathogens 

transmission in public and healthcare settings. 

Furthermore, such mechano-induced assembly of the powders into coatings is more 

versatile and environment-friendly compared to traditional solution-processing methods. The 

ease-of-development, high recyclability and reprocessability make the coating design more 

ecofriendly and sustainable. We hope that the concept and results gained from this work could 

provide a general understanding of the molecular mechanism for antimicrobial coatings, which 

can help reduce the dependence on bleach solution for the surface disinfection in high-risk areas 

such as nosocomial environment. 

Experimental section 

All the commercial chemicals and materials were used as obtained without purification unless 

otherwise specified. Chloroauric acid (HAuCl4), silver nitrate (AgNO3), ascorbic acid (AA), 
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tetraethyl orthosilicate (TEOS), (3-Aminopropyl) trimethoxysilane (APTMS), sodium 

borohydride (NaBH4) and cetyltrimethylammonium bromide (CTAB) were bought from Sigma-

Aldrich. Bis-aminopropyl-terminated poly(dimethylsiloxane) (H2N-PDMS-NH2, Mn ≈ 870, 3000 

and 5000) was purchased from Gelest, Inc. In this study, different MDR bacteria strains 

including clinical strains isolated from blood4, 55-58 were used to conduct experiment: Methicillin-

resistant Staphylococcus aureus (ATCC43300); Carbapenem-resistant Escherichia coli; 

Carbapenem-resistant Acinetobacter pittii; Carbapenem-resistant Klebsiella pneumonia; 

Carbapenem- and colistin- resistant Klebsiella pneumoniae. 

TEM (FEI/Philips CM-20) and SEM (S-4800, Hitachi) were operated to observe the 

materials or bacteria. Fourier transform infrared spectrometer (PE Spectrum 100) was used to 

investigate FTIR spectra from 500 to 4000 cm−1. UV-vis scanning spectrophotometer (Shimadzu 

1700) was used to record UV-vis absorption spectra. X-ray photoelectron spectroscopy (Kratos 

AXIS- S5 His, Shimadzu) was used to investigate the surface chemical composition. The 

wavelength of NIR light used in this work was 808 nm at a power density of 0.5 W/cm2 unless 

otherwise stated. 

Preparation of GNRs. A seed-mediated method was used to prepare GNRs. 10 mL of CTAB 

(0.1 M) was mixed with 250 μL of HAuCl4 (0.01M) aqueous solution. 600 μL of NaBH4 (0.01 

M) was then added to obtain a brownish-yellow seed solution. The solution was stirred for 5 min 

and maintained at room temperature for 3 h. In addition, 30 mL of CTAB (0.1 M) solution was 

added with 1.2 mL of HAuCl4 (0.01M). 160 μL of AgNO3 (0.01 M) and 240 μL of AA were 

dropped to obtain the growth solution. 60 μL of the above seed solution was subsequently 

dropped into the growth solution. The color of the solution would change around 20 min. The 

mixed solution should be left undisturbed at 35 °C for 24 h. GNRs were finally obtained after 
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centrifugation of the mixed solution at 12,000 rpm for 15 min to remove excess CTAB and 

washed three times. 

Preparation of carboxylated GNRs@SiO2. The preparation method of GNRs@SiO2-COOH 

was referred to previous reports with some modifications. The above obtained GNRs were 

dispersed into 10 mL of water, and 100 μL of NaOH (0.1 M) was added for stirring. After that, 

100 μL of 10% TEOS in methanol was dropped twice with 1 hour of interval. After 12 h of 

reaction, the GNRs@SiO2 could be obtained under centrifugation at 12,000 rpm for 15 min and 

washed three times with water and ethanol and dried in a vacuum drying oven. 15 mg of dried 

GNRs@SiO2 was dispersed into 10 mL of ethanol and 0.5 mL APTMS and 50 μL of acetic acid 

were dropped for reaction with stirring. After 12 h, deionized water was used to rinse the 

APTMS-modified GNRs@SiO2 to remove the excessive APTMS. 10% succinic acid dissolved 

in dimethylformamide was added to the silanized GNRs@SiO2 under N2 atmosphere and reacted 

for 12 h. Finally, the carboxylated GNRs@SiO2 were obtained after centrifugation at 12,000 rpm 

for 15 min and washed three times. 

