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Surface-deposited pathogens are sources for the spread of infectious diseases. Protecting 

public facilities with a replaceable or recyclable antifouling coating is a promising approach 

to control pathogen transmission. However, most antifouling coatings are less effective in 

preventing pathogen-contained respiratory droplets because these tiny droplets are difficult to 

repel, and the deposited pathogens could remain viable from hours to days. Inspired by mucus, 

we developed an antimicrobial supramolecular organogel for the control of microdroplet-

mediated pathogen spread. The developed organogel coating would harvest a couple of 

unique features including localized molecular control-release, readily damage healing, and 

persistent fouling-release properties, which are preferential for antifouling coating. 

Microdroplets deposited on the organogel surfaces would be spontaneously wrapped with a 

thin liquid layer, and would therefore be disinfected rapidly due to a mechanism of spatially 

enhanced release of bactericidal molecules. Furthermore, the persistent fouling-release and 

damage-healing properties would significantly extend the life-span of the coating, making it 

promising for diverse applications. 

mailto:minglihe@cityu.edu.hk
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1. Introduction 

Surface-deposited pathogens, such as bacteria, fungi, and viruses, are critical sources of 

spreading infectious diseases in communities and healthcare settings.[1-7] Additional cleaning 

could help restore the functionality of the pathogen contaminated surfaces or devices, 

however, the damage or defect generated during operations could be the origin for surface 

fouling and accelerate function failure. More importantly, the long intervals of periodic 

disinfection procedures cannot eliminate the risk of pathogen transmission from contaminated 

surfaces. Protecting public facilities with a replaceable or recyclable antifouling coating is a 

promising approach to control pathogen transmission by reducing the initial attachment of 

pathogen-contained solutions or liquids.[8-12] However, most antifouling coatings are less 

effective in preventing respiratory droplets-mediated biofouling because these tiny droplets 

tend to anchor on solid surfaces rather than slide or bounce away (Figure S1).[13] With their 

diameters less than capillary length, gravity is not strong enough to overcome the adhesion 

between the microdroplets and the solid surface even though the surface could be treated with 

extreme liquid repellency.[14-16] After initial deposition through the respiratory droplets, 

pathogens would accommodate on the solid surface and remain viable from hours to days, 

providing a high probability of pathogen transmission and spread.[17-19] Given the rapidly 

growing demand for pathogen control at public and healthcare settings, it is highly desirable 

to develop antifouling coatings that could combine the features of excellent fouling-release, 

readily damage-healing, rapid and persistent disinfection properties, which have been rarely 

addressed in the current design of antifouling coatings. 

In nature, airway mucus is a slippery aqueous secretion produced by mucous membranes, 

which provides a protective and moisturizing layer to protect cells and tissues in respiratory 

system from the inhalation of pathogen-containing droplets.[20-21] Specifically, airway mucus 

is a water-infused gel composed of gel-forming macromolecules such as glycoproteins and 

polysaccharides, as well as antimicrobial components such as antibodies and bacteria-killing 
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enzymes (Scheme 1a), both of which work together to trap and disinfect pathogens.[12, 22-23] 

Besides, pathogen-contained mucus could be easily cleared or depleted from bulk layer, with 

the help of the reconfigurable nature of the mucus gel and the abundant dynamic interactions 

within the mucus gel.[24-25] Inspired from the airway mucus, we herein proposed a 

supramolecular assembly strategy to develop an organogel that could kill and release 

pathogens. The supramolecular organogel is composed of polyurea polymer, carvacrol oil, 

and silicone oil, in which competitive hydrogen bonds regulate the assembly status of all 

components and thus guide the performance of the organogel based coating (Scheme 1b). 

Specifically, the polyurea chains could assemble in a reconfigurable and damage-healable 

scaffold through intermolecular hydrogen bonds provided by urea motifs (Figure S2).[26-28] 

Carvacrol is a natural antimicrobial liquid that is expected to help disinfect the microdroplets 

trapped on the organogel and help regulate the mechanical properties of the organogel through 

competitive intermolecular hydrogen bonding.[29-30] Moreover, as a biocompatible lubricant, 

silicone oil is added to swell the polyurea scaffold, facilitate the damage-healing and lubricate 

the organogel, so that the accumulated microorganisms could be easily removed from the 

slippery surface. Through well-controlled interaction of all three components, an organogel 

coating was developed with combined features including rapid microdroplets disinfection, 

readily damage-healing, and persistent fouling-release, enabling an integrated platform to 

reduce pathogen spread by respiratory microdroplets (Scheme 1c). 

