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SUMMARY

Coral disease outbreaks have become a persistent threat to reefs, being more frequent and destructive in 
affecting these natural ecosystems but also coral nurseries and the aquaria business. To prevent cata- 
strophic scenarios, effective technologies to treat outbreaks must be promptly implemented. We developed 
an eco-friendly underwater drug-delivery system to efficiently treat bacterial infections in corals. This system, 
composed of a hydrophilic film with 1% (w/w) antibiotic and a hydrophobic bio-based sealant, can be easily 
applied to infected areas, swiftly healing diseased corals while preventing drug leakage into the environment. 
The design was optimized to ensure monodirectional drug release to the infected coral tissue within 1 week of 
treatment, addressing the infected coral tissue and preventing environmental release. This technology suc- 
cessfully inhibited in vitro growth of Vibrio coralliilyticus and halted the progression of tissue-necrosis-like 
symptoms in 90% of aquarium corals tested, serving as a milestone for future developments and appli- 
cations.

INTRODUCTION

Corals are marine invertebrates functioning as holobionts, 

engaging in complex symbiotic relationships. They produce cal- 

cium carbonate to form their exoskeletons, which in turn build 

coral reefs, some of the most biodiverse ecosystems in the 

world. These coral holobiont hosts several symbiotic microor- 

ganisms, such as dinoflagellate algae (primarily from the Sym-

biodiniaceae family) and bacteria, 1 archaea, fungi, and viruses, 

with dinoflagellates and bacteria representing a significant 

component of the coral microbiome and playing an essential 

role in maintaining holobiont homeostasis. 2 Symbiotic bacteria 

play a role in regulating coral responses to thermal or oxidative 

stress, with their distribution and community composition vary- 

ing depending on the bacterial species involved. 3,4 However, 

not all symbiotic bacteria have solely beneficial effects on
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cantly to local economies through tourism and fishing. However, the impact of climate change, particularly 

the rise in seawater temperatures, has put these vital ecosystems at risk. The increased stress on coral reefs 

can lead to weakened immunity, making them susceptible to disease outbreaks. To address this issue a 

novel technology has been developed, drawing on knowledge from biomedicine, materials science, and 

ecology. This innovative tool aims to treat coral infections in situ and, at the same time, minimize potential 

ecological damage caused by the dispersion of antibiotics into the environment. It could also be readily uti- 

lized to control disease diffusion in intensive coral farms, such as ex-situ nurseries and aquaria. Furthermore, 

this technology holds potential for the preservation of ancient corals, which are of significant interest in sci- 

entific, ecological, and recreational spheres.
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corals; some can induce harmful disease, and others, such as 

opportunistic strains, can leverage favorable community dy- 

namics to thrive and disrupt the holobiont equilibrium. 5–9 

In recent years, the spread of coral diseases has drastically 

increased, and it is estimated that by 2100 nearly 80% of corals 

will be infected. 10 This often happens because the corals’ ability 

to withstand specific pathogen attacks and general stressors is 

closely tied to their health status (e.g., healthy vs. bleached), 11 

whereby the rise in sea temperature and the decline in seawater 

quality weaken corals, making them more susceptible to 

outbreaks. 10 

Coral-pathogen interactions occur through either biotic or 

abiotic vectors such as coral predators (e.g., Drupella sp.), water 

currents and sediment movements, 12 sludge spilling, 13 and plas- 

tic pollutants. 14,15 Coral pathogens include bacteria but also 

fungi and viruses. 16–18 Coral diseases are challenging to distin- 

guish due to their symptom similarity and the non-uniform 

nomenclature. Moreover, among all the 40 identified coral dis- 

eases, the etiopathogenic agent has been identified only in a 

few of them, further complicating their eventual treatment. 13,19 

Such complexity in etiopathology identification mainly relies on 

the identification of the entire microbial community present 

in the coral during the disease, as some of the diseases, such 

as the black band disease (BBD), seem to be caused by a con- 

sortium of microorganisms rather than a single infecting agent. 20 

Other diseases such as the skeletal eroding band (SEB) and 

brown band disease (BrB), which are widely distributed in the 

Indo-Pacific area, seem to be caused by ciliated protozoa. 13,19 

Another example is the pathogen of the stony coral tissue loss 

disease (SCTLD), an aggressively spreading disease that has 

affected most Caribbean reefs, which is still unknown and/or 

not confirmed. 21,22 Outbreaks can even occur in coral nurseries 

or aquaria deputed to hobbyist businesses, despite these envi- 

ronments being more protected by water-filtration systems 

and sterilization through UV light. Here, corals are protected 

for exhibition or cultivated and grown before their transplantation 

into the reef. For instance, in the context of aquaculture for reef 

restoration, a disease outbreak in the closed-system nurseries 

could cause the loss of a significant number of colonies and 

impact restoration efforts. 23 Rapid tissue necrosis (RTN) disease 

is often found in aquaria and is associated with Vibrio harveyi. 24 

This disease is characterized by a quick tissue detachment from 

the coral skeleton, which may cause the death of the coral within 

24 h of the appearance of the lesion. 24 

Currently, a few options to treat such infections have been pro- 

posed, involving mechanical removal of the lesion (infected coral 

tissue) or administration of probiotics, phage therapy, or active 

molecules, 25–28 but these methods present drawbacks that limit 

their effectiveness. For instance, mechanical separation of the 

infected site from the healthy coral may produce new lesions 

and entry points for other pathogens present in the surrounding 

environment, favoring the reinfection of the coral. 26 While admin- 

istering probiotics is promising for preventing coral diseases in 

laboratory settings, it presents challenges in real-world sce- 

narios. Probiotics are specific to particular coral species, and 

the potential unpredictable effects on the local marine bacterial 

community still need to be understood. 27 Phage administration 

is a ready-to-use method to attack a pathogenic agent causing 

a specific infection. However, the high specificity of this tech-

nique and the lack of information regarding the etiopathology 

of many coral diseases make this approach inefficient for use 

on uncharacterized diseases. 29 Finally, active molecules, such 

as antibiotics, which are massively available and possess a 

broad spectrum of action, could be a straightforward solution 

for coral diseases. However, there are concerns regarding the 

development of antibiotic resistance, the alteration of the holo- 

biont community, and potential cascading effects such as dys- 

biosis and the spread of opportunistic pathogens. 30 

In the wild, antibiotics are usually directly applied to the coral 

infection site via topical pastes. 25,31–34 However, antibiotic mol- 

ecules can be entrapped in the hydrophobic and/or highly net- 

worked matrix, such as silicon-based and epoxy-resin-based 

materials. Moreover, they are applied as a single, uniform, and 

continuous layer directly onto the infected area, ensuring its 

coverage. The parameters influencing drug diffusion from a ma- 

trix, including dissolution into the environment, are noteworthy 

as they involve Fick’s laws (concentration and dispersion), the 

hydrophobic/hydrophilic properties of the material, crosslinking, 

and other water-related parameters such as swelling, erosion, 

temperature, pH, and ionic strength. 35–37 Among them, the 

quantity of water in contact with the material plays a crucial 

role in drug diffusion and the linked phenomenon of matrix 

erosion, especially when a material is applied as a monolayer 

on corals. 38 Indeed, at the interface between the coral tissue/in- 

fected area and the active material surface, a very low amount of 

water will be present, especially compared to the quantity of wa- 

ter in the sea. The difference in volume between the two exposed 

sides of the monolayered paste could represent an obstacle to 

the diffusion of the drug toward the infected coral site, reducing 

efficacy and, thus, potentially inhibiting the efficacy of the treat- 

ment. 39–41 Indeed, at the interface between the active material 

and the external marine environment, the drug diffusion and 

the erosion of the matrix mediated by seawater are theoretically 

enhanced compared to the internal interface. This difference 

may favor the diffusion of the antibiotic in the environment. 30,31 

Approaches like this one can foster the previously described 

concerns regarding the use of antibiotics. 42–45 

In the past, similar challenges faced in treating human infec- 

tions have been resolved through the dedicated design of topical 

drug-delivery systems. These deliver antibiotics directly to the 

infected area, ensuring drug availability at the proper concentra- 

tions throughout the treatment period. The constant and local- 

ized administration enhances the overall healing rate while mini- 

mizing interaction with non-involved tissue. 40,46 Inspired by the 

principles for the design of buccal delivery systems to treat hu- 

man infection in wet environments, we developed a new strategy 

to treat coral disease. Specifically, in buccal infections, the deliv- 

ery system releases the drug unidirectionally by having a hydro- 

philic layer loaded with the drug that comes into contact with the 

buccal tissue (both infected or healthy), and a covering hydro- 

phobic external layer to avoid the dispersion of the drug in the 

external wet environment comprising the mouth, saliva, sublin- 

gual area, and so forth. 47 This scenario is rather similar to the 

coral infection case. Hence, an ideal underwater drug-delivery 

system should focus its intervention on the infected region, 

focusing the drug delivery on one single spot and avoiding the 

dispersion of drugs into the surrounding environment. 47,48 More- 

over, the ideal system should present suitable mechanical

ll
OPEN ACCESS Article

2 One Earth 8, 101356, July 18, 2025

Please cite this article in press as: Scribano et al., Eco-friendly active film and sealant for underwater drug delivery to diseased corals, One Earth (2025), 
https://doi.org/10.1016/j.oneear.2025.101356



Figure 1. Sealant characterization

(A) Schematic representation of the sealant preparation. 

(B–D) SEM images of BW (B), BW4LO1-DIC (C), and BW4SFO1-DIC (D) sealants.

(E) Water contact angle of the sealants BW4LO1-DIC and BW4SFO1-DIC, the results are expressed as mean, median, SD; the insets are images representative of 

the shape of water droplets on the material surface.