Synthesis of UPy-PDMS. The synthesis was in accordance with our previous report.41 UPy-

NCO was first synthesized: 10 g of 2-Amino-4-hydroxy-6-methylpyrimidine, 100 mL of 

Hexamethylene diisocyanate (HMDI) and 7 mL of pyridine were sequentially added to a 250 mL 

round-bottomed flask. The flask should be immobilized with a reflux condenser for heating and 

stirring at 100°C overnight under N2 atmosphere. We then dropped 30 mL of pentane to obtain 

the white solid powder by filtration. Finally, the white powder was washed with excessive 

acetone. After the unreacted HMDI was removed, the UPy-NCO powder was dried for 24 h at 

60°C under high vacuum. For preparing UPy-PDMS, 1 equivalent of UPy-NCO and 10 

equivalent of H2N-PDMS-NH2 (Mn ≈ 870) were reacted. First, 17.4 g (4 mmol) of H2N-PDMS-
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NH2 and 360 mL of chloroform was added into a 500 mL round bottom flask with a reflux 

cooler, and then 116.8 mg (0.4 mmol) of UPy-NCO was added. The reaction was conducted at 

60˚C under N2 atmosphere for 6 h, followed by removing the solvent chloroform through 

vacuum dring. Excessive acetone was then added to wash the solid product to remove unreacted 

H2N-PDMS-NH2. Afterwards, UPy-PDMS was obtained after filtration and drying under 

vacuum conditions. 

Synthesis of UPy-PDMS-UPy. For preparing the UPy-PDMS-UPy, 2 equivalent of UPy-

NCO and 1 equivalent of H2N-PDMS-NH2 (Mn ≈ 3000 or 5000) were reacted. 1.3 g (Mn ≈ 3000) 

or 2.2 g (Mn ≈ 5000) (0.5 mmol) of H2N-PDMS-NH2 was dissolved in 360 mL of chlotoform, 

and then 292.8 mg (1 mmol) of UPy-NCO was added. The reaction was conducted at 60˚C under 

N2 atmosphere for 6 h, then the solvent chloroform was removed, and the solid product was 

washed 3 times with 125 mL portions of acetone. Finally, UPy-PDMS-UPy was collected by 

filtration and vacuum drying. UPy-PDMS3000-UPy, 1H NMR (400 MHz, CDCl3): δ 13.18 (s, 2H, 

CH3-C-NH), 11.85 (s, 2H, CH2-NH-(C=O)-NH-C), 10.10 (s, 2H, CH2-NH-(C=O)-NH-C), 5.85-

5.35 (m, 2H, CH=C-CH3), 4.45 (d, 4H, NH-CH2-CH2-CH2-Si), 3.38-2.91 (m, 12H, NH-(C=O)-

NH-CH2, CH2-NH-(C=O)-NH-CH2), 2.66 (t, 6H, CH=C-CH3), 2.32-2.09 (m, 8H, NH-CH2-CH2-

CH2-CH2-CH2-CH2-NH), 0.88 (t, 8H, NH-CH2-CH2-CH2-CH2-CH2-CH2-NH), 0.58-0.47 (m, 4H, 

CH2-Si), 0.11-0.01 (m, 210H, CH3-Si). UPy-PDMS5000-UPy, 1H NMR (400 MHz, CDCl3): δ 