As a synergistic effect from the above-mentioned features, pathogen-contained 

microdroplets deposited on the organogel could be disinfected in minutes via a unique 

mechanism of Wrapping-layer Assisted Releasing (WAR). Similar to airway mucus that 

could trap pathogens and release antibodies and bacteria-killing enzymes to the trapped sites, 

the organogel could wrap the microdroplets with an antimicrobial lubricant layer and provide 

spatially enhanced release of carvacrol and accelerated disinfection rate. Moreover, benefiting 
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from the organogel’s readily damage-healing properties, the disinfection capability can be 

maintained even after multiple damages, which significantly extended its lifespan. Besides, 

pathogen accumulation could be easily removed with a gentle wash, making the organogel 

quickly refreshed. More importantly, the multifunctional organogel can be applied to various 

substrates such as glass, polypropylene, stainless steel, and ceramics, indicating a great 

potential for widespread applications. We expect that not only the developed supramolecular 

organogel is a promising candidate as antifouling coatings to control pathogen spread under 

indoor environments, but also the WAR mechanism could broaden our toolbox to design 

materials for fighting against the pathogen-contained respiratory droplets.  

 
Scheme 1. a) The schematic diagram of airway mucus structure. b) Schematic diagram 

showing the compositions of the slippery organogel coating. c) The slippery organogel 

coating was multifunctional, possessing microdroplet disinfection, pathogen release, and 

damage-healing properties. 

 

2. Results and discussion 

2.1. Fabrication and characterization of organogel coating  

Supramolecular polyurea (HMDI-PDMS) was synthesized by the one-pot reaction of 

hexamethylene diisocyanate (HMDI) and bis-aminopropyl-terminated polydimethylsiloxane 

(H2N-PDMS-NH2) at room temperature, with the polyurea chains assembled in a 

reconfigurable scaffold through reversible association/dissociation of hydrogen bonds.[31-32] 
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The incorporation of silicone oil and carvacrol in the copolymer HMDI-PDMS (HP) resulted 

in the corresponding organogels SmCn according to the mass ratio of silicone oil (S) or 

carvacrol (C) to HP. For example, S100C5 refers to the organogel loaded with silicone oil of 

100 wt% and carvacrol of 5 wt% based on the mass of pure copolymer. The incorporation of 

silicone oil facilitated both damage-healing and slipperiness of the organogel when its mass 

ratio reached or exceeded 100 wt% (Figure 1a, Movie S1, Figure S3). This is because a 

sufficient amount of silicone oil can swell polymer chains to allow the reassociation of 

hydrogen bonds and simultaneously provide the polymer with a lubricated slippery surface.[31, 

33] Moreover, the silicone oil could rebalance the coiling status of polymer chains, improve 

the rheological properties of the coating (Figure 1b), and therefore facilitate the damage-

healing properties. With the combination of excellent surface slipperiness and sufficient 

mechanical strength, the organogel S100C0 (silicone oil/HP: 100 wt%) was selected for further 

coating development.  

Carvacrol is a natural antimicrobial liquid derived from plants that would not cause 

resistance development.[34-36] Bulk addition of carvacrol into the organogel will severely 

reduce the mechanical strength of the organogels with S100C7.5 being liquid-like (Figure 1c). 

The main reason was that the carvacrol served as a hydrogen-bond competitor, contributing to 

the dissociation of the hydrogen bonds between the HP chains.[37] Meanwhile, the carvacrol 

also endowed the organogels with bactericidal activity, as demonstrated in the disk diffusion 

assay of S. aureus and E. coli (Figure 1d, Figure S4). With a compromise of mechanical 

strength and bactericidal property, the carvacrol ratio was chosen with 5 wt%, and the 

resultant organogel S100C5 could harvest desirable mechanical strength, damage-healing, 

slipperiness, and bactericidal properties.  

