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Abstract

Superhydrophobicity, a natural phenomenon commonly observed in plants and insects, imparts
diverse functionalities, including self-cleaning capabilities. Nature's design of a superhydrophobic
surface relies on a combination of surface chemistry and hierarchical roughness at micro- and nano-
scales. The growing interest in artificial superhydrophobic surfaces is driven by their unique properties
and additional functionalities, such as anti-icing, corrosion prevention, and anti-biofouling properties.
While many studies show the antibacterial properties of superhydrophobic surfaces, only a handful
focus on fungi. However, fungal infections are becoming increasingly prevalent, driven by global
warming and the growing resistance of fungi to conventional fungicides. Notably, among novel
superhydrophobic surfaces, those made with natural, non-toxic, and environmentally friendly
compounds via facile manufacturing methods, offer significant advantages and align with sustainable

engineering practices.

In this study, we developed an easy-to-apply, sprayable bi-modal coatings. These superhydrophobic
antifungal coatings, made of long-chain fatty acid, can be combined with medium-chain fatty acids to
enhance the antifungal activity against the model phytopathogen Botrytis cinerea. We investigate the
effect of incorporating sorbic and caprylic fatty acids in various concentrations on the structure,
physical properties, stability, and applicability of stearic acid-based coatings. We show that depending
on the composition, the antifungal activity of the coatings can be tuned, ranging from complete

passive antibiofouling to a dominant fungicidal action against Botrytis cinerea.

This is made possible by the combination of the superhydrophobic coating's hierarchical structure and
the incorporation of potent medium-chain fatty acids. We believe these coatings offer a sustainable
solution for protecting various surfaces from fungal infections and represent a promising alternative

to conventional fungicides.
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Introduction

Superhydrophobicity, commonly referred to as the "Lotus effect", is a phenomenon widely found in
Nature, especially among plants and insects.™ The Lotus plant has been extensively studied over the
last decades for its unique wetting properties, serving as a foundation for further research on
superhydrophobic natural surfaces and the development of artificial man-made analogs.[*>”
Organisms employ this strategy to achieve diverse functionalities, including self-cleaning capabilities
and improved flight performance.®® Superhydrophobic surfaces, however, can exhibit additional
functionalities such as thermal insulation, corrosion prevention, anti-fouling properties, anti-icing,
anti-fogging, and more.»2°4 This unique behavior arises from the interplay between the two key
factors: surface chemistry and surface roughness.'3! Hydrophobic molecules on the surface hinder
the formation of strong physical bonds with water, which is essential for superhydrophobicity but
insufficient on its own.+2>%! The synergy between the appropriate chemistry and a combination of
micro- and nano-scale roughness facilitates the Cassie-Baxter state, in which water droplets make
minimal contact with the substrate, resting primarily on a layer of air. The latter configuration results
in contact angles exceeding 150°, characteristic of superhydrophobicity.>?*>-”) However, not all
superhydrophobic surfaces serve a similar function. For instance, the Lotus plant demonstrates a self-
cleaning mechanism, where droplets roll off the surface and collect dust particles along the way. In
contrast, superhydrophobic rose petals show a pinning phenomenon, where water droplets remain
adhered to the surface.®'% The difference in these two superhydrophobic surfaces lies in their
contact angle hysteresis (CAH), defined as the difference between the advancing and the receding
contact angles. The Lotus effect, characterized by a CAH of less than 109, creates a low-adhesion
surface that enables water droplets to roll off easily, thereby enhancing self-cleaning properties.t!
Conversely, the Rose petal effect related to a high CAH as a result of the surface roughness and strong
van der Waals and capillary forces, causing droplets to remain pinned.'®%! Therefore, low CAH is
essential for achieving low adhesion and self-cleaning property on artificial superhydrophobic

surfaces.