(F) Temperatures at which each sample tested loses most of its mass in TGA; dotted horizontal lines represent the temperature degradation of the reagents LO, 

SFO, and BW.

(G) First melting round (endo up) of DSC of BW, BW4SFO1-DIC, BW4LO1-DIC, BW4SFO1-not DIC, and BW4LO1-not DIC.

(legend continued on next page)
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properties such as flexibility, moldability, and adhesivity as well 

as being user-friendly. 49 Finally, the underwater drug-delivery 

system should promote coral tissue growth, and its dispersion 

in the environment should not damage the environment 

itself. 48,50 

Recently, Contardi et al. proposed the first in situ drug-delivery 

system for coral wounds, using a hydrophilic polymeric film to 

deliver antiseptics to the wounded site and a sealing thermo- 

plastic to separate the covered wound from the surroundings, 

leading the way to underwater coral drug delivery. 48 However, 

the effectiveness of the proposed system as a unidirectional 

drug-delivery system on diseased coral was not proven. More- 

over, the thermoplastic sealant needed to be melted just before 

application, which could be problematic in an in situ setting. 

Here we propose a new, improved, two-component system 

for treating infected corals based on the sequential application 

of a hydrophilic drug-loaded film and a bio-based hydrophobic 

sealant at the diseased site. The film is applied to the coral infec- 

tion and, subsequently, the area is isolated with the sealant. This 

approach allowed for unidirectional drug release, preventing 

dispersion in the surrounding environment and potentially 

contributing to antibiotic resistance. Moreover, the treatment 

demonstrated its efficacy against Vibrio coralliilyticus in vitro 

and against a tissue-necrosis-like disease in vivo. This approach 

sets the basis for a new conceptualization of underwater drug 

delivery and may potentially inspire new tools for the treatment 

of coral diseases.

RESULTS

Methods summary 

In this study, we present a two-component system for treating 

diseased corals and preserving the surrounding environment. 

Our approach involves the application of a hydrophilic, anti- 

biotic-loaded film directly onto the diseased site of the coral, 

covered by a natural hydrophobic paste-like sealant, to ensure 

that the drug is released exclusively toward the coral. The hydro- 

philic films were made of chitosan (C), a natural polymer present 

in the exoskeleton of crustaceans, 51 and polyvinylpyrrolidone 

(P), a biodegradable and hydrophilic polymer commonly em- 

ployed in the pharmaceutical field. 50,52,53 These materials were 

primarily selected for their capacity to form free-standing films 

and for being biodegradable. The antibiotics loaded in the films 

were two wide-spectrum antibiotics, ciprofloxacin (Cipro) and 

gentamicin sulfate (Gent), both previously tested against coral 

pathogens as V. coralliilyticus. 44 The sealants were prepared 

by melting and mixing the natural thermoplastic beeswax (BW) 

and two different types of oils, sunflower oil (SFO) or linseed oil 

(LO), which mostly differ in the amount of unsaturated fatty 

acid in their composition. A dry ice cooling method was used 

to better entrap the oil in the BW matrix and to optimize its 

thermo-responsivity. Films based on different weight ratios of

P and C, and sealants composed of BW and different plant- 

based oils, were characterized and compared in terms of 

morphological, chemical, thermal, mechanical, and water-stabil- 

ity properties to study their performance under thermal and me- 

chanical stress and their interaction with the marine environ- 

ment. Finally, the unidirectional drug delivery of the (film + 

sealant) system toward the infected coral site was investigated, 

and its efficacy was evaluated both in vitro against 

V. coralliilyticus and in vivo against the tissue-necrosis-like dis- 

ease. All the acronyms used in this study are summarized in 

Table S1.

Characterization of the sealants 

The preparation of the natural BW/plant-based sealant is sche- 

matically represented in Figure 1A and analytically described in 

the methods section. In brief, the BW, which was selected for 

its capacity of being moldable at relatively low temperatures, 

was melted in the presence of the oil (either LO or SFO) in a ratio 

of 4:1, mixed, and quickly cooled through the dry ice cooling 

method to improve oil miscibility in the BW matrix. Four sealants 

were prepared and named, based on their material and ratio 

composition and their production method, as BW4LO1-DIC 

(dry ice cooled), BW4LO1-not DIC, BW4SFO1-DIC, and 

BW4SFO1-not DIC. The sealants were tested to evaluate differ- 

ences among composition, production methods, and overall 

performances. The obtained plant-based pastes had a yellowish 

color, similar to the pristine BW, and were morphologically char- 

acterized using scanning electron microscopy (SEM). This tech- 

nique allows the user to obtain 2D high-contrast images of the 

surface material morphology, a key feature that affects the ma- 

terial properties, such as mechanical and degradability proper- 

ties. 54,55 Sealants with LO (BW4LO1 in Figure 1C) presented 

an inhomogeneous surface with differentiated zones, different 

from those present in the sealants with SFO (BW4SFO1 in 

Figure 1D), which seemed more homogeneous and similar to 

the pristine BW (Figure 1B). 

Water contact angle (WCA) analysis was performed to eval- 

uate the hydrophobicity nature of the material surface, essential 

information for understanding the interaction between the mate- 

rials and the water. 49 The mean WCA values of the sealants 

were measured. The samples BW4SFO1-DIC, BW4LO1-DIC, 

BW4SFO1-not DIC, and BW4LO1-not DIC (Figures 1E and 

S1A) presented a mean WCA of 108.2 ◦ , 137.7 ◦ , 133.1 ◦ , and 

134.5 ◦ , respectively, indicating that the surfaces of all the seal- 

ants appeared hydrophobic. Hydrophobicity is a necessary 

requirement to act as a shield against the seawater and avoid 

the spread of the drug from the internal film toward the environ- 

ment. Fourier transform infrared (FTIR) spectroscopy analysis 

showed no variation in the chemical functional groups of the in- 

dividual components after the fabrication process (Figure S1B), 

indicating that no chemical interaction occurred between the 

BW matrix and the oil. 56

(H) Deconvolved curves of DSC first melting round (endo up) of BW4LO1-DIC and BW4LO1-not DIC; dashed lines indicate the temperature at which the de- 

convoluted curves have their peak center.

(I) Mechanical dynamical transition of the storage modulus relative to temperature variations of BW and the four pastes; insets are a visual representation of the 

hardness of the sealant produced.

(J) BW4LO1-DIC sealant temperature at different time points upon hand mixing in air and seawater environment (RT, room temperature). 

See also Figure S1; Tables 1 and S2.
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Thermal stability properties of the materials were investigated 

by thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) analysis. TGA gives information on the stability 

of the materials at increasing temperatures expressed as a 

weight loss. 57 The first derivative TGA curves showed that the 

main degradation peaks of BW4LO1-DIC and BW4SFO1-DIC 

sealants (Figures S1C, S1D, and 1F) occurred between those 

of the respective oil and the BW. Specifically, the main weight 

loss for BW was observed at 369.4 ◦ C, for LO at 405.3 ◦ C, and 

for SFO at 392.4 ◦ C, whereas BW4LO1-DIC and BW4SFO1-DIC 

showed the main degradation peak at 372.4 ◦ C and 376.4 ◦ C, 

respectively. The samples that did not undergo the dry ice cool- 

ing, BW4LO1-not DIC and BW4SFO1-not DIC, showed the main 

degradation peak at 376.3 ◦ C and 382.4 ◦ C, respectively, indi- 

cating a different type of interaction between the BW and the 

oils compared to sealants that underwent dry ice cooling. 

To further investigate the internal structure and distribution of 

the various components in sealants with different compositions 

and preparation methods, DSC analyses were performed, the 

main results of which are shown in Figures 1G, 1H, and S1E. In 

DSC analysis, the materials undergo a thermal ramp, and the in- 

struments detect heat capacity of absorbing (exothermic peaks) 

and releasing (endothermic peaks) heat from the environment. 

This fundamental information allows investigation of the physical 

changes in the materials under thermal stress, such as crystal- 

linity, amorphous degree, and glass-transition temperature. 

The area under the curve of the first melting cycle of BW was 

27.85, whereas those for BW4SFO1-DIC, BW4SFO1-not DIC, 

BW4LO1-DIC, and BW4LO1-not DIC were respectively 21.49, 

22.01, 21.53, and 20.50. As the sealants’ areas are smaller than 

the BW’s area, it is reasonable to assume that the oils lowered 

the energy necessary for the melting of the pastes. In addition, us- 

ing the deconvolution method on the sealants’ first melting round, 

it was also possible to highlight the differences in the preparation 

methods between BW4LO1-DIC and BW4LO1-not DIC and 

between BW4SFO1-DIC and BW4SFO1-not DIC (Figures 1H 

and S1E). Based on the areas under the deconvolved peaks de- 

tected (Figure 1H and Table 1), it was observed that higher energy 

was required to melt the semi-crystalline structures formed in 

BW4LO1-DIC at 50.5 ◦ C and 58.7 ◦ C compared to BW4LO1-not 

DIC. The opposite trend was found for the third peak at 62.3 ◦ C. 

The same pattern was noticed on comparing the deconvolution 

of BW4SFO1-DIC and BW4SFO1-not DIC (Figure S1E and 

Table S2). Here, BW4SFO1-DIC samples presented a larger 

area, corresponding to higher enthalpy, than BW4SFO1-not DIC 

samples in the first three deconvoluted peaks at 48.1 ◦ C, 

56.6 ◦ C, and 60.3 ◦ C. However, the trend was inverted in the fourth 

peak at 61.9 ◦ C. This behavior could be attributed to the different

cooling times upon preparation. In the ‘‘not DIC’’ samples, the 

slower cooling allowed for the formation of fewer crystal nucle- 

ation points and the growth of the pre-existing crystals, thus lead- 

ing to a less homogeneous oil distribution with larger crystals that 

need higher temperatures to melt. 