The distribution of silicone oil and carvacrol in S100C5 was investigated with confocal 

microscopy. Fluorescein (FITC) conjunct HP was of green fluorescence, Rhodamine 6G 

(R6G) stained carvacrol was of red fluorescence, and the silicone oil was of no fluorescence, 
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displaying an even distribution of silicone oil and carvacrol in the organogel scaffold (Figure 

1e, Figure S5). Moreover, Fourier-transform infrared spectroscopy (FTIR) was also adopted 

to reveal the intermolecular interactions among HP, silicone oil, and carvacrol, demonstrating 

the formation of new hydrogen bond between carvacrol molecule (via hydroxyl group) and 

the HP (via urea group) in the organogel (Figure 1f). It was shown that the representative IR 

peak related to hydrogen-bonded OH shifted from 3312 cm-1 to 3392 cm-1 (Figure S6). [37-40]  

 

Figure 1. a) Slipperiness of the organogel coatings that sliding angles are smaller than 10° 

when the weight ratio of silicone oils in the organogel was increased to 100%. b) Rheological 

characterization of organogels with a sequence of silicone oil at a strain of 0.1%. c) 

Rheological characterization of organogels with a sequence of carvacrol at the strain of 0.1%. 

d) Disks coated with organogels were tested with disk diffusion assay of S. aureus. e) 

Organogel S100C5 was scanned with confocal microscope. HMDI-PDMS (HP) was conjunct 

with FITC shown in green fluorescence, and carvacrol was stained with Rhodamine 6G 

shown in red fluorescence in the confocal image. f) FTIR spectroscopy of HMDI-PDMS, 

silicone oil, carvacrol, and S100C5.  

 

2.2. Microdroplets disinfection on the organogel coating  

To study the performance of the organogel coating for controlling fomite transmission, we 

generated aerosolized microdroplets containing bacterial S. aureus by a sprayer with control 

airflow to mimic the sneezing process. The diameters of those microdroplets were ranged in 

1-100 m, which were similar to respiratory microdroplets (Figure S7).[41-42] After 
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microdroplet deposition, the survival of the S. aureus was monitored by the colony-forming 

units assay, in which the bacteria deposited were collected and seeded on LB agar (Figure 2a). 

The assay displayed that the organogel S100C5 could kill almost 50% bacteria in 5 minutes and 

kill all in 20 minutes (Figure 2a-b). While for the slippery organogel S100C0 without carvacrol, 

50% deposited S. aureus can survive 2 ~ 7 hours on the surface (Figure S8). The live/dead 

fluorescence images also confirmed the survival of S. aureus on organogels, after 

accommodating droplets for 20 minutes, all bacteria deposited on S100C5 were red 

fluorescence (dead) while most S. aureus deposited on S100C0 were green fluorescence (live) 

(Figure 2c).  

Furthermore, the disinfection process was investigated via monitoring a single 

microdroplet on S100C5. It was found that the microdroplet was cloaked in oil layer during the 

whole evaporation period (Figure 2d, Figure S9). The cloaking of the microdroplet could be 

ascribed to the low surface tension (19.69 dyne/cm) and large spreading coefficient (>0) of 

the oil layer composing silicone oil and carvacrol (Figure S10, S11).[43-44] In addition, the oil 

wrapping layer provided a 3D environment for carvacrol release, which was investigated by 

the evolving red fluorescence signal representing carvacrol (Figure 2d-f). The red 

fluorescence signal started to appear in the microdroplet on the third minute and was 

enhanced on the seventh minute, implying the carvacrol’s diffusion in droplets and 

aggregation on deposited S. aureus.[45] Although carvacrol is a water-insoluble oil[46-47], the 

diffusion to the surface deposited droplets could be enhanced through a unique mechanism of 

Wrapping-layer Assisted Releasing (WAR), which was confirmed by in situ tests using a 

NanoDrop spectrophotometer, the carvacrol concentration in the droplet with wrapping layer 

increased faster than that in the droplet without the wrapping layer (Figure S12). The 

enhancing release of carvacrol could accelerate microdroplet disinfection, resulting in the 

faster killing of S. aureus in microdroplets with wrapping layers than those without wrapping 

layers (Figure S13). 
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Figure 2. a) Microdroplets containing S. aureus were sprayed on S100C5 and S100C0. Bacteria 

survival at different time points was measured with colony-forming units assay after S. aureus 

accommodating. b) The normalized survival rates of S. aureus deposited were recorded at 

different time points after spraying. c) Live/dead fluorescence images of S. aureus 20 minutes 

after accommodating. Error bars, s. d. (n = 3). Red fluorescence meant bacteria dead, and 

green fluorescence indicated bacteria alive. Scale bar, 100 m. d) One microdroplet’s fate on 

the S100C5 was recorded: microdroplet’s evaporation (top row), bacteria’s concentration and 

deposition (medium row), and the diffusion of carvacrol labeled red fluorescence (bottom 

row). Scale bar: 100 m. e) Confocal image of the wrapping layer. f) Schematic illustration of 

carvacrol’s diffusion from the oil wrapping layer into the microdroplet. 