Various methods are employed to create superhydrophobic surfaces or other self-cleaning strategies
including deposition techniques, lithography and templating methods, sol-gel, plasma and chemical
etching, electrochemical processes, 3D printing, SLIPS, and others.[°2%! Our group has developed a
bio-inspired method to form crystalline superhydrophobic surfaces by self-assembling paraffin waxes
deposited through a thermal deposition, mimicking the wax crystals covering the lotus leaves.[?”:%8!
The properties of these surfaces can be accurately tuned, and demonstrate excellent anti-biofouling

behavior.?>-32 Building on this, we explored fatty acids as an alternative material for creating

superhydrophobic surfaces through molecular self-assembly.'¥! Fatty acids offer several advantages,
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including low cost, natural abundance in biological systems (including the human body), and well-
documented antimicrobial properties, although the exact mechanism behind these properties
remains not fully understood.?*3! Recently, fatty acids have gained significant attention as a
formulation component for various superhydrophobic surfaces, including fabrics and edible
coatings.#2 Our previous study demonstrated the feasibility of using a spray coating method to form
superhydrophobic and self-cleaning surfaces with hierarchical roughness using a solvent-based
formulation comprising long chain saturated fatty acids (16-20 carbons).23 We showed that these
fatty acid coatings provided protection against E. coli and L. innocua due to their unique surface
morphology and roughness despite the lack of the intrinsic antibacterial properties of the powdered
fatty acids.!®¥ Shorter fatty acids (10 carbons), unlike long-chain fatty acids (212 carbons) are known
for their more potent inherent antimicrobial activity.%3>! Likewise, unsaturation of the fatty acid chain
increases the antimicrobial potency when the same chain length is considered.?***! However, the
physical properties of fatty acids, determined by their molecular length and degree of saturation,
significantly impact their suitability for forming superhydrophobic coatings.*3>*3 Shorter-chain fatty
acids tend to be more hydrophilic and often exist in liquid form, rendering them unsuitable as

standalone components for superhydrophobic coatings.

In this study, we expand the previously introduced concept of superhydrophobic fatty acid coatings
by developing coatings that incorporate multiple fatty acids for enhanced antimicrobial activity using
a facile spray-coating method. Two medium-chain fatty acids (MCFAs), sorbic and caprylic acids, were
selected as potent additives to the long-chain stearic acid-based coating. Sorbic acid (C¢HsO,) is a solid
polyunsaturated fatty acid well known for its antimicrobial properties and is widely used as a food
preservative.***! Caprylic acid (CsHi602), a liquid saturated fatty acid, which is an effective
antimicrobial agent against both bacteria and fungi.**=*¥ This study not only examines the structure,
morphology, and crystallography of these bi-modal surfaces and the impact of medium-chain fatty
acids on the performance of long-chain fatty acid coatings, but also explores the antifungal properties

of both single-component and newly developed multi-component fatty acid coatings.

With global warming, the detrimental impact of fungi on humans is on the rise!*, inducing emergence
of new fungal pathogens, spread, and antifungal resistance.®® Fungi directly threaten human health,
as causing severe invasive infections that are estimated to result in over 2.5 million deaths globally.!
They also account for indirect economic effects.? Yet, despite these staggering figures, there are only
a handful of reports which explore the use of bioinspired patterned surfaces to mitigate fungal

pathogens on various surfaces.**
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In this study, Botrytis cinerea (B. cinerea), commonly known as gray mold, was selected as a model
fungus. B. cinerea is a prevalent necrotrophic fungus that attacks plants through various mechanisms,
making it difficult to control.’*>*! Mitigating fungal infections, including those caused by Botrytis
cinerea, is particularly challenging due to their ability to develop resistance to commonly used
fungicides.®™® Additionally, conventional fungicides often pose risks to both human health and
environment, which leads to regulatory restrictions.l> Therefore, there is an urgent need for effective
and sustainable disease management strategies to reduce the reliance on synthetic fungicides.>>>"
Fatty acids emerge as promising antifungal agents as they are less likely to induce resistance

development and are environmentally friendly.[748

Herein, we correlate the compositional, structural, and wetting properties of our developed single-
and multi-component fatty acid superhydrophobic coatings with their effectiveness against Botrytis

cinerea, demonstrating their ability to resist fungal infections.