Reef-building corals are typically found in waters where tem- 

peratures range from approximately 25 ◦ C to 30 ◦ C, with minimal 

seasonal variation, but they are also present in areas with more 

extreme temperatures ranging between 15 ◦ C and 36 ◦ C. 58,59 

Next, the sealants’ mechanical characteristics were evaluated 

at various temperatures to identify the best candidate for 

use in real conditions. To this end, loss and storage modulus 

differences over the expected usage temperature range 

were analyzed using dynamic mechanical thermal analysis 

(DMTA). 49 In Figure 1I, the storage modulus of the different 

pastes is represented as a function of the temperature. 

BW4LO1-DIC presented a maximum storage modulus of 108.0 

MPa at 19.4 ◦ C, BW4LO1-not DIC showed a peak of 95.7 MPa 

at 18.0 ◦ C, BW4SFO1-DIC had a maximum of 84.2 MPa at 

17.2 ◦ C, and BW4SFO1-not DIC had a maximum of 111.3 MPa 

at 20.7 ◦ C. In contrast, the pristine BW had a larger storage 

modulus of 166.7 MPa at 20.5 ◦ C, making it harder compared 

to the sealants within the range from 15 ◦ C to 25 ◦ C. From 25 ◦ C 

to 35 ◦ C, a general decrease in the storage modulus was 

observed for all samples, indicating a softening of the sealants. 

Specifically, at 30 ◦ C, BW decreased its storage modulus to 

108.1 MPa, and at 35 ◦ C the modulus value was 61.7 MPa. Simi- 

larly, for BW4LO1-DIC, BW4LO1-not DIC, BW4SFO1-DIC, and 

BW4SFO1-not DIC, the hardness of the sealants was 75.3, 

65.3, 74.4, and 85.6 MPa at 30 ◦ C and decreased to 48.9, 50.0, 

54.0, and 64.0 MPa at 35 ◦ C, respectively. Therefore, around 

20 ◦ C, the sealants showed the highest stiffness. From 24 ◦ C, 

they start reducing their modulus and become softer at around 

30 ◦ C, producing a suitable mechanical thermo-responsivity 

crucial for their application on corals. 

In Figure S1F, the tan(δ) value of BW and the pastes is plotted 

as a function of the temperature. BW’s glass transition tempera- 

ture (T g ) was 20.5 ◦ C, whereas the T g values for BW4LO1-DIC 

and BW4LO1-not DIC, identified as the highest peak in the 

curves, were 19.4 ◦ C and 17.5 ◦ C, respectively. BW4SFO1-DIC 

and BW4SFO1-not DIC did not present a clear transition peak 

at the range considered. A lower T g in the sealants could be 

attributed to the presence of the different oils. Overall, the results 

obtained in the TGA, DSC, and DMTA analyses for the sealants 

demonstrated that the dry ice cooling treatment improved the 

dispersion of the oils in the BW matrix and increased the respon- 

siveness of the samples to temperature-induced mechanical 

transitions, compared to the not-DIC sealants and the BW. In 

addition, the sealant BW4LO1-DIC resulted in being the softest 

at 35 ◦ C, had the highest decrease in loss of storage modulus 

among the sealants from 25 ◦ C to 35 ◦ C (around 49.9%, see 

Figure S1G) and presented the most hydrophobic behavior. 

For these reasons, it was selected to perform the subsequent ex- 

periments and evaluate the performance of the two-component 

system on corals. 

For practical application on corals, the sealant is intended to 

be hand mixed and warmed to approximately 35 ◦ C (human 

skin temperature) underwater before being applied to tropical 

corals at seawater temperatures of around 25 ◦ C. To simulate

Table 1. Areas of the peaks of the first melting round 

deconvolved curves

Sample name Peak at 50.5 ◦ C Peak at 58.7 ◦ C Peak at 62.3 ◦ C

BW4LO1-DIC 11.48 5.65 4.66

BW4LO1-not DIC 10.72 4.58 5.45

The enthalpy (area under the curve, measured as J/g) of the peaks of the 

first melting round deconvolved curves obtained by the residuals first de- 

rivative method.
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Figure 2. Films and two-component system characterization

(A) Schematic representation of the films’ production. 

(B–E) Top-view SEM images of 50P-50C-Cipro (B), 50P-50C-Gent (C), 70P-30C-Cipro (D), and 70P-30C-Gent (E) films.

(legend continued on next page)
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the real-world application, a test on the effective internal tem- 

perature of the paste after hand mixing using a thermocouple 

was performed. 60 The sealant BW4LO1-DIC was hand mixed 

in the air at room temperature (20 ◦ C) and in seawater at two 

different temperatures, 20 ◦ C and 25 ◦ C, and the internal tem- 

perature was monitored at different time points (Figure 1J). 

The highest temperature variation upon mixing in air was ob- 

tained after 1 min of hand mixing, with the internal temperature 

reaching 39.8 ◦ C. In seawater at 20 ◦ C, the internal sealant tem- 

perature reached a maximum of 27.2 ◦ C after 5 min of mixing. 

In seawater at 25 ◦ C, the sealant reached a maximum of 

30.8 ◦ C after 5 min of underwater mixing. BW4LO1-DIC 

became soft enough to be molded by the user both in air 

and seawater.

Characterization of the drug-loaded films 

Films with different proportions of P and C (50:50 and 70:30, 

Figure S2A), with polyglycerol-10 as a plasticizer, and loaded 

with either Cipro or Gent, were produced using the solvent cast- 

ing method, 57,61 and their preparation is schematically described 

in Figure 2A. Films were named based on their polymeric compo- 

sition and on the type of loaded antibiotic, as 50P-50C-no drug, 

50P-50C-Cipro, 50P-50C-Gent, 70P-30C-no drug, 70P-30C-Ci- 

pro, and 70P-30C-Gent. The films appeared optically trans- 

parent (see Figure S2A), and their microscopic morphology, 

investigated by SEM, revealed homogeneity, both on the surface 

and in the cross-section, independently of the polymer ratio or 

the loaded drug (Figures 2B–2I and S2B). This suggests that 

the two drugs were well dispersed in the polymer matrices. 62 

The films were also chemically analyzed using FTIR spectros- 

copy to detect chemical interactions among the polymers and 

the drug, and all the acquired spectra are reported in 

Figure S3A. FTIR spectroscopy analysis of the films’ spectra 

mainly showed the polymers’ contribution. In particular, the 

typical alcohol (C-O-H) and ether (C-O-C) stretching modes of

C were observable in the region between 1,150 and 950 cm − 1 ,

where it overlaps with the polyglycerol-10, which presents 

similar vibration modes (Figure S3A). The most evident peak 

for P was at 1,652 cm − 1 , which is attributed to the carbonyl 

(C=O) stretching mode. Finally, the peaks of the drugs 

are not visible, most likely due to their low amount in the films 

(1% [w/w]) and because they are covered by the polymer’s vibra- 

tion peaks. 63 

Regarding the mechanical properties, the higher the C con- 

tent in the films, the greater their Young’s modulus and the 

lower their stretchability (Figure 2J). This was measured with 

a tensile stress analysis, which is used for the evaluation of 

the elasticity and tensile strength of the materials. 64,65 In 

particular, the films with a weight proportion of 50P-50C had

mean Young’s moduli of 0.95 GPa for 50P-50C-no drug, 

1.01 GPa for 50P-50C-Cipro, and 1.05 GPa for 50P-50C- 

Gent, being from 2- to almost 5-fold higher than the 70P- 

30C films (Figure 2K). Indeed, these latter presented mean 

Young’s moduli of 0.23 GPa for 70P-30C-no drug, 0.38 GPa 

for 70P-30C-Cipro, and 0.54 GPa for 70P-30C-Gent, confirm- 

ing the role of the C content in the films. Interestingly, the drug 

loaded in the films seems to increase their Young’s moduli 

compared to the films with no drug loaded, with Gent-loaded 

films having the highest values. This trend is inverted for the 

elongation at break (Figure 2L). The 70P-30C films, both 

loaded with drugs and without drugs, showed higher elonga- 

tion than the 50P-50C-based films. Specifically, for the 70P- 

30C films with and without drugs, the elongation at break 

was around 65%, whereas for the 50P-50C films, the values 

were about 50%, suggesting that this feature was not affected 

by the presence of the two drugs. The tensile stress at 

maximum load (Figure S3B) was smaller for the 70P-30C films 

than for the 50P-50C counterparts. In particular, the 70P-30C- 

no drug, 70P-30C-Cipro, and 70P-30C-Gent had a mean ten- 

sile stress of 19.05 MPa, 17.95 MPa, and 24.47 MPa, respec- 

tively. 50P-50C-Cipro had a mean value of 25.71 MPa and 

50P-50C-Gent of 28.46 MPa, and 50P-50C-no drug showed 

the highest tensile stress at a maximum load of 30.83 MPa. 

Despite the differences in Young’s modulus and tensile stress 

at maximum load among the films, the composition did not 

drastically influence the overall capacity of being stretched 

and elongated. The film’s stretchability is a functional property 

for its efficient wrapping around the coral branches with the in- 

fected sites (see Figure S2A). Therefore, we selected the 70P- 

30C films to perform the in vivo tests. 