 

In addition to S. aureus, functionality against other pathogens was also investigated. 

Typical biofilm forming bacteria like Pseudomonas aeruginosa (P. aeruginosa) and spore 

forming bacteria Bacillus subtilis (B. subtilis) were accommodated on the organogel coatings 

S100C5 by microdroplets spraying, and the survival ratios of them on different timepoints were 

recorded after the deposition. The survival ratios of bacteria B. subtilis and P. aeruginosa 
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decreased from 100% to almost 0% in 15 min and 20 min, respectively, indicating that both P. 

aeruginosa and B. subtilis could be killed by the organogel coating S100C5, and the B. subtilis 

was easier to be killed than P. aeruginosa (Figure S14).  

Moreover, we investigated the effects of microdroplets disinfection on virus infection. 

Microdroplets containing Zika virus (ZIKV) were deposited on organogel coatings by 

spraying. After half an hour’s deposition, the ZIKV were collected and incubated with lung 

cancer cell A549 for thirty-six hours. The A549 incubated with S100C0-treated ZIKV changed 

from flat (Figure 3a) to unhealthy round and eventually died (Figure 3c), while the A549 

incubated with S100C5-treated ZIKV maintained flat morphology (Figure 3d), demonstrating 

that ZIKV on S100C5 could be killed almost 100% in thirty minutes. The virus-killing effect 

was also confirmed by the virus replication, in which the replication of S100C5-treated ZIKV 

completely disappeared because the intracellular genomic viral RNA was not detected 36 

hours post-infection measured by reverse transcription polymerase chain reaction (RT-PCR, 

Figure 3e). We hypothesized that the organogel S100C5 may destroy the virus structure leading 

to loss of viral entry activity. To prove our hypothesis, we incubated A549 cells with the 

collected droplets for one hour and washed away the uninfected virus with PBS, and 

measured the intracellular viral RNA copies 6 hours post infection at which the virus did not 

start to replication. We showed that no viral genome RNA was detected (Figure 3f). The 

ZIKV infectivity were also measured with TCID50 assays, displaying that organogel S100C0 

without carvacrol had no effects on viral infectivity, the viral titer was maintained as 106 

TCID50/ml, while organogel S100C5 completely inactivated the viral infectivity without any 

detectable virus titer (0 TCID50/ml, Figure 3g).  
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Figure 3. ZIKV was treated with S100C5 or S100C0 for 30 min. a-d) A549 cells were infected 

by untreated, treated ZIKV or nil respectively. Cell morphology was captured 36 h post-

infection. e-f) Relative cytoplasmic ZIKV RNA genome level 6h or 36h p. i. was measured by 

RT-qPCR. GAPDH was used as the internal control. (g) The titer of treated ZIKV was 

determined by TCID50 assay. Data was represented as mean ± SD (n=3). Student’s t test, *p < 

0.05, compared with ZIKV (S100C0) infected group; **p < 0.01, compared with ZIKV (S100C0) 

infected group.  

 

2.3. Damage-healing and fouling release properties  

For practical applications, the damage-healing ability is desired for coatings. Antimicrobial 

coatings usually failed when they suffered inevitable damage or scratches due to the rapid loss 

or burst release of functional ingredients.[48-50] The organogel S100C5 could self-repair kerfs 

(10 m width, 50 m depth) within 50 mins at room temperature without external stimulus 

(Figure 4a), which was attributed to the enrollment of silicone oil and carvacrol that could 

accelerate the damage-healing efficiency (Figure 4b). Meanwhile, with the help of self-

healing properties, the slipperiness and bactericidal capability of organogel S100C5 could be 

maintained after multiple damages. As demonstrated in Figure 4c-d, a 10-L water droplet 

was blocked at the damage region of S100C5 and slid smoothly after 4 seconds, implying the 

rapid recovery of surface slipperiness. Such damage-healing assisted surface recovery could 

be maintained after ten cycles of repeating tests (Figure 4d), and the microdroplets deposited 
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on S100C5 were still wholly disinfected after 20 minutes, indicating no bactericidal capability 

loss after ten cycles of damage and heal (Figure 4e).  