Experimental
Materials

Stearic acid (97%, Merck, Germany), sorbic acid (99%, Thermo Scientific, USA), and caprylic acid (99%,
Acros Organics, USA) were used for the coating formation. Diethyl ether (stab. BHT, Bio-Lab, Israel)

was used as a solvent.

Coating formation

A stearic acid solution at 20 mg/mL concentration was prepared by adding stearic acid to diethyl ether,
and stirring was performed until complete dissolution was achieved. Then, the required amount of
sorbic acid or caprylic acid, according to the desired coating composition, was added to the stearic
acid solution and manually mixed to achieve complete dissolution (see details in SI 1). The solutions
were applied onto microscope glass slides using a commercially available spray gun (Airbrush BRIXO
Tank Top Airforce, 600 cc, nozzle size 1.4 um) connected to compressed air at a pressure of 6 bar. A
constant volume of 50 mL was sprayed onto a standard glass slide (7.5 x 2.5 cm?) to fabricate the

coatings. Samples were characterized and stored in a separate petri dish at ambient conditions.

Characterization

Electron microscopy:
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The coating’s morphology was studied using a high-resolution scanning electron microscope (HR-
SEM)—Zeiss Ultra Plus FEG-SEM. 1 KV voltage was applied during the imaging. Prior to the

measurement, the samples were coated using a carbon coater.

Surface roughness:

Surface roughness measurements and surface visualization were performed using a dynamic confocal
microscope (Leica DCM3D or Sensofar Sneox). The confocal microscope data was processed using
SensoMap Turbo 5.1.1.5450 or SensoView 2.2.2 software, respectively, to obtain surface visualizations

and roughness parameters.

Wetting properties:

The wetting properties, contact angle, and contact angle hysteresis were measured using Attension
Theta Lite tensiometer and high-purity water. A volume of 7 L was used for static contact angle

measurements.

Structural analysis:

Structural characterization of the coatings was performed by X-ray diffraction (XRD) using a Rigaku
SmartLab 9kW diffractometer in a parallel beam theta-2theta measurement mode. High-resolution
powder X-ray diffraction (HR-PXRD) was performed on beamline ID22 of the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. The coatings were detached from a substrate
(mechanically scraped off) to perform these measurements, and the resulting powder was measured

inside a spinning capillary.

Coatings on a Flexible Porous Substrate (Cellulose Filter Paper):

The coating on the filter papers was prepared following the previously described procedure, with 100
mL of the solution sprayed over a standard 90 mm petri dish containing seven filter papers fixed in
place (Whatman, grade 1, 25 mm, China). The properties of the coatings deposited on the paper

substrates were characterized as described above.

To assess their long-term superhydrophobic performance, a 7 pL water droplet, colored with methyl
orange for easier observation, was placed on the coated filter papers. The samples were then covered

with a petri dish to minimize water evaporation during observation.

To study the performance of the coatings under a challenging water exposure, the coated filter papers
were placed, coating-side up, on the water surface, allowing the uncoated side of the filter paper to

readily absorb water. A water droplet (7 L) stained with methyl orange was placed on the coated
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moist substrate and the wetting properties of the coatings were monitored over time to evaluate their

durability and functionality under these conditions.

MCFAs leaching

To study the leaching of medium-chain fatty acids (MCFAs), specifically caprylic and sorbic acids, from
the coatings, similarly sized samples were used in each experimental set (square samples of
approximately 1 x 1 cm? or round samples with an 18 mm diameter). Freshly coated samples were
immersed in 5 mL of double-distilled water for varying durations, ranging from 15 minutes to 24 hours.
After immersion, the corresponding residual agueous medium was collected and analyzed, while the
coatings morphology and properties were characterized. In another set of experiments, samples were
immersed in double-distilled water for up to 11 days, and the residual agueous medium was analyzed

in a similar manner.