The dynamic water contact angle (DWCA) was acquired to 

observe the interaction between the surface of the films and 

the seawater for the first 5 min after their contact, 66 and the 

results are shown in Figure S3C. Teflon was used as an inert 

surface for comparison reasons and had a WCA of 102 ◦ , which 

remained practically stable during the 5 min of the measure- 

ment, while the drop volume did not undergo any significant 

variation. Instead, while the films showed an initial WCA be- 

tween 105 ◦ and 95 ◦ , after a few seconds, the WCA started 

decreasing due to the strong hygroscopic nature of the films 

toward water, resulting in the complete absorption of the 

deposited seawater drops within 30 s. Indeed, P and C are 

well-known hygroscopic polymers with high swelling capa- 

bility. 67,68 Hygroscopicity of the material is directly correlated 

with the drug-release kinetics of the film in watery environ- 

ments. 69 In particular, a higher hygroscopicity is correlated 

with a faster drug release, which is a requested feature to 

promptly act against the bacterial infection. 70

(F–I) Cross-section SEM images of 50P-50C-Cipro (F), 50P-50C-Gent (G), 70P-30C-Cipro (H), and 70P-30C-Gent (I) films; red arrows indicate the extremities 

of the films.

(J) Stress-strain curves of the films’ mechanical tensile stress/strain.

(K) Mean Young’s modulus and relative standard deviation of the films.

(L) Mean elongation at break and relative standard deviation of the films.

(M) Cumulative release of Cipro from the transwell model for the 50P-50C-Cipro (blue lines) and 70P-30C-Cipro (red lines) films in the top and bottom wells (circles 

and squares, respectively); the results are expressed as mean and SD; the inset shows a photo of the transwell setup.

(N) Biochemical degradation activity within 30 days of 70P-30C-Cipro, 70P-30C-Gent, and BW4LO1-DIC, and microcrystalline cellulose and polypropylene as 

references. 

See also Figures S2 and S3.
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Two-component system drug release and 

biodegradability 

To maximize the efficacy of the antibiotics embedded in the films 

and avoid their release in the environment, the performance of 

the two-component system (film + sealant) in directing the drugs 

exclusively toward the infected coral site was investigated. A 

transwell system was used to simulate the two-component sys- 

tem placed onto the infected coral site at its interface with the 

sea. The film and the paste were placed within the transwell 

insert, as shown in the scheme in Figure S3D. This produced a 

separate compartment in the inner top part of the insert, as 

shown in Figure 2M, thus preventing seawater diffusion between 

the top and the bottom compartments. 

In the experimental setup, the top well of the transwell repre- 

sents the external marine environment, while the bottom well 

simulates the coral-infected site. The film is in contact with the 

bottom well and the sealant with the upper well, with the film 

and sealant also in contact with each other. The results of the Ci- 

pro diffusion in both compartments over 168 h (7 days) are 

shown in Figure 2M. In both the 70P-30C and 50P-50C samples, 

Cipro started reaching the bottom compartment after 2–3 h; 

more than 60% of the drug was released within the first 24– 

30 h and slowly continued to diffuse until the 6 th day. Minimal dif- 

ferences between the samples were observed in the first 24 h, 

when the samples with a higher amount of C had an initial faster 

release, probably due to the higher capacity of C to swell 

compared to P. On the contrary, no diffusion of Cipro was de- 

tected during the experiment in the top compartment, confirming 

the excellent sealing properties of BW4LO1-DIC. 

One of our goals was to be minimally invasive to the corals and 

marine environment, avoiding the introduction of non-biode- 

gradable components. To confirm this, the biodegradability of 

the films, with and without the drugs, and of the sealant was 

tested using biochemical oxygen demand (BOD), the results of 

which are shown in Figures 2N and S3E. In this test, the materials 

were kept in seawater for 30 days, and the consumption of oxy- 

gen was directly related to the materials’ degradation (ISO 

23977-2: 2020). Microcrystalline cellulose (positive control) and 

polypropylene (negative control) were also tested, showing oxy- 

gen consumption of 15.1 and 0.0 mg O 2 /100 mg of material, 

respectively. After 3 days, the BW4LO1-DIC sample started de- 

grading, obtaining a final oxygen consumption of 10.8 mg O 2 / 

100 mg of material. All the films were biodegradable, producing 

values between 7.4 and 23.5 mg O 2 /100 mg of material 

(Figures 2N and S3E).

Antibacterial properties 

Minimal inhibitory concentration (MIC) is an assay where 

different concentrations of antibiotic are added to a specified 

amount of bacteria to define the minimal concentration of drug

necessary to inhibit the growth of the microorganisms. 71 The 

MIC of Cipro and Gent against V. coralliilyticus was evaluated 

by measuring the optical density (OD) of the growth medium after 

24 h in the presence of different concentrations of antibiotics 

compared to untreated samples to ensure that the effective 

amount of drug was loaded in the films. As shown in Table 2, 

the susceptibility of V. coralliilyticus for Cipro was higher than 

for Gent, resulting in MIC values of 0.5 and 32.0 μg/mL, respec- 

tively. Antibacterial growth tests were then performed to further 

correlate the drugs’ antibacterial capacity and their release from 

the produced films. 

A disk-diffusion assay was performed using films instead of 

standard paper disks. 61,62 Figure 3A shows the plates with the 

different areas of V. coralliilyticus growth inhibition determined 

by the drug diffusion from the films in the agarized growth me- 

dium. The mean diameters of growth inhibition are presented 

in Figure 3B. All the investigated films showed a higher antibac- 

terial effect compared to the control samples. To confirm this 

outcome, statistical analysis was performed among the different 

experimental groups (positive control, 70P-30C-Gent, 50P-50C- 

Gent, 70P-30C-Cipro, and 50P-50C-Cipro). The overall one-way 

ANOVA performed presented statistical significance (overall 

p < 0.001). In particular, almost all the interactions tested using 

a Bonferroni post hoc test were significant (p < 0.05). A signifi- 

cant difference in the inhibition growth diameter was obtained 

for all the films when compared with the control. The only inter- 

action that did not show significance was between the films con- 

taining Gent, which presented similar inhibition diameters of 14.8 

and 15.0 mm (for the 70P-30C and 50P-50C, respectively). The 

difference between the inhibition area of the 50P-50C-Cipro 

and the 70P-30C-Cipro film disks, with an inhibition diameter 

of 26.2 mm and 22.4 mm, respectively, instead presented a sig- 

nificant statistic (p < 0.05). These results may be attributed to a 

probable synergistic effect between C and Cipro. 62 

The growth inhibition of V. coralliilyticus in a liquid medium 

condition within 24 h was evaluated to further describe the anti- 

bacterial action of the films and the proper diffusion and efficacy 

of the antibiotics against the bacterium. Three different film con- 

centrations (1.0, 2.5, and 5.0 mg/mL) per film type (70P-30C- 

Gent, 50P-50C-Gent, 70P-30C-Cipro, and 50P-50C-Cipro) 

were tested, the results of which are reported in Figure 3C. 61 

An inert film of Teflon and a medium without any film were also 

used as a negative control. V. coralliilyticus was inoculated at a 

concentration of ∼10 6 colony-forming units (CFU) in all the wells 

as a T 0 , and the final concentration of bacteria was evaluated af- 

ter 24 h (∼10 9 CFU). 

Two-way ANOVA was run among the negative controls and 

the films in all conditions (polymeric compositions, loaded antibi- 

otics, and concentrations) and all their interactions. The test re- 

sulted in a statistically significant result with a p value of <0.001.

Table 2. Minimal inhibitory concentration

Tested drug MIC (μg/mL)

0.125 0.25 0.5 1.0 2.0 4.0 8.0 16.0 32.0 64.0

Ciprofloxacin interpretative category R I S S S S S S S S

Gentamicin interpretative category R R R R R R R I S S

Concentrations of the drug were tested on V. coralliilyticus. R, resistant; I, intermediate; S, susceptible to the drug dose administered.
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Figure 3. Antibacterial properties

(A) Photographs of Petri dishes used in the disk-diffusion assay with V. coralliilyticus of the positive control, 70P-30C-Gent, 50P-50C-Gent, negative control, 70P- 

30C-Cipro, and 50P-50C-Cipro samples; red dotted rings indicate the inhibition growth ring on the different plates.

(B) Mean maximum diameter and relative standard deviation of the disk-diffusion assay for positive control, 70P-30C-Cipro, 70P-30C-Gent, 50P-50C-Cipro, and 

50P-50C-Gent. One-way ANOVA followed by Bonferroni post hoc test: different letters on top of the histogram indicate significance (p < 0.05) among groups.

(C) Bactericidal effect of the films in the marine broth medium inoculated with V. coralliilyticus. The results are expressed as mean and SD. The hash mark (#) 

indicates that the bacterium was fully eradicated. Two-way ANOVA followed by Bonferroni post hoc test: antibacterial efficacy is highlighted as*p < 0.05, 

**p < 0.01, and ***p < 0.001. 

See also Table S3.
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Thereafter, a Bonferroni post hoc test was applied. The detailed 

results of the test are reported in Table S3, while in Figure 3C only 

the comparison of Teflon vs. films is highlighted for simplicity. 

The films loaded with Cipro at all the concentrations tested 

were capable of completely eradicating the Vibrio, confirming 

the high susceptibility of this bacterium toward this antibiotic, 

previously noticed in the MIC assay (Teflon vs. films loaded 

with Cipro: p < 0.001). 70P-30C-Gent films at the lowest concen- 

tration of 1.0 mg/mL did not show any antibacterial effect, 

whereas the 50P-50C-Gent showed a mild antibacterial effect 

(p < 0.05). The strongest efficacy was obtained at the highest 

concentration (5 mg/mL), where 70P-30C-Gent reduced by 

more than 2 logs the amount of bacteria in the medium 

(5.5 × 10 6 CFU, p < 0.001), whereas 50P-50C-Gent reduced 

by about 3 logs the bacteria concentration (1.08 × 10 6 CFU, 

p < 0.001). This effect could be correlated with the amount of 

C present in the film composition, 72 which is then covered, but 

stronger inhibition, probably derived from the higher concentra- 

tion of antibiotic in the medium (2.5 and 5 mg/mL).