In addition to damage healing properties, persistent fouling-releasing was also crucial for 

antimicrobial protection as the dead pathogen accumulation would block the functional sites 

or hamper biocides release. Thanks to the low adhesion forces (less than 1.5 nN) of 

organogels S100C0 and S100C5, the accumulated fouling on them could be readily released 

(Figure 4f-g, Figure S15). Bacteria deposited on S100C0 and S100C5 could be taken away 

entirely through a gentle wash, while almost 33% of bacteria remained on S0C0. 

 

Figure 4. a) Optical images of organogel coating S100C5 with a scratch of 10 m width and 50 

m depth after healing for 50 minutes. Scale bar: 100 m. b) Healing time of S0C0, S100C0, and 

S100C5 after the scratch of 10 m width and 50 m depth, respectively. Error bars, s. d. (n = 3). 

c) S100C5 experienced ten cycles of damage and self-healing. d) A 10-L water droplet was 

blocked on the damaged region and slid after 4 seconds. e) Twenty minutes after settling, the 

deposited bacteria were recorded via live/dead fluorescence and seeded on LB agar to form 

colonies. Scale bar: 100 m. f) Distributions of adhesion forces of S0C0, S100C0, and S100C5, 

respectively. g) Fluorescence images of bacteria deposited on S0C0, S100C0, and S100C5 after a 

gentle wash, respectively. After a gentle wash, residual deposited bacteria could be observed 

on the coating S0C0, while deposited bacteria were removed completely on the organogel 

coatings S100C0 and S100C5. Scale bar: 200 m. 

 

2.4. Coating development on various substrates  
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This multifunctional organogel S100C5 could be coated on a wide variety of industrial raw 

materials, such as glass, polypropylene, stainless steel, and ceramics (Figure 5a). To 

investigate the stability of organogel coating, glass sheets coated with S100C5 were exposed in 

indoor conditions for one month, during which S. aureus contained microdroplets were 

sprayed on them once per day and bactericidal and self-healing properties were monitored on 

day 10, day 20, and day 30 respectively. The anti-pathogen properties were maintained with a 

bacteria inhibition efficiency of 99.3% on day 20 and 96% on day 30 (Figure 5b, Figure S16). 

Moreover, the damage-healing capability dropped little with kerfs (10 m width and 50 m 

depth) repairing within 1 hour on day 30, which was only several minutes longer than that on 

original coatings (Figure S17). The stable bactericidal and self-healing properties benefited 

from decreased oil loss rate contributed by the organogel network (Figure 5c). Specifically, 

when exposed in air, the evaporation rate (mass) for carvacrol and silicone oil were 5.5 

wt%/day and 0.071 wt%/day, respectively. The mixture of silicone oil and carvacrol (S/C = 

100/5) evaporated 0.14 wt%/day in air could obviously be hampered when encapsulated in the 

organogel. The loss rate of the oil mixture in organogel S100C5 was 0.07 wt%/day, which was 

only half of the oil mixture exposed in air, ascribed to the shielding effect of the 

supramolecular network. Beside the evaporation, washing would also lead to lubricant 

depletion and affect the durability. The sliding angle of the organogel S100C5 displayed little 

alteration after twenty times of washing while increased to around fifty-six degrees after thirty 

times of washing (Figure S18), while such issue could be solved by recycling the coating and 

re-balance the oil components.[51] 

With the combined features mentioned above and the excellent stability, the organogel 

S100C5 was promising for practical applications. The organogel S100C5 could be spray-coated 

or painted on ceramic walls and air conditioner’s vent panel where suffering a high risk for 

contamination and accumulation of respiratory microdroplets or aerosols. As demonstrated in 

Figure 5d-e, microdroplets containing S. aureus were sprayed on the coated area accordingly, 
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and no viable bacteria transmission was observed on the microdroplets-contaminated surfaces 

via a typical LB agar stamping test. Here we investigated the disinfection durability of the 

coating by applying the organogel to elevator buttons, which would be pressed tens of times 

or even hundreds of times every day. In our experiment, forty mechanical contacts (finger 

press) were applied to the organogel coated lift buttons every day, and the colony forming 

untis of S. aureus depostied on the organogel coating of S100C0 and S100C5 were monitored on 

the eighth day, colony forming untis of S. aureus depostied on the organogel coating of S100C5 

decreased sharply compared that on the organogel coating of S100C0, indicating that 

microdroplets disinfection ability of organogel coating of S100C5 maintained after one week’s 

practice. (Figure S19). 