Absorbance measurements:

Aliquots of 200 pL were spectrophotometrically analyzed using a microplate reader (Varioskan Flash,
Thermo Fisher Scientific, USA or Multiskan GO, Thermo Fisher Scientific, USA). The measurements

were performed in wavelength range of 200-400 nm.

Thermogravimetric analysis (TGA):

Thermogravimetric analysis (TGA Q5000, TA Instruments, USA) was utilized to quantify the release of
caprylic acid from the coatings under accelerated conditions. The coating samples were heated to
45°C in an air atmosphere, and the weight loss was monitored continuously for 10 hours. To assess
the residual content of caprylic acid in the coating, the same sample was subsequently analyzed in a
dynamic high-resolution mode (resolution number: 5; sensitivity value: 1). In this experiment, the
sample was heated at a rate of 5°C min? up to 350°C in nitrogen atmosphere. TGA results were

analyzed by Universal Analysis 200 version 4.5A build 4.5.0.5 software.

Antifungal studies

Fungus strain and materials:

Botrytis cinerea (B. cinerea), collected from Vitis vinifera (isolate B05.10), was kindly supplied by Prof.
Amir Sharon (Tel Aviv University, Israel). Potato dextrose agar (PDA) was supplied by Sigma-Aldrich
(Israel). FUN-1 cell stain staining was obtained from Thermo Fisher Scientific Inc. (USA). Milli-Q water

(18.2 MQ-cm) were used in all experiments.

Antifungal assays:
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Antifungal studies were conducted on potato dextrose agar (PDA, Sigma-Aldrich, Israel) at 24°C.
Fungal spores were harvested and dispersed in 0.9% saline and the concentration of the resulting
spore suspension was adjusted to 10* spores mL* using a hemocytometer. 100 L of this suspension
was spread on PDA plates using glass beads. 50 mg of the studied fatty acid (either as powder or liquid)
was placed at the dish center and incubated at 24°C for 7 days. In the case of caprylic acid (liquid
MCFA), a round hole in the agar was created with a puncher, and a volume of 55 UL (equivalent to 50
mg) of the acid was introduced. The mycelial growth was visually observed, and the diameter of the

inhibited growth area was measured using a digital caliper.

The antifungal properties of the coatings were tested using cellulose filter papers (Whatman, grade 1,
25mm, China) as a substrate. Briefly, the filter papers were sterilized using UV radiation prior to the
deposition of fatty acid formulations. The coated filter papers were placed on PDA plates with their
coated side facing up. Mycelial agar plugs (5-mm diameter and 5-mm thickness) containing actively
growing fungi were obtained from the edge of a 7-day-old B. cinerea culture. These plugs were placed
on top of the coated samples, and the plates were incubated at 24°C for 72 hours in dark. The samples
were visually analyzed, and the visible mycelial growth area was measured using a digital caliper.
Experiments were done in n=6 and statistical significance was evaluated using Student’s two-tail t-
test, *p < 0.05 is considered as statistically significant. Optical microscopy (Olympus BX51) was
employed to visualize the fungal mycelium and its extent of growth onto the samples. Additionally,
the viability of B. cinerea was investigated by FUN-1 staining to differentiate between metabolically
active and inactive or dead fungal cells®*%. Following 72 h incubation, the samples were detached
from the agar plate and transferred onto microscope slides. A 10 mM stock solution of FUN-1 was
diluted to a working concentration of 10 uM in distilled water, and 30 pL of this solution was applied
to the filter paper. The samples were visualized using a Confocal Laser Scanning Microscope (CLSM)
LSM 880 — Upright Confocal Microscope equipped with a multiline argon laser, set to an excitation
wavelength of 488 nm. Z-stack images were captured along the z-axis of the samples, with emissions
detected at 521 nm for the green channel and 630 nm for the red channel, facilitating the
differentiation of viable from non-viable cells based on their distinct fluorescence profiles. Note that
FUN-1 is a membrane-permeable fluorescent dye which is extensively used in studies of yeast and
other fungi to monitor cell viability.[¥ While the dye is internalized by both living and dead cells with
intact plasma membranes, resulting in a diffuse yellow-green fluorescence within the cytoplasm, only
in metabolically active cells, green fluorescence is converted into orange-red cylindrical intracellular