Characterization of the coral disease 

Infected colonies of Stylophora pistillata were used for the in vivo 

application. Colonies were classified as diseased by the presence 

of the typical white band on the coral tissue. After the identification 

of the band, the colonies were visually monitored, and disease 

progression was used as confirmation of the ongoing infection. 

Diseased area, color, and velocity of tissue degradation lead us

to suspect this disease may present a similar behavior to the 

RTN disease. 24 Infected fragments were isolated from the mother 

colonies, which presented a progressing necrosis. Fragments 

from three diseased colonies were analyzed to study the micro- 

biome and reveal which microorganisms were mainly associated 

with the infection. A total of 67,257 retained sequences were ob- 

tained from the high-throughput sequencing run. The number of 

sequences retrieved per sample ranged between 507 and 27,474. 

The genus Vibrio was present in all samples, ranging from 

0.28% to 55.27% of the total amount of bacteria (Figure 4; 

Tables 3, 4, and S4). One-way ANOVA did not show any signifi- 

cant differences (p = 0.53) in the percentage of Vibrio. Follow-up 

Bonferroni post hoc test confirmed that no significance was pre- 

sent in the different comparisons among apparently healthy (Sty- 

lophora [Stylo]-H), intermediate (Stylo-I), and diseased (Stylo-D) 

tissues (Stylo-D vs. Stylo-H; Stylo-H vs. Stylo-I; and Stylo-I vs. 

Stylo-D) (Table 4). However, the trend of Vibrio percentage 

over the total amount of bacteria in most of the samples showed 

an increase in the Vibrio genus in the intermediate samples, 

defined as the area including part of the tissue immediately 

above and below the threshold of the white band. The amount 

of Vibrio genus in the so-called ‘‘diseased’’ area, defined as 

the bleached tissue, was comparable to the amount present in 

the apparently healthy tissue. Thus, the highest concentration 

of the Vibrio genus was found at the threshold of the white 

band area, although no statistical difference was observed. 

Further investigation of the Vibrio species highlighted the

Figure 4. Microbiome analysis

Barplots of the relative abundance of the most abundant genera in each sample; genera with abundance <1% in all samples were grouped in ‘‘Other genera.’’ I1, 

I2, and I3 indicate the intermediate condition; D1, D2, and D3 indicate the ‘‘diseased’’ fragments; H1, H2, and H3 indicate the ‘‘healthy’’ fragments; ‘‘STYLO’’ 

indicates the coral genus (Stylophora). 

See also Tables 3, 4, and S4.
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predominant presence of V. harveyi in the analyzed samples 

(Table S4). The microbiome analysis further confirmed the simi- 

larity to the RTN disease, permitting us to classify the treated dis- 

ease as a tissue-necrosis-like disease. 24,33

Treatment strategy on infected corals 

Four different experimental groups were investigated on the in- 

fected fragments: untreated (control), treated with only sealant 

(BW4LO1), treated with sealant and the film loaded with Cipro 

(BW4LO1 + Cipro), and treated with sealant and the film loaded 

with Gent (BW4LO1 + Gent) (Figure 5A). Films with P/C 70:30 

were selected for these experiments due to their slightly higher 

flexibility, crucial for their proper application in hyperbranched 

corals like S. pistillata. To observe the efficacy of the strategy 

in a real case study, the progression/regression of the disease 

over 18 weeks was monitored by evaluating whether the frag- 

ment was alive and showing signs of unstopped infection, 

bleaching, necrosis, or other issues that could give any macro- 

scopic feedback comparing them to the control (untreated) in- 

fected fragments. Their final status is summarized in Figure 5B. 

In the control (untreated), the disease advanced rapidly, and 

already after 6 weeks two of five fragments were dead. Of the re- 

maining control fragments, in two the disease was unstopped, 

and only one managed to stop the disease and restarted growing 

by the end of the monitored period. In the group treated with 

BW4LO1-DIC, the disease initially appeared to slow down in 

its progression, which may be due to the physical barrier created 

by the paste; however, after 6 weeks, the disease continued its 

progression along the coral fragment. At the end of the 18 weeks, 

the results were similar to those of the control samples: four still 

infected and one healthy fragment. In the samples treated with 

BW4LO1-DIC and 70P-30C-Cipro, all the fragments overcame 

the disease, maintaining their healthy state. Finally, in the sam- 

ples treated with the 70P-30C-Gent and BW4LO1-DIC films, 

four fragments were recognized as healthy, and one was still 

infected. 

Statistical analysis using the chi-squared test showed an over- 

all significance of p < 0.05 (χ 2 (3, n = 20) = 10.30, p = 0.016). In 

particular, this statistical test demonstrated that there is statisti- 

cal significance in the number of reinfected/dead and non-in- 

fected (used as categorical conditions) samples among the 

treatment groups (ϕ = 0.72). Finally, considering all the two- 

component systems used for delivering antibiotics (summing Ci- 

pro and Gent treatments), the rate of their success was 90%,

significantly higher compared to the 20% of the treatments 

without antibiotics (untreated control and only the sealant 

BW4LO1-DIC) which is the natural capacity of the coral to over- 

come the infection. 

Finally, after 8 months of the treatment, new tissue growth was 

observed in the surviving fragments, both apically (new branches) 

and basally (base enlargement), by macroscopically observing the 

sample pictures, and the size of the fragments was compared to 

that on day 0 (see Figure 5C). In the fragment where the sealant 

was applied and the lesion stopped (one fragment from 

BW4LO1-DIC, five fragments from 70P-30C-Cipro + BW4LO1- 

DIC, and four fragments from 70P-30C-Gent + BW4LO1-DIC), 

basal growth was observed. Basal tissue growth on the sealant 

on the fragments treated with Cipro and Gent had already started 

after 3 months (Figure 5A), while the surviving fragment treated 

with only the sealant was the slowest in showing signs of basal 

growth tissue after 4 months on the substrate.

DISCUSSION

Coral diseases are an emerging multifactorial issue often con- 

nected with the increase in chronic environmental stresses, 

such as pollution or ocean warming and acidification, which 

are threatening the reef ecosystems. 10,73 Widespread outbreaks 

have been occurring more often and with more devastating ef- 

fects. 74 A dramatic example is SCTLD, which has grown to the 

scale of a marine pandemic in the Caribbean over the last 10 

years. 22 Treatments have been developed to manage and slow 

its progression, with limited success. 25,31,32,75 The absence of 

treatment strategies for diseased corals should also be ad- 

dressed in more controlled environments, where small frag- 

ments are taken from larger colonies, grown in situ or ex situ, 

and transplanted as the final step of coral restoration ef- 

forts. 49,76,77 The spread of diseases in coral nurseries and other 

aquaculture contexts could have critical impacts on restoration 

efforts, urging for innovative solutions to address coral diseases 

in various settings. 78–80 

Currently, antibiotics are considered one of the more consoli- 

dated options to treat coral diseases induced by bacteria. 31,33,81 

Nevertheless, the use of antibiotics often leads to concerns 

related to the development of antibiotic resistance or the alter- 

ation of the microbiome community composition. 82 However, 

controlled applications, like those presented here, could reduce 

the risks of antibiotic resistance. 83 These concepts are well es- 

tablished in the field of pharmaceutics and biomedicine, where 

the use of engineered drug vehicles that reach the target area 

without releasing their load into the surroundings have managed 

to reduce the overall dose of the drugs that has a significant ef- 

fect (effective dose), reducing, at the same time, the collateral ef- 

fects and eventual phenomena of resistance. 84,85 Similar princi- 

ples of controlled drug delivery and precise medicine can be 

applied to cases of coral disease.

Table 3. Percentage of sequences classified as Vibrio in each sample

I1 I2 I3 D1 D2 D3 H1 H2 H3

Vibrio 52.30 55.27 0.28 22.30 19.87 23.75 21.26 22.14 15.58

See also Tables 4 and S4; Figure 4.

Table 4. Percentage of sequences classified as Vibrio, average, 

and standard deviation for each sample group

Healthy Intermediate Diseased

19.66% ± 3.56% 35.95% ± 30.93% 21.97% ± 1.96%

See also Tables 3 and S4; Figure 4.
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Figure 5. Application of the two-component system in diseased corals

(A) Photographs of infected coral fragments untreated (control), treated with the BW4LO1-DIC, treated with the BW4LO1-DIC + 70P-30C-Cipro, and treated with 

the BW4LO1-DIC + 70P-30C-Gent over 18 weeks; Asterisk (*) indicates time point at which the fragment died. Scale bar, 1 cm.

(B) Summary of the status of the fragments after 4 months. *p < 0.05 (χ 2 (3, n = 20) = 10.30, p = 0.016).