 

Figure 5. a) Organgoel S100C5 was coated on glass, polypropylene (PP), stainless steel, and 

ceramics plates (30×30 cm). b) The pathogen inhibition efficiency of S100C5 was tested after 

exposure in air for 10 days, 20 days, and 30 days, respectively. Error bars, s. d. (n = 3). c) Oil 

loss from the organogel of S100C5 and the oil mixture during 30 days. d) Organogel S100C0 or 

S100C5 was coated on the ceramic wall. The painted ceramics were contaminated by S. aureus-

contained microdroplets and cultured on the LB agar after twenty minutes. e) Organogel 

S100C0 or S100C5 was coated on the air conditioner vent panel. The coated vent panels were 

contaminated by S. aureus contained microdroplets and placed on the LB agar after twenty 

minutes. 

 

3. Conclusion 
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In summary, inspired by airway mucus, we developed a supramolecular slippery organogel 

from polyurea, silicone oil, and carvacrol. The organogel offers anti-pathogen, readily 

damage-healing, and persistent fouling-release properties. Moreover, the organogel could 

directly address pathogen-contained microdroplets through Wrapping-layer Assisted 

Releasing (WAR), resulted in an enhanced release efficiency and accelerated disinfection rate. 

This should be the first report to utilize wrapping layers to disinfect microdroplets, which 

combined the cloak action of lubricant liquid and the bactericidal function of antimicrobial 

liquid to provide synergistic disinfection of microdroplets. This design strategy can also be 

applied in other organogels with the proper selection of encapsulated liquids to fight against 

the pathogen-contained respiratory droplets. The organogel could be coated on various 

substrates, allowing for great potential for versatile applications, particularly the indoor 

environments at healthcare settings or public areas to control pathogen spread. 

 

4. Experimental Section 

Materials: Bis-aminopropyl-terminated polydimethylsiloxane (H2N-PDMS-NH2, Mw = 

3000) was purchased from Gelest. Hexamethylene diisocyanate (HMDI) was purchased from 

Sigma-Aldrich. Silicone oil (10 cSt) was purchased from Guangzhou Batai chemical company. 

Carvacrol was purchased from J&K Scientific. Various substrates, including glass, stainless 

steel, polypropylene, ceramic, were commercially available. LIVE/DEAD™ BacLight™ 

Bacterial Viability Kit was purchased from Thermo Fisher Scientific. All chemicals were used 

as received. The substrates materials were treated by ultrasonic washing in ethanol before use. 

Synthesis of organogels: 0.504 g of HMDI and 9 g of H2N-PDMS-NH2 (Mw = 3000) 

were dissolved in 45 mL tetrahydrofuran (THF) in a sealed glass bottle. After a reaction 

overnight at room temperature with magnetic bead stirring, the polyurea HMDI-PDMS (HP) 

was harvested by evaporation. Organogels incorporated with silicone oil or carvacrol (SmCn) 

were obtained by dissolving HP, silicone oil (10 cSt), and carvacrol in THF with a certain 
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mass ratio. The mixture solution was dropped on the substrates and dried for 24 hours to get 

the organogel coatings.  

Slipperiness test: A water droplet of 10 L was dropped on the horizontal organogel 

coating, and the coating was titled to allow the water droplet to slide off. The sliding angle 

was recorded. Besides, a water droplet of 10 L was dropped on the tilted coatings (tilted 10 

degrees), and the sliding or pinned behavior was recorded with a camera Nikon D 5500. 

Self-healing ability test: The coatings were damaged with a scratch of 10 ± 3 m 

width and 50 m depth, and the self-healing process was recorded with an optical microscope 

(three replicates for each measurement). 

Rheological characterization: Frequency sweep (0.1-100Hz) tests were done to 

determine the storage moduli and loss moduli at a shear strain of 0.1% with a rheometer 

(Malvern Kinexuc lab) with parallel plates at 25°C. The rotating top plate was 15 mm in 

diameter. The storage moduli and loss moduli were monitored with a shear strain at 0.1%. 