structures (CIVS) providing an indicator of cell viability.
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Fungal morphology onto the samples was studied by scanning electron microscopy (Zeiss Ultra Plus
FEG-SEM). The samples were fixated by incubation overnight in 2% glutaraldehyde solution, followed

by washing and vacuum drying.

Results and discussion

Preparation and characterization of the coatings

Building on our previous study on the formation of saturated fatty acid-based coatings, stearic acid
was selected as a representative long-chain fatty acid for the matrix. Fatty acids with shorter carbon
chains and unsaturated C-C bonds exhibit increased antimicrobial activity.?*3*! However, these fatty
acids are inherently less hydrophobic and, in some cases, appear in a liquid state at RT, which makes
them unsuitable as single components for superhydrophobic coatings. Two MCFAs, caprylic acid and
sorbic acid, were selected as additives to the stearic acid matrix to study the formation of multi-
component coatings and the resulting physical properties. Sorbic acid is poly-unsaturated fatty acid
with 6 carbons and is solid at ambient conditions, while caprylic acid is a saturated fatty acid with 8
carbons and is liquid at ambient conditions. Diethyl ether was used as the solvent to prepare the

solution, which was applied to various surfaces using a spray-coating deposition technique.
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To examine the effect of the presence of MCFAs in the coating’s composition, stearic acid solutions
containing various concentrations of sorbic or caprylic acids (from 10 to 40% of the total weight of
fatty acids in the solution, see details in Sl 1) were spray-deposited onto glass slides. The samples were
then characterized and monitored over a two-month period while stored in separate petri dishes at

ambient conditions.
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Figure 1: (a-h) Characterization of the coatings with caprylic acid. (a-e) HR-SEM images of sprayed stearic acid coating with
various amounts of caprylic acid (CapA) — 0%, 10%, 20%, 30%, and 40%, respectively. (f) Water contact angle evolution over
time across different coatings. (g) Contact angle hysteresis of the different coatings at t=0 and t=64 days. (h) Roughness of
the different coatings at t=0 and t=64 days. (i-p) Characterization of the coatings with sorbic acid. (i-m) HR-SEM images of
sprayed stearic acid coating with various amounts of sorbic acid (SorbA) — 0%, 10%, 20%, 30%, and 40%, respectively. (n)
Water contact angle evolution over time across different coatings. (o) Contact angle hysteresis of the different coatings at
t=0 and t=64 days. (p) Roughness of the different coatings at t=0 and t=64 days.

Figure 1 a-h illustrates the impact of caprylic acid addition on the final morphology and properties of

the coating. The gradual increase in caprylic acid content results in the formation of smoother spheres
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lacking the well-defined plate-like crystal morphology observed in pure stearic acid coating (Figure 1
a-e). The water contact angle decreases from 163° in pure stearic acid coating to 86° when the coating
contains 40% caprylic acid. Additionally, CAH increases from 3° to an unmeasurable level as caprylic
acid is added, resulting in the loss of superhydrophobicity and self-cleaning ability even at just 10%
caprylic acid (Figure 1 f, g). The inclusion of caprylic acid with its shorter aliphatic chain and lower
hydrophobicity compared to stearic acid, accounts for these changes. Moreover, these coatings
demonstrate roughness values (root mean square, denoted as Sq) that progressively increase from
6.8 um to 21.0 um with the addition of caprylic acid. This increase indicates the presence of more
pronounced crystals assembly during the spraying process, as evidenced by the corresponding HR-
SEM images (Figure 1 h, a-e). Roughness parameters related to the horizontal surface dimensions,®?
namely the developed area ratio (Sdr) and the density of peaks (Spd), exhibit a similar trend, with a
slight deviation observed in the 10% caprylic acid sample (see details in Sl 2 a-b). This indicates the
formation of a coarser and rougher surface with higher caprylic acid content, consistent with the

observations from the HR-SEM images (Figure 1 a-e).