(C) Apical and basal growth of a single fragment treated with 70P-30C Cipro + BW4LO1-DIC after 8 months; dark-blue arrows indicate apical growth, and light- 

blue arrows indicate basal growth. Scale bar, 1 cm.
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Silicon-based ointments and chlorinated epoxy resin 

matrices are currently used as a free-standing monolayered 

material. 25,31,32,75,86,87 When they are applied underwater, these 

treatments can diffuse in two directions: toward coral tissue and 

the seawater. The diffusion and extraction of the drug from what- 

ever monolayered formulation is strongly mediated by the water 

through Fick’s law, the partition coefficient of the drug, swelling 

and erosion mechanisms, the hydrophilic or hydrophobic 

behavior of the matrix, and the concentration and distribution 

of the drug inside the formulation. 88–90 Therefore, the side 

exposed to the environment comes into contact with an infinite 

amount of seawater that undergoes a constant turnover of the 

solvent, provoking a higher degree of erosion than the internal 

one. On the other hand, the material side attached to the coral 

tissue presents a much lower amount of water than the external 

environment. This principle will drive a difference in the release 

kinetics and diffusion of the drug between the two interfaces, 

or so-called compartments, as typically named in the pharma- 

ceutical field. Thus, the drug is expected to constantly and inten- 

sively diffuse outside the matrix toward the sea, whereas the 

diffusion toward the infected area is expected to be significantly 

less intense (Figure 6A). 48 However, in the infected area where 

bacteria are proliferating, a constant antibiotic concentration 

above the MIC should be maintained over time to eradicate the 

infection. 91 

To improve the antibiotic-based treatments, a two-compo- 

nent system that allows the treatment of the coral-infected sites 

without the spread of antibiotics in the surrounding water system 

was proposed in our work (Figure 6B). 92 The system consists of a 

BW/plant-based sealant and a hydrophilic film composed of P, 

C, and antibiotics. For the development of the active films, two 

wide-spectrum antibiotics, Gent and Cipro, were selected, and 

the MIC was calculated against one of the most concerning coral 

bacterial pathogens, V. coralliilyticus, 44,93 with both showing 

effectiveness at minimal concentrations of 32.0 and 0.5 μg/mL, 

respectively. It is worth mentioning that in a previous study, Cipro 

did not demonstrate the same effectiveness against the same 

bacterial strain. 44 Nevertheless, in the reported study it is not 

specified how Cipro was solubilized in water, and, since it is 

practically insoluble in water, this might have affected the effi- 

cacy of the drug. The use of acetic acid to favor the solubilization 

of Cipro, a strategy applied in our paper, makes it more available 

to exploit its antibacterial action. 62 Films with different ratios of P 

and C, polyglycerol as a plasticizer, and loaded with antibiotics 

at a proportion of 100:1 polymer + plasticizer/drug (w/w) were

investigated. Noteworthy is that the quantity of the antibiotics 

used is much lower compared to previously proposed amoxi- 

cillin-loaded silicon paste, with a weight ratio of matrix/antibiotic 

up to 8:1 (w/w), which has been used as a treatment to stop 

SCTLD disease progression. 25,32 All the films were transparent 

and homogeneous, and the two drugs were well dispersed in 

the polymeric matrices. The films were ductile and stretchable, 

making them suitable for application on an irregular surface 

such as corals. 

The sealants were prepared using a simple method of melt 

mixing the BW and the two plant-based oils, followed by quick 

solidification. The sealant BW4LO1-DIC was chosen as the 

best candidate, since the development procedure promoted 

a reorganization of its final semi-crystalline structure that led 

to a thermo-responsive behavior of its mechanical properties. 

Commonly, corals live at a temperature between 25 ◦ C and 

28 ◦ C; thus, in this range of temperature, the sealant needs 

to be solid. At the same time, during the underwater applica- 

tion, the sealant should be malleable and shaped by the oper- 

ator/diver. As demonstrated by DMTA analysis and measuring 

the sealant temperature after mixing, BW4LO1-DIC showed a 

transition phase from a more rigid structure to a moldable ma- 

terial by simply rubbing it with the hands, both in the air and 

underwater. This feature represents a great technological 

advancement if compared to the previous work of our group, 

where a polycaprolactone-p-coumaric acid thermoplastic 

copolymer was utilized as a sealant. Indeed, in this case, to 

melt and apply the co-polymer, a temperature of 45 ◦ C–50 ◦ C 

was necessary, limiting its application at a laboratory or aquar- 

ium level. 48 

The unidirectional drug diffusion of the two-component sys- 

tem was confirmed by using a transwell to mimic the sea envi- 

ronment and the coral-infected site, separated by the developed 

system. Using this approach, we demonstrated (1) the possibility 

of exclusively and precisely diffusing the antibiotics toward the 

correct direction of the coral’s infected site, making them fully 

available to exploit their action against the coral bacteria; (2) a 

safe and eco-friendly use of the antibiotics without releasing 

them into the sea; and (3) the possibility to apply this strategy 

directly underwater, as the drug is not immediately diffusing 

outside of the system, giving time to the operator/diver to apply 

the two-component system directly underwater. These features 

enable a new, precise, in situ therapy, akin to a first-aid coral kit, 

suitable for use in both aquaria and the more challenging, yet 

critical, ocean environments.

Figure 6. Schematic representation of the 

sea environment/material/coral infected 

site interface

The application and drug diffusion of a currently 

used monolayered antibiotic-loaded material 

(A) and the two-component antibiotic-loaded 

system described in this work (B). The size and 

direction of the arrows indicate the release in- 

tensity of the drug (small blue dots) from the ma- 

terials based on the osmotic pressure given by 

the water.
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As proof of concept, we demonstrated that the proposed sys- 

tem could eradicate the growth of a high concentration of V. cor- 

alliilyticus (Figure 3C). The two-component system was also 

applied to corals with a tissue-necrosis-like disease, possibly 

caused by a V. harveyi strain, or at least co-occurring with high 

abundances of this bacterium, as a result of the microbiome 

analysis of the lesion. The selected system for this test was 

composed of BW4LO1-DIC sealant, combined with 70P-30C- 

Cipro or 70P-30C-Gent, as films with this P/C ratio were more 

ductile and showed a slightly slower release in the first hours, al- 

lowing a suitable application on branched corals. The infected 

fragments of coral S. pistillata were monitored for 18 weeks, 

and the two-component system for delivering Cipro and Gent 

stopped the propagation of the infection. The overall yield of 

lesion halting from the disease reached 90% success, much 

higher compared to the 20% capacity of the corals in responding 

to the infection by themselves. Interestingly, after lesion halting, 

the corals started growing both apically and basally. The basal 

growth of the material is fundamental because, eventually, the 

two-component system will be entrapped and included in the 

structure of the coral. As proved by the BOD test, all the compo- 

nents were fully biodegradable. Note that the BOD test (30 days) 

is an extreme condition in which biodegradation is exponentially 

sped up and is not representative of what occurs in a real envi- 

ronment in terms of timescale. Our group has previously tested 

the degradation of different biocomposite materials in the 

Maldivian Sea, where the materials started degrading, but the 

degradation effects were observed on a much larger timescale 

(months/year compared to days/months in laboratory condi- 

tions). 49,56 Similarly, the sealant after 18 weeks looked macro- 

scopically stable, meaning that the biodegradation was occur- 

ring slower than the growth rate of the coral tissue to cover it. 

This is a further innovation that confirms how the proposed tech- 

nology can be an excellent strategy for treating coral diseases. 

The potential short-term antifouling properties of this hydro- 

phobic natural material are noteworthy, as biofouling only started 

on the sealant after 6 weeks. This feature could be compared to 

superhydrophobic materials defined as antifouling, such as 

polydimethylsiloxane (PDMS), on which the fouling appears 

between 2 and 8 weeks in the underwater environment. 94 

The natural origin of our materials can support an eco-friendly 

approach to treat coral infections. However, more tests are 

needed to test for potential impacts on fish and other marine 

organisms. 

To conclude, a new and easy-to-use two-component system 

for the treatment of coral diseases was successfully developed. 

The first component was a natural, thermoresponsive, and 

biodegradable sealant based on BW and plant-based oils to 

be used and applied underwater on infected corals. The sealant 

was developed to cover and seal the other component placed 

onto the infected site of the corals. The second component, 

based on P, C, and polyglycerol for the delivery of antibiotics Ci- 

pro and Gent, was in the form of transparent and stretchable 

films, developed to be applied in contact with the corals’ infected 

site for their therapy. Its properties were ideal for easy adaptation 

to the shape of the different corals, expanding its range of appli- 

cation to various species. 

When the two-component system was applied to infected 

corals, it not only led to a yield of successful lesion halting of

90% using one-tenth of the antibiotic amount used previously 

to treat similar diseases but also allowed the coral regrowth 

onto the applied materials. This versatile system can be applied 

in aquaria, where high-density farming of coral fragments oc- 

curs, as well as in more challenging environments like coral nurs- 

eries or coral reefs in the open sea. Finally, this work highlights 

once again how merging different scientific disciplines, in this 

case, pharmaceutics, materials science, and marine ecology, 

can produce new effective technologies that can help save vital 

ecosystems such as coral reefs.

METHODS

Materials 

Linseed oil (LO) (CAS-No. 8001-26-1), beeswax (BW) (CAS-No. 

8012-89-3), chitosan (C) (CAS-No. 9012-76-4), polyvinylpyrroli- 

done (360 kDa) (P) (CAS-No. 9003-39-8), acetic acid (CAS-No. 

64-19-7), ciprofloxacin (Cipro) (CAS-No. 85721-33-1), and 

gentamicin sulfate (Gent) (CAS-No. 1405-41-0) were purchased 

from Sigma-Aldrich and used as received. Marine broth 2216 

(product no. 76448-500g) was purchased from Millipore and 

used as suggested by the company. Deionized water was ob- 

tained from a Milli-Q Advantage A10 ultrapure water-purification 

system (Merck-Millipore, Darmstadt, Germany). Polyglycerol-10 

was kindly donated by SPIGA NORD (batch no. PG10_2022 

1021_0945). Sunflower oil (SFO) was purchased as a commer- 

cial product (Olio di semi di girasole Coop) (lot. no. L309323). 95 

Sylgard-184 kit (product no. 761028) was purchased from Dow 

Corning (Midland, MI, USA). V. coralliilyticus (strain ATCC BAA- 

450) was purchased from DSMZ (Braunschweig, Germany).