13.18 (s, 2H, CH3-C-NH), 11.85 (s, 2H, CH2-NH-(C=O)-NH-C), 10.10 (s, 2H, CH2-NH-(C=O)-

NH-C), 5.85-5.35 (m, 2H, CH=C-CH3), 4.45 (d, 4H, NH-CH2-CH2-CH2-Si), 3.64-3.20 (m, 12H, 

NH-(C=O)-NH-CH2, CH2-NH-(C=O)-NH-CH2), 2.87-2.47 (m, 6H, CH=C-CH3), 2.49-2.07 (m, 

8H, NH-CH2-CH2-CH2-CH2-CH2-CH2-NH), 0.88 (t, 8H, NH-CH2-CH2-CH2-CH2-CH2-CH2-

NH), 0.70-0.36 (m, 4H, CH2-Si), 0.12-0.01 (m, 369H, CH3-Si). 
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Preparation of GNRs@SPU. The carboxylated GNRs@SiO2 and UPy-PDMS was reacted 

through the amide reaction. 30.2 mg of carboxylated GNRs@SiO2 was dissolved in DMSO. 

102.3 mg of EDC and 38.6 mg of NHS were then added to the above solution and stirred for 2 h 

at room temperature. After activation, 500 mg of UPy-PDMS in DMSO solution were dropped 

into the above solution following by vigorously stirring for 24 h. Afterwards, the mixture was 

centrifugated at 12,000 rpm for 15 min and the precipitate was sequentially washed several times 

by chlotoform and acetone. The gray-black products were finally collected after vacuum drying. 

Preparation of the GNRs@SPU-CLs powders. 12 mg of GNRs@SPU and 97 mg of the 

crosslinker UPy-PDMS-UPy were dispersed in DMSO solution with sonification. Following that, 

they were vigorously stirred for 8 h to mix uniformly. The products were centrifugated and 

washed by acetone to remove residual DMSO. The powders were obtained after the products 

were dried in vacuum. 

Preparation and recycle of the coating. The coating could be formed by mechano-induced 

assembly of the powder precursors on substrates through a cleaned PTFE plate. Around 6.5 mg 

of the powders were compressed at 15-20 KPa, and the coating was fast formed with an area 

around 1 cm2 and ~70 μm in thickness. For recycling the coating, the coating could be smashed 

in acetone with sonification, and the recyclable powders could be obtained via drying in vacuum. 

Sample preparation for TEM imaging. For observation of GNRs and carboxylated 

GNRs@SiO2, the samples in water were dropped onto copper grids. For the GNRs@SPU and 

the GNRs@SPU-CLs-5000 powders, they were dispersed into acetone with sonification for 30 

min, and then dropped onto copper grids. 

Measurement of photothermal performance. 6.5 mg of powder precursors were compressed 

onto a glass slide to form a coating with thickness of ~70 μm. The coated glass was then 
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irradiated with 808 nm NIR light at a power of 0.5 W/cm2 for 60 s. The thermal images were 

recorded by an infrared camera, and the real-time temperature change was also measured. The 

bare glass was set as control group. For on-off experiment, the coating was irradiated for 6 s 

following by cooling at room temperature. Five cycles of heating-cooling were recorded. 

SEM investigation of bacterial morphology. 6.5 mg of powder precursors or UPy-

terminated PDMS mixtures (UPy-PDMS and CLs-5000) without GNRs were compressed into a 

coating with ~1 cm2. They were immersed with 5 mL of the drug-resistant bacteria solution (107 

CFU/mL) for 6 h in the 24-well plate. Afterwards, they were taken out and irradiated by 808 nm 

NIR light (0.5 W/cm2) for 6 s. After cooling to room temperature, they were soaked into 2.5% 

glutaraldehyde for fixation and the bacteria were dehydrated with various alcohol concentrations 

(20%-100%) for 10 min, and finally lyophilized for SEM imaging. 