Fluorescence characterization of organogel with confocal microscopy: HMDI-PDMS 

(HP) was conjugated with fluorescein isothiocyanate (FITC) of green fluorescence, and the 

carvacrol was stained with rhodamine 6G of red fluorescence to observe the distribution of 

silicone oil and carvacrol in the organogel with the horizontal cross-section mode. FITC-

conjugated HMDI-PDMS was prepared by dissolving NH2-PDMS-NH2 (2.85 g, 0.95 mmol), 

FITC-conjugated PDMS (0.169 g, 0.05 mmol), and HMDI (0.168 g, 1mmol) in THF with a 

further overnight reaction and evaporation. Moreover, the FITC-conjugated-PDMS was 

prepared as the following procedures: the mixture of FITC (10 mg, 0.025 mmol) and NH2-

PDMS-NH2 (12 g, 4 mmol) in 20 ml of THF was stirred at room temperature for 3 days. The 

mixture was washed with water and stood for 10 hours, and then the upper oil layer was 

collected and rewashed with water. The collection and wash repeated for 3 cycles. Finally, the 
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upper oil layer (FITC-conjugated PDMS) was collected and put under a vacuum to move the 

residual solvents (water and THF). 

Disk diffusion assay: A single colony of Staphylococcus aureus (S. aureus) or 

Escherichia coli (E. coli) was picked and transferred into 30 mL LB broth separately and 

incubated for 16 hours at 37°C to get the initial bacteria solution. S. aureus or E. coli solution 

was diluted to 0.5 McFarland turbidity standard. A sterile swab was dipped into the diluted 

bacteria solution and rubbed over the entire surface of a Mueller-Hinton (MH) agar plate. The 

disks with organogel coatings were put on the center of the MH agar plates after bacteria 

seeding. These plates were incubated for 16 hours at 37°C, and the photographs of the 

inhibition zones were recorded by a Leica camera. 

Bacteria-contained microdroplets generation: 20 mL of bacteria solution (1×107/mL) 

was added in a sprayer with controlled airflow. Microdroplets were generated from the 

sprayer to mimic the process of a sneeze. Fluorescence-labeled bacteria solution was prepared 

as the following procedures: 20 mL of bacteria solution (1×107/mL) was incubated with 

SYTO 9 and PI for 20 minutes at room temperature. After centrifugation (1000 g, 10 minutes), 

the supernatant was removed, and the remaining 2 mL of bacteria solution was resuspended in 

18 mL of sterile PBS to get the fluorescence-labeled bacteria solution.  

Fluorescence characterization of bacteria deposited: Fluorescence photos were taken 

with an Eclipse Ni-E microscope. The green fluorescence of SYTO 9 was recorded at 503 nm 

with the excitation of 488 nm, and the red fluorescence of PI was recorded at 620 nm with the 

excitation of 532 nm. Bacteria with intact cell membranes were stained with fluorescent green, 

whereas bacteria with damaged membranes were stained with fluorescent red.  

Survival assay of bacteria deposited: Bacteria deposited on the organogel by the 

pinned microdroplets were collected by vigorous shaking of the substrates in PBS on a fixed 

timepoint and seeded on the LB agar (three replicates for each measurement). The seeded LB 

agars were incubated at 37°C for 16 hours.  
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Cell culture, virus preprogation and treatment: Human A549 lung cancer cells, Vero 

cells and Zika virus (PRVABC-59 strain) were purchased from ATCC® (USA).[52] The cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 

bovine serum (FBS) with 100 U/ml penicillin and 100 μg/ml streptomycin. was purchased 

from ATCC®. The virus was propagated in a similar way to enterovirus A71. Briefly, Vero 

cells were cultured in 10-cm dishes and incubated at 37°C in a 5%-CO2 tissue culture 

incubator. When cells reached approximately 90% confluent cell monolayer, they were 

infected with Zika virus at an MOI of 1. After incubation for 72 hours in DMEM with 2% 

FBS, the culture media was collected and aliquoted for -80°C stock. The virus titer was 

determined by 50% tissue culture infective dose (TCID50) assay. 100 μL ZIKV (106 

TCID50/ml) was treated with S100C5 or S100C0 for 30 min and then diluted in 1.5 ml DMEM 

for infectivity assay.  