Preparation of sealant 

BW and two natural oils, LO and SFO, with different amounts 

of C=C in their fatty acid composition, were selected to pre- 

pare the sealant. The sealant samples made with BW and 

the oils SFO and LO, in the weight ratio 4:1, were named 

BW4SFO1 and BW4LO1, respectively. The components 

were mixed in an aluminum cup and melted in the oven at 

90 ◦ C for 5 min. The melted solution was cooled, poured into 

a glass beaker positioned in a dry ice bath, and stirred until 

room temperature was reached. These samples were nomi- 

nated as dry ice cooled, i.e., DIC. Meanwhile, samples cooled 

without the dry ice bath were called ‘‘not DIC’’ and cooled at 

room temperature.

Preparation of films 

P and C were mixed in a vial, in weight proportions 1:1 

(1,050:1,050 mg, called 50P-50C) or 7:3 (1,470:630 mg, called 

70P-30C), alongside 20 mL of 8% (v/v) acetic acid aqueous so- 

lution and vortexed until fully dispersed. A second aqueous solu- 

tion of 8% (v/v) acetic acid was also used to solubilize gentamicin 

or ciprofloxacin at concentrations of 10 mg/mL. In a third acetic 

acid solution at 8% v/v, polyglycerol-10 at a concentration of 

50 mg/mL was dissolved. Subsequently, the polyglycerol-10 so- 

lution (8.4 mL) and the antibiotic solution, either with Cipro or 

Gent (2.542 mL), were added to the solution of P and C. Films 

without drug were prepared, adding the same amount of acetic 

acid aqueous solution 8% (v/v) (called ‘‘no drug’’). The final vol- 

ume of this solution was brought to 35 mL by adding the aqueous
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solution (8% [v/v] acetic acid). The solution was homogenized 

using a vortex and left stirring for 2 h at 55 ◦ C. Finally, the solution 

was cast on a square Petri dish (120 × 120 mm 2 ), previously 

covered with a silicone layer of Sylgard-184, and left to dry in 

an aspirated hood with a constant flow rate of 0.5 L/min at 

ambient conditions (16 ◦ C–20 ◦ C, relative humidity 40%–50%) 

for 48 h. The final dry weight of each film was approximately 

2.55 g. For 50P-50C, the final composition was 41.25% (w/w) 

of P, 41.25% (w/w) of C, 16.50% (w/w) of polyglycerol-10, and 

1% (w/w) of the drug (either Cipro or Gent) films. Likewise, the 

composition for the 70P-30C was 57.75% (w/w) of P, 24.75% 

(w/w) of C, 16.50% (w/w) of polyglycerol-10, and 1% (w/w) 

of drug.

Scanning electron microscopy 

The morphology of the films and the sealants was analyzed by 

SEM using a variable-pressure JOEL JSM-649LA (JEOL, Tokyo, 

Japan) microscope equipped with a tungsten thermionic elec- 

tron source and working in high vacuum mode, with an acceler- 

ation voltage of 5 kV. The specimens were coated with a 10-nm- 

thick film of gold utilizing a Cressington 208 HR sputter coater 

(Cressington, Watford, UK).

Fourier transform infrared spectroscopy 

Infrared spectra of all the pastes and films were acquired us- 

ing an ATR accessory (MIRacle ATR, Pike Technologies) with 

a diamond crystal coupled to an FTIR spectrometer (Vertex 

70v FTIR, Bruker). All spectra were recorded between 4,000 

and 600 cm − 1 , with a resolution of 4 cm − 1 , accumulating 

64 scans.

Thermal analysis 

The thermal degradation behavior of the different sealants, 

including their reagents, was determined by TGA using a TGA 

Q500 (TA Instruments, USA) instrument. Measurements were 

carried out using 7–12 mg of sample in a platinum pan under inert 

N 2 flow (50 mL min − 1 ) in a temperature range from 30 ◦ C to 800 ◦ C 

and with a heating rate of 10 ◦ C min − 1 . The weight loss and its first 

derivative were acquired simultaneously as a function of time/ 

temperature. Curves were normalized at the weight of the sam- 

ple at 30 ◦ C.

Differential scanning calorimetry 

Sealant samples were tested with a weight of about 5 mg. An 

equilibrating phase at 20 ◦ C occurred before starting the experi- 

ment. The analysis followed the subsequent phases: a rapid 

cooling at − 20 ◦ C, an isothermal phase for 1 min, a first melting 

phase up to 100 ◦ C, 1-min isothermal, cooling down to − 20 ◦ C, 

1-min isothermal, and a second melting up to 100 ◦ C. Tempera- 

ture variation was set at 10 ◦ C min − 1 . The machine used was a 

Discovery DSC 250 with a Discovery RCS90 cooling system 

and a sample holder from TZero Pans and Lids (aluminum, not 

sealed). 

Deconvolution of the curves was obtained with the software 

Origin 2022 version 9.9.0.225. The plugin used is ‘‘Peak 

analyzer,’’ and the analysis was performed based on the resid- 

uals’ first derivative. The summary of the deconvolved curves 

presented an R 2 ≥ 0.99.

Dynamic mechanical thermal analysis 

DMTA was performed using a DMTA TA Q800 instrument equip- 

ped with a compression clamp in frequency sweep mode. Sam- 

ples of BW4SFO1-DIC, BW4SFO1-not DIC, BW4LO1-DIC, and 

BW4LO1-not DIC were tested at increasing temperatures, 

with a rate of 1 ◦ C/min, at an interval between 15 ◦ C and 50 ◦ C 

(n = 3). Experiments were performed in a single-frequency oscil- 

lation mode with a frequency of 10 Hz and a displacement ampli- 

tude of 5 μm, after a preload of 1 N. Data were recorded every 3 

s, and the storage modulus, loss modulus, and tan(δ) as a func- 

tion of the temperature were evaluated.

Tensile test 

The mechanical properties of the films were determined by uni- 

axial tension tests on a dual-column universal testing machine 

(Instron 3365). Films were cut in dog-bone shape with a width 

of 4 mm and an effective length of 25 mm. Displacement was 

applied at the rate of 20 mm/min. Young’s modulus, tensile 

stress at maximum load, and elongation at break were soft- 

ware-extracted from the resulting curves. Measurements were 

performed on a minimum of seven pieces per film. All the 

stress-strain curves were recorded at 25 ◦ C and 44% relative 

humidity.

Water contact angle 

The WCA of the sealants was measured using a contact angle 

goniometer OCA-20 (DataPhysics Instruments, Filderstadt, Ger- 

many) at ambient conditions (16 ◦ C–20 ◦ C, relative humidity 40%– 

50%). Seawater droplets (5 μL) were laid on the surface, and the 

contact angle was extracted and calculated from the side view 

with the help of the software. To ensure repeatability, a minimum 

of 14 measurements per sample were collected. The DWCA of 

the films was measured by using the same parameters 

described above. However, the contact angle was extracted 

every 1 s for 5 min. To ensure repeatability, three different mea- 

surements were taken for each sample.

Sealant temperature variation test 

The sealant variation temperature was also tested using a ther- 

mometer with a thermocouple (Greisinger GMH 3250) to mea- 

sure the internal temperature of the paste after hand mixing in 

the air at room temperature (20 ◦ C) and in seawater at 20 ◦ C 

and 25 ◦ C. The temperature was measured after poking a hole 

with a needle in the ball-shaped paste until a constant tempera- 

ture was reached. When mixed in seawater, the sealant was 

dried before testing.

Unidirectional drug-release test 

A unidirectional drug-release test was constructed and per- 

formed to verify that when the two-component system is applied 

to the corals, the antibiotic will diffuse only in the direction of the 

infected area and not into the environment. Transwells were 

used to mimic this condition, and the materials were placed as 

described in Figure S3D. The transwell structures (VWR tissue 

culture plate inserts), having a diameter of 6.5 mm and a PET 

membrane with a porosity of 0.4 μm, were filled first with 6.0- 

mm film disks, then with 7.0-mm sealant disks, and at the end 

with 0.25 mL of seawater. Thereafter, the transwell was placed 

inside another well filled with 1.00 mL of seawater to generate
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two different compartments. Seawater was collected from ‘‘Old 

Harbor’’ di Genoa, Italy, and filtered up to 1.2 μm. The bottom 

compartment simulated the infected area that should receive 

the drug, while the upper one inside the transwell mimicked 

the marine environment. The release experiments were conduct- 

ed at 25 ◦ C, placing the multiwell plate in the incubator to simu- 

late the temperature of the coral reef environment. 

Cipro was chosen as a drug model because it has a well- 

defined absorption spectrum in the UV-visible range, thus allow- 

ing us to follow its diffusion from the film into the seawater me- 

dium using a CARY 300 Scan UV-visible spectrophotometer. 

Samples were collected at 15, 30, and 45 min and 1, 2, 3, 4, 6, 

24, 30, 48, 54, 72, 78, 144, and 168 h for both compartments. 

The total volume of seawater in each compartment (upper part 

0.25 mL, lower part 1.00 mL) was separately collected at each 

time point and diluted to a total volume of 2.5 mL, and absorbance 

was measured using a quartz cuvette in the interval between 600 

and 200 nm. The absorption peak at 330 nm was used to monitor 

the diffusion of Cipro. The test was repeated in triplicate, and the 

results are expressed as mean and standard deviation.

Biochemical oxygen demand 

BOD was used to investigate the biodegradability of the sam- 

ples. The test followed ISO 23977-2: 2020, which standardizes 

how to measure the biochemical oxygen demand in seawater 

over 30 days. Samples of films and sealants were cut into small 

pieces, and about 50 mg of material was added to 432 mL of 

seawater collected at the ‘‘Old Harbor’’ of Genoa, Italy. The 

experiment was performed using OxiTop-IDS measuring heads 

following the protocol suggested by the manufacturer. Biotic 

consumption of the oxygen present in the free volume of the sys- 

tem was measured as a function of the decrease in pressure. 