Evaluation of bacterial killing ratios. Five different drug-resistant bacteria were cultured at 

37°C in an LB broth to the mid-log phase. The nanocomposite coating and the control group 

with ~1 cm2 were immersed with 5 mL of the drug-resistant bacteria solution (107 CFU/mL) in 

the 24-well plate for 6 h. After that, they were carefully taken out and irradiated by 808 nm NIR 

light (0.5 W/cm2) for 6 s. After cooling to room temperature, they were scraped by a cutter and 

soaked into 2 mL of PBS buffer, followed by sonification for 30 min to detach bacteria. The 

bacterial suspension was then diluted and plated on LB agar. The number of colonies could be 

counted after incubation at 37°C for 10 h. Bacterial killing ratios could be evaluated by 

CFUnanocomposite coating/CFUcontrol, in which CFUnanocomposite coating and CFUcontrol represented the CFU 

numbers of each group. For repeated evaluation of bacterial killing ratios, the above coatings 

were taken out and smashed in acetone with sonification for 30 min to reacquire the powders. 
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The powders were then obtained by centrifugation and vacuum drying, followed by compressing 

the powders into a coating for the next evaluation of bacterial killing ratios. 

Photothermal disinfection in microdroplets. Methods of spraying bacteria-contained 

microdroplets were similar to those in our previous report.2 The samples were vertically placed 

with a 15 cm distance to the nozzle of the sprayer. The gas flow of applied compressed air was 

generated by squeezing the rubber pump of the sprayer with a customized actuator. Around 100 

μL of microdroplets containing drug-resistant bacteria (107 CFU/mL) were squeezed from 

bacteria suspensions and sprayed on the surface of the coatings. The coatings were irradiated 

upon 808 nm NIR light (0.5 W/cm2) for 6 s. After cooling to room temperature, they were 

scraped and soaked into 2 mL of PBS buffer, followed by sonification for 30 min to disperse 

bacteria. The bacterial suspension was then diluted and plated on LB agar. After incubation at 

37°C for 10 h, the number of colonies could be counted. 

Live/dead staining for bacteria on the coating. After 6 s irradiation and cooling to room 

temperature, the coating was transferred to 5 mL PBS buffer with 25 μL of SYTO 9/Propidium 

Iodide (PI) for staining and incubated at 37°C for 20 min. 

Cytotoxicity of the coating. CHO-K1 cells (104) were seeded in confocal dishes with 2 mL of 

DMEM and 10% FBS. 6.5 mg of the coating was put into the confocal dishes and incubated with 

cells for 72 h. The cells seeded in confocal dishes without the coating was set as control. 

Afterwards, 2 μL of 1 mg/mL calcein AM and 2 μL of 1 mg/mL PI were added to the dishes to 

investigate the viability of cells. After 20 min of incubation at 37°C, the cells were observed by 

confocal microscope. For living cells, they were stained with green fluorescence. The dead cells 

were stained with red fluorescence. The cell viability was evaluated by comparing the number of 
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live cells in the coating group and control group. The control group was set as 100% of cell 

viability. More than 5000 cells in each group were evaluated by Image J. 

Tape peel test. The coated substrates were covered with a standard tape Elcometer 99 

(adhesion to steel: 642 N m-1). 1 Kg of the roller was applied to roll on the tape for 40 times of 

peel-off cycles. 

Calculation for the temperature variation of the glove. The glove model was established 

using COMSOL Multiphysics 5.5 heat transfer model in the air field. The specific descriptions 

were as follows: The glove was covered with the coating in ~70 μm thickness and treated with a 

photothermal heating-cooling process at a power of 0.5 W/cm2. Note that the temperature at the 

inner surface of the glove could be influenced by the temperature of fingers and the heat 

transferred from the outer surface. The initial temperature variation at the outer surface of the 

glove was referred to the result recorded by infrared camera, but the temperature of fingers was 

also taken into account for accurate calculation in normal use. The heat conductivity coefficient 

of the glove was 0.15 W/(m·K); the thickness of the glove was 0.8 mm; the density of the glove 

was 1.25 g/cm3; the specific heat capacity of the glove was 1800 J/(kg·K). The initial 

temperature of fingers was 37°C and the initial temperature of glove was 25°C. 
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Scheme 1. Schematic illustration of the mechano-induced assembly of nanocomposite coating. 