These results suggest that following the initial formation of stearic acid nuclei, the local concentration
of caprylic acid around the crystals increases, probably resulting in its adsorption to the stearic acid
crystals. As the solvent evaporates during spraying, the concentration of stearic acid crystals
surrounded by caprylic acid in each droplet increases. It is important to note that caprylic acid is liquid
at RT, giving it an oily appearance, and does not crystalize on its own. Finally, stearic acid crystals
assemble via the adsorbed caprylic acid liquid layers. This process leads to stacking of the formed

crystals into smooth spheres and their coalescence into clusters (Figure 1 h, a-e).

Interestingly, the CA of all coatings containing caprylic acid increases over a period of 2 months. In
particular, coatings with up to 30% caprylic acid eventually demonstrate values of CA higher than 150°.
The higher the caprylic acid content in the sample, the longer it takes to reach a CA of 150° (Figure 1
f). A coating with 10% caprylic acid exhibited a CA of the superhydrophobic surfaces in just 5 days,
whereas 42 days were required in the case of a coating with 30% caprylic acid to showcase similar
behavior. This gradual increase in CA over time, without accompanying changes in the morphology (Sl
3 a-e), likely suggests the slow evaporation and release of caprylic acid from the outer surface of the
coating, allowing the recovery of the superhydrophobic properties typical of pure stearic acid coating.

This assumption is further evaluated and discussed (see details in Figure 4).

The addition of sorbic acid to the coating's composition had a limited effect on the on its properties.
The spraying process activates solvent evaporation followed by the crystallization of both sorbic acid

and stearic acid, which are crystalline solids at RT. The coating morphology is slightly altered by the

11
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addition of sorbic acid (Figure 1 i-m). The inclusion of sorbic acid in the formulation results in the
formation of smoother, less-defined crystals, which are distributed between the primary plate-like
crystals that form the spherical crystal assemblies (Figure 1 i vs. j-m and lower magnification images
with a larger field of view are depicted in Sl 4). The effect becomes more pronounced as the amount
of sorbic acid increases. Interestingly, the contact angle of the resulting coating only slightly decreases
with the higher sorbic acid content, despite its relatively high solubility in water. Moreover, the
contact angle remains constant over time (Figure 1 n). In contrast to the coatings with caprylic acid,
all the tested compositions with sorbic acid (up to 40% w/w) showed water contact angles higher than
150° and CAH lower than 6° at t=0, indicating the formation of superhydrophobic surfaces
demonstrating self-cleaning properties (Figure 1 n, o). Only minor deviations from the initial values,
within the margin of error, were observed over time. The coating's roughness (Sq) and horizontal
surface parameters (Sdr and Spd) are less impacted by the presence of sorbic acid compared to
coatings containing caprylic acid. (Figure 1 h, p, SI 2 d-e). No significant changes in the morphology of

the various samples were observed after 2 months of storage (Sl 3 f-j).

12

https://doi.org/10.26434/chemrxiv-2025-k2jdv ORCID: https://orcid.org/0000-0001-6743-1823 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-k2jdv
https://orcid.org/0000-0001-6743-1823
https://creativecommons.org/licenses/by-nc-nd/4.0/

Q)

Relative intensity [a.u.]