Cytopathic effect (CPE) assay: A549 cells were seeded in 24-well plates and incubated 

overnight. After the culture media was removed, cells were infected with nil (mock) or 100 μl 

ZIKV (30-min-treatment with S100C5 or S100C0) and incubated in DMEM with 2% FBS for 36 

hours. The images of cell morphology were captured and recorded by a phase-contrast 

microscope associated with a CCD camera and computer.[53-54]  

RNA isolation and viral RNA quantification (a,c): A549 cells were infected with 

ZIKV (30-min-treatment with S100C5 or S100C0) and incubated for 6 or 36 hours. Four 

duplicates were set for each group. 500 µL of culture media were collected to isolate virion 

RNA. The cytoplasmic RNA was isolated with TRIzol reagent (Ambion, Life, Technologies), 

and 8 μL of total RNA was used to synthesize cDNA using ImProm-II™ Reverse 

Transcriptase (Promega) according to the manufacturer's instructions. Quantitative Real-time 

PCR (RT-qPCR) was performed using SYBR Green Mix (Life Technologies) on Applied 

Biosystems QuantStudio™ 5 Real-Time PCR Systems. The RT-qPCR was performed by 

using the following primer pairs: ZIKV, 5’-TGCCCAACACAAGGTGAAGC-3’ (forward) 
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and 5’-ACTGACAGCATTATCCGGTACTC-3’ (reverse), and GAPDH (glyceraldehyde-3-

phosphate dehydrogenase), 5’-GATTCCACCCATGGCAAATTCCA-3’ (forward) and 5’-

TGGTGATGGGATTTCCATTGATGA-3’ (reverse). The PCR reaction was carried out as 

follows: reverse transcription at 50°C for 30 min; initial activation of HotStar Taq DNA 

Polymerase at 95°C for 15 min; 45 cycles in four steps: 94°C for 10 s, 56 °C for 30 s, and 

72°C for 30 s. At the end of the amplification cycles, melting temperature analysis was 

carried out by a slow increase in temperature (0.1°C/s) up to 95°C.  

Statistical analysis]: Results are expressed as the mean ± standard deviation (SD) in 

this study. GraphPad Prism (Graph-Pad Software Inc.) was applied for data analysis. 

Comparisons between two groups were performed by Student t test. A P value of 0.05 was 

considered statistically significant.  

Recording of microdroplets’ evaporation: The evaporation of one microdroplet on 

S100C5 was recorded with a microscope equipped with a camera. 

Analysis of carvacrol release into droplet: The release of carvacrol was monitored by 

UV-visible spectroscopy. The water droplet was placed on the organogel, and after a while, 

0.5 L was removed with a pipette tip to obtain absorbance spectra with NanoDrop 2000 

(Thermo Fisher).    

Surface tension test: The surface tension of the oil mixture was tested with the 

capillary rise method. The capillary glass tube with inter radius of 0.25 mm was vertically 

immersed in a 20 mL test liquid. And then the image expressing capillary phenomenon was 

recorded by a camera. From the recorded image the height h of the rise liquid in the capillary 

glass tube and the contact angle θ of the liquid on glass could be measured through Image J 

software. Finally the surface tension γ was calculated based on the equation γ = . 

Moreover, the spreading coefficient was calculated with the equation, Sow(a) = γwa – γwo - γoa. 
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Adhesion force test: Atomic force microscopy (AFM) measurements were performed 

on Bruker Dimension Icon using tips of DNP10 with PeakForce Tapping mode. The adhesion 

forces were measured by approaching the tip to the coating and then retracting the tip. 

Antifouling test: Fluorescence-labeled S. aurues accomodated on the coatings after 

microdroplets spraying. Two hours later after the bacteria depostion, the coatings were 

immersed in sterilized PBS for several seconds and taken out. After the gentle wash, the 

coatings were placed in air for five minutes to allow drying and the antifouling performance 

were further evaluated with fluorescence microscope. 

Oil loss test: Silicone oil (400 mg), carvacrol (20 mg), the mixture of silicone oil (400 

mg) and carvacrol (20 mg), the organogel S100C5 incorporating silicone oil (400 mg) and 

carvacrol (20 mg) were exposed in the air for one month. The weights of them were recorded 

separately every three days.  
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The slippery organogel coating was developed by encapsulating silicone oil and carvacrol in 

HMDI-PDMS, resulting in high transparency, microdroplets disinfection, fouling-release, and 

self-healing properties. Surface-deposited microdroplets could be disinfected rapidly due to 

the wrapping layer enhanced bactericidal molecules release. This organogel coating could be 

applied on a wide variety of materials with a prolonged life-span for persistent antimicrobial 

performances. 
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