Raw oxygen consumption data (mg O 2 /L) were corrected by 

subtracting the mean values of the blanks obtained by 

measuring the seawater’s oxygen consumption without any 

test material. After this subtraction, values were normalized on 

the mass of the individual samples and referred to as milligrams 

of oxygen consumed per 100 mg of material in 1 L of seawater 

(mg O 2 /100 mg).

Minimal inhibitory concentration 

MIC assay was performed in a 12-well multiwell, using 2 mL per 

well of sterilized marine broth medium inoculated with 

V. coralliilyticus at a concentration of 1.7 × 10 9 CFU, correspond- 

ing to OD 600nm 0.01. In each well, the drug concentration was 

doubled, from 0.125 up to 64 μg/mL. The tested drugs were Cipro 

and Gent. The MIC was evaluated after 24 h of incubation under 

constant shaking (100 rpm) at 28 ◦ C through the measurement of 

optical density at 600 nm using a UV-visible spectrophotometer. 

Initial solutions were prepared as follows: 10 mg of Gent was dis- 

solved in 1 mL of Milli-Q water, whereas 10 mg of Cipro was dis- 

solved in 980 μL of Milli-Q water and 20 μL of acetic acid. Serial 

dilution was followed as described above. The results were clas- 

sified as R (resistant), I (intermediate), and S (susceptible), based 

on the efficacy of the drug dose administered. 96

Disk-diffusion assay 

The disk-diffusion assay was performed on sterilized marine 

agar Petri dishes. In each Petri dish, 200 μL of V. coralliilyticus

at 3.4 × 10 10 CFU (OD 600nm 0.2) were plated, and three 6.0- 

mm disks were positioned on top after drying. Inhibitory growth 

diameter was measured after 24 h. Controls were prepared using 

6.0-mm sterilized filter paper with 5 μL of either growth medium 

(negative control) or 5 mg/mL apramycin (positive control). 

Maximum diameters were measured using the line function of 

ImageJ using the Petri dish dimension as a scale bar (90 mm). 

The maximum diameter statistic was derived using a one-way 

ANOVA followed by a Bonferroni post hoc test, with a signifi- 

cance level set at α = 0.05. Groups that do not share a common 

letter are significantly different (Figure 3B).

Growth analysis in liquid 

Growth analysis was also performed in a solution of marine broth 

with an optical density of V. coralliilyticus of 1.7 × 10 6 CFU 

(OD 600nm 0.01). Three antibiotic concentrations were tested: 

5.0, 2.5, and 1.0 mg/mL of film in triplicate. The film pieces 

were previously sterilized with UV light, 10 min/side. Subse- 

quently, the films were covered with the previously mentioned 

medium (2 mL) and incubated at 28 ◦ C for 24 h with 100 rpm of 

shaking. The concentration was initially measured by optical 

density at the T 0 of the experiment (OD 600nm 0.01, ∼10 6 CFU). Af- 

ter 24 h, an aliquot (10 μL) of each triplicate was plated to count 

the surviving CFU, and the concentration after growth was 

derived. The statistic was calculated on the concentration after 

24 h of growth using a two-way ANOVA followed by a Bonferroni 

post hoc test with a significance level of α = 0.05. An inert Teflon 

film was used as a positive control. A blank was also prepared to 

test bacterial growth in the medium (no antibiotics or materials) 

after initial inoculation (OD = 0.01 at T 0 ). The blank was not 

included in the statistical test as it did not present any compara- 

ble film concentration.

Maintenance and growth conditions of corals 

The reef-building coral Stylophora pistillata, a standard coral 

species model farmed and reproduced at the Genoa Aquarium, 

was used for this experiment. Fragments from three infected col- 

onies of S. pistillata were fed twice a week with a food mixture in 

a solution containing Tetraselmis sp. algae and Rotifera. 

During the day, the tank was set up as a semi-open system, 

and the temperature was set at 25 ◦ C (by exchange heater). 

The water was pumped from a depth of 50 m outside the harbor 

of Genoa, then filtered (with a sand filter) and sterilized (by UV 

filtration), and finally supplied with a flow rate of 0.3 m 3 h − 1 . 

During the night, the tank was set up as a closed system, 

hence the seawater from the tank passed through a filtration sys- 

tem comprising a sand filter (0.4 mm, Astralpool ARTIC) and a UV 

light (Panaque 750 s, with four 40-W lamps embedded), and sub- 

sequently reinserted in the tank. The water circulation pump 

(Argonaut av150-2dn-sb 220v) was set to 10–13 m 3 h − 1 to 

ensure total water filtration every 25 min. 

Corals were illuminated with an HQI lamp (400-W 10,000 K 

Nepturion BLV, 12:12 h light/dark) at an average irradiance of 

250 μmol photons m − 2 s − 1 . Moreover, 50 L of calcium hydroxide 

solution at a concentration of 18 g/L was added dropwise every 

night to facilitate the calcification of corals, enhancing their 

growth. Subsequently, 20 S. pistillata fragments were isolated 

to prevent other colonies’ infections at 25 ◦ C in another 400-L 

tank (13:11 h light/dark) illuminated with an LED light (62 W,
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5,000 K) at an average irradiance of 200 μmol photons m − 2 s − 1

and a complete water change every hour. The water filtration

and heating systems are the same as reported in Contardi et al. 50

Characterization of tissue-necrosis-like disease 

S. pistillata fragments were classified as ‘‘apparently healthy,’’ 

‘‘intermediate,’’ and ‘‘diseased.’’ In particular, the samples 

analyzed were fragmented from specific coral areas. The appar- 

ently healthy tissue was part of the fragment where the tissue did 

not show any macroscopic signs of disease or bleaching, placed 

at least 1.5 cm above the visible threshold of the white band; the 

intermediate samples were collected, including part of the tissue 

immediately above and below the white band threshold; finally, 

the fully white tissue directly above the necrotic tissue was 

considered as the diseased portion. 

For DNA extraction, total DNA was extracted from nine ground 

coral fragments (three for each group) of approximately 

1 cm × 2 cm, using a FastDNA Spin kit for Soil (MP Biomedicals, 

Solon, OH, USA) according to manufacturer’s instructions. Ex- 

tracted DNA was further purified with a Monarch Genomic 

DNA Purification Kit (New England BioLabs, Ipswich, MA, USA) 

to avoid nucleic acid degradation over time. 

For PCR amplification, a fragment containing the V5-V6 hyper- 

variable regions of the bacterial 16S rRNA gene was PCR ampli- 

fied with barcoded primers to allow sample pooling and 

sequence sorting, as previously described. 97 

For high-throughput sequencing, amplicons were sequenced 

by MiSeq Illumina (Illumina, San Diego, CA, USA) with a 2 × 300- 

bp paired-end protocol. Amplicon sequence variants (ASVs) 

were inferred using the DADA2 pipeline, 98 as previously 

described. 99 ASVs shorter than the expected size were checked 

by BLAST (Basic Local Alignment Search Tool) and discarded if 

they did not match any bacterial strains. ASVs taxonomically 

classified as non-bacterial (archaea; not assigned domain) 

were also discarded. Finally, ASVs that were classified as 

belonging to genus Vibrio were also tentatively assigned to one 

or more species by BLAST, selecting, for each ASV, up to four 

‘‘best hit’’ species according to the lowest E value. 

The proportion of bacteria that were Vibrio in each sample 

group was compared using a one-way ANOVA and post hoc 

Bonferroni test with a significance level of α = 0.05.

Application of the two-component system on infected 

corals 

Twenty fragments were derived from three different diseased 

mother colonies. For each experimental group, five fragments 

were randomly assigned. Photographs of diseased fragments 

untreated (control), treated with only the sealant BW4LO1-DIC, 

treated with the sealant BW4LO1-DIC + film 70P-30C-Cipro, 

and treated with the sealant BW4LO1-DIC + film 70P-30C- 

Gent were acquired every 2 weeks for 4 months to monitor the 

disease progression. 

The hydrophilic films were easily fixed onto the coral branches 

and applied to the white band of the disease by cutting them into 

pieces with sterile blades, positioning them, and letting them 

adhere to the coral surface. The sealant was then warmed by 

hand mixing and rubbing before being applied on top of the 

film, covering it completely. To prevent bacterial contamination 

among the samples, the treatment was applied using sterile

gloves for each application. The white band represents the in- 

fected area and the disease’s progression. To ensure the ther- 

apy was applied to all potentially infected areas, the films were 

placed over the lesion (white band) and extended 1 cm beyond 

the edges of the lesion. 

At the end of the experiment, samples were classified as ‘‘un- 

stopped infection/dead’’ or ‘‘not infected’’ and analyzed as 

categorical data. Statistical analysis of categorical data was 

performed using a chi-squared test analyzing the association 

between the groups and the condition at the end of the experi- 

ment. Significance was set for p < 0.05.

RESOURCE AVAILABILITY

Lead contact 

Requests for further information and resources should be directed to and will 

be fulfilled by the lead contact, Marco Contardi (marco.contardi@unimib.it).

Materials availability 

This study did not generate new unique reagents.

Data and code availability 

Raw data have been deposited at zenodo.org and are publicly available as of 

the date of publication at Zenodo: https://doi.org/10.5281/zenodo.15560870.
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Zhai, A. Pirani, S.L. Connors, C. Pé an, S. Berger, N. Caud, Y. Chen, L. 

Goldfarb, and M.I. Gomis, et al., eds. (Cambridge University Press), 

pp. 1211–1362.

8. Apprill, A. (2017). Marine Animal Microbiomes: Toward Understanding 

Host-Microbiome Interactions in a Changing Ocean. Front. Mar. Sci. 4, 

222. https://doi.org/10.3389/fmars.2017.00222.
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