To determine whether the presence of caprylic or sorbic acids alters the coating's structure, we

conducted X-ray diffraction in 8-26 mode, using a wavelength of 1.54 A.
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Figure 2: XRD patterns of deposited coatings (A = 1.54 A). (a) Stearic acid coatings with 0% (control), 10%, 20%, 30%, and 40%
caprylic acid. Two polymorphs of stearic acid are identified: C-form (green, indexed "C") and E-form (grey, indexed "E"). (b)
Stearic acid coatings with 0% (control), 10%, 20%, 30%, and 40% sorbic acid. Stearic acid diffraction peaks are marked with
"E" and "C" (indexed as in Fig. 1a), with additional diffraction peaks attributed to the sorbic acid phase, marked in blue

("Sorb").

The collected X-ray diffraction patterns are shown in Figure 2. Analysis of the pure stearic acid coating
(Figure 2a and 2b, black line) reveals the presence of two polymorphs of stearic acid: the C-form, which
also exists in the original powdered material (SI 5), and the E-form, which emerges as a result of the
spray deposition process. Both structures are bilayers composed of two molecules, with the carbon
chains in an all-trans conformation.'®¥ The C-form is the high-temperature phase, but once formed, it
remains metastable at RT for at least 2 years.l®® Given that crystallization occurs during the spray
process at relatively low temperatures, the dominant polymorph formed is the E-form rather than the
C-form. A preferred orientation of the (00I) planes for both C and E forms is clearly observed in the
pure stearic acid diffraction pattern, compared to powder diffraction or theoretical data for the
different polymorphs (SI 5, CIF: C-form: 1263279, E-form: 1263283). Notably, the (003)c plane
associated with the E-form exhibits higher intensity than the corresponding plane for the C-form. This
difference suggests that the E-form is the predominant phase in the spray-deposited coating (Figure

2, black line), as the intensity of these peaks would be similar in a randomly oriented powder sample.

The addition of caprylic acid influences crystallization, stabilizing the E-form of stearic acid over the C-
form. In Figure 2a, diffraction patterns show that the intensity of (00l)c peaks associated with the C-
form decreases with increasing caprylic acid content. This is particularly evident from the diminishing

(003)c peak and the corresponding rise in intensity of diffraction peaks related to the E-form, such as
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(003)e. This behavior suggests that caprylic acid molecules adsorb at specific crystallographic sites of
the stearic acid nuclei, promoting the formation of the E-form polymorph (Figure 1 a-e). The analysis
of the X-ray diffractions collected from the coatings composed of stearic and varying amounts of sorbic
acid (Figure 2 b) indicates the presence of the three phases: sorbic acid and both E-form and C-form
of stearic acid. The intensity of the sorbic acid diffraction peaks increases with its increased amount
in the formulation. Unlike the caprylic acid, sorbic acid promotes the formation of both the E- and C-
form of stearic acid. This difference could be explained by the varying physical states of the MCFAs at
RT. Caprylic acid, being liquid, adsorbs onto various facets of the formed stearic acid crystals affecting
the crystallization process and causing a change in the growth rate of either E-form or C-form nuclei
types. Sorbic acid, solid at RT, undergoes crystallization alongside the stearic acid crystals, therefore
their effect on stearic acid crystallization is minimal. The XRD analysis of the coatings after 2 months
of storage reveals minor structural changes, including the appearance of a peak at approximately 5.6°.
This peak does not align with the known polymorphs of stearic acid according to existing literature but
may indicate the onset of transformation and crystal reorganization. This new peak is most
pronounced in pure stearic acid coatings, while the addition of caprylic and sorbic acids reduces its

formation (SI 3 k, 1).

High-resolution powder X-ray diffraction (HR-PXRD) using synchrotron radiation (A = 0.354 A) was
employed to investigate whether the added MCFA molecules are incorporated into the stearic acid
crystal lattice. Incorporation of these molecules alters the d-spaces within the lattice, resulting in peak
shifts according to Bragg's law.% After applying a standard spraying procedure to coat glass
substrates with various formulations, the coatings were mechanically detached from the substrate
and analyzed in powdered form. The X-ray diffraction patterns of these powdered coatings are shown

in Sl 6.