UPy dimerization can be induced under mechanical compression or “Press-N-Go” procedures to 

assemble the mechanically stable coating. The developed nanocomposite coating can realize 

rapid and high-efficient surface disinfection upon NIR light due to potent photothermal effects. 
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Figure 1. (a) Transmission electron microscope (TEM) images of the GNRs@SiO2 nanoparticles 

and the GNRs@SPU-CLs powders. Scale bar: 100 nm. (b) The powders can be compressed to 

form a uniform coating which can be reversibly smashed for recycling purpose. (c) 

Representative IR peaks that show blue shift during the compression and coating formation 

procedures. (d) XRD patterns that show signal enhancement during the compression and coating 

formation procedures. (e) The GNRs@SPU coating is damaged under 1% shear strain (0.1 Hz, 

25°C), which can be recovered after removing the strain (0.1 Hz, 50°C). (f) Shear storage moduli 

(0.1 Hz, 25°C) of the GNRs@SPU-CLs coatings. 
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Figure 2. (a) Modulus distribution of the GNRs@SPU coating. (b) Adhesion force distribution 

of the GNRs@SPU coating. (c) Modulus distribution of the GNRs@SPU-CLs-5000 coating. (d) 

Adhesion force distribution of the GNRs@SPU-CLs-5000 coating. Insets: corresponding AFM 

mapping images (5 μm × 5 μm) of modulus/adhesion forces. 
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Figure 3. (a) Temperature IR images of the coated glass upon 60 s irradiation recorded with an 

IR camera. (b) Temperature variations of the coated and bare glass upon 60 s irradiation and 

their cooling processes. (c) Five cycles of heating-cooling for the coating. (d) Upon 6 s 

irradiation, the drug-resistant bacteria on the coating made by the UPy-terminated PDMS 

mixtures without GNRs maintain a good appearance. However, the drug-resistant bacteria on the 

nanocomposite coating are seriously deformed and fused by the hyperthermia. Scale bar: 2 μm. 

(e) Agar plate images compare the disinfection effectiveness of the nanocomposite coating with 

those of control groups upon 6 s irradiation. (f) Bacterial killing ratios of the nanocomposite 

coating upon 6 s irradiation in five repeated disinfection experiment. 
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Figure 4. (a) Lap shear test is performed to compare the adhesion strength of the coating on 

different substrates. (b) Illustration of “Press-N-Go” procedures on the glove. (c) The coating 

shows strong strain tolerance on the finger joint. (d) Water blasting (2 bar, 10 min) test of the 

coated glove. Black arrow indicates the coating. (e) The coated glove can be used normally in air 

and in water. (f) Repetitive tape peel tests are performed for assessing the adhesion of assembled 

coating on different substrates. (g) The coated regions can be disinfected upon NIR irradiation. 

(h) Temperature images at the outer surface and inner surface of the glove upon 6 s irradiation 

and their cooling processes calculated from COMSOL Multiphysics software. (i) When the 

coated glove is irradiated for 6 s, temperature variations of the outer surface (recorded by 

infrared camera) and the inner surface (recorded by inserted thermoelectric couple) are plotted. 
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The following files are available free of charge. 

Supplementary figures S1-S19 and Table S1 

Movie S1: Temperature variation of the coated glass upon 60 s irradiation and its cooling process 

recorded by an IR camera (4× speed) (AVI); 

Movie S2: Temperature variation of the bare glass upon 60 s irradiation and its cooling process 

recorded by an IR camera (4× speed) (AVI); 

Movie S3: The coated glove can be used normally in air and in water (AVI); 

Movie S4: Temperature variations at the outer layer and inner layer of the glove upon 6 s 

irradiation and their cooling processes (4× speed) (AVI). 
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