The high-resolution diffraction patterns of the powdered coatings composed of stearic and caprylic
acid mixtures corroborate the XRD data collected from the corresponding intact coatings presented
in Figure 2, namely the presence of the two polymorphs of stearic acid where addition of caprylic acid
favors the formation of the E-form over the C-form (SI 6 a, d). The main reflections of stearic acid that
were found in the intact coatings are the (00l)e, while (003)e is the strongest reflection therefore it was
chosen as a representative peak of this direction, and the (110)e reflection, which is related to a
different crystallographic direction. The further analysis was focused on these two reflections of
stearic acid, as inter-lattice incorporation (of MCFA) leads to shifts of the reflections related to the
matrix (stearic acid). A detailed analysis of the high-resolution diffractograms revealed that in the
presence of both caprylic or sorbic acid, no shift in the position of the (003)¢ diffraction peak is

observed (Sl 6 b, e). In the case of caprylic acid addition, a slight shift of the (110)e peak to a lower d-
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spacing is observed, indicating that a minimal inclusion of caprylic acid molecules into the lattice along
the direction of stearic acid molecules may takes place (Sl 6 c). Since the diffraction peak shift is only
0.00359, corresponding to a 0.07% change in d-spacings, and this shift does not increase as the caprylic
acid content rises from 20% to 30%, it can be concluded that the majority of the caprylic acid does not
get incorporated within the stearic acid crystals. We would like to emphasize that such small shifts in
the diffraction peaks have been demonstrated in other hybrid systems to result from intracrystalline
incorporation, such as the inclusion of organic molecules within crystalline calcium carbonate.®*%") An
analysis of the (003)e peak reveals that the domain size (the average distance between defects)
increased by 20%-40% with the addition of caprylic acid, indicating a significant increase in the average
stearic acid crystal size. This increase may further explain the observed rise in roughness for the
caprylic acid-containing samples (details in the discussion following Sl 6). In the case of the sorbic acid
addition, a similar shift in the (110)e peak is observed only for the sample with 10% sorbic acid but not
at higher concentrations (S| 6 f). This can be explained by the fact that at low concentrations, sorbic
acid is incorporated into the crystalline lattice of stearic acid, whereas at higher concentrations, when

the solubility limit is likely exceeded, it segregates as separate crystals.

Application of the coatings onto cellulose filter paper

In the next step, the feasibility of coating flexible, porous substrates was investigated using cellulose
filter paper (Whatman, grade 1, 25 mm, China) as a model surface. Cellulose-based materials, such as
paper and wood, are highly susceptible to fungal contamination due to their hygroscopic nature. 1
Given that superhydrophobic surfaces are well known for their antimicrobial properties, coating
compositions with the highest contact angles and the lowest potential release of MCFAs were selected
for this experiment. Specifically, the pure stearic acid coating, along with stearic acid coatings
containing 10% caprylic acid or 10% sorbic acid, were chosen. These compositions were sprayed on

the paper, and the resulting coatings were characterized for their structure and wetting properties.

Figure 3c presents the confocal micrographs of the coated surfaces, revealing an increased roughness
in comparison to the uncoated paper. While the neat uncoated paper, with a characteristic fibrous
structure, exhibits roughness (Sq) of ~10 um (Figure 3 a, c1, Sl 7 al), the coated papers display higher
roughness of ~15-17 pm. This is observed for all three studied compositions and is ascribed to the
contribution of the fatty acid crystals to the original roughness derived from the uncoated fibers

(Figure 3 a, c2-c4, Sl 7 a2-a4).
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Figure 3: Characterization of fatty acid-based coatings deposited on filter paper. (a) Roughness values. (b) Water contact
angles. Values in purple display corresponding contact angle hysteresis. (c) Confocal microscope images of the uncoated and
coated paper surfaces: (c1) Uncoated paper, (c2) Stearic acid coating, (c3) Stearic with 10% sorbic acid coating, (c4) Stearic
with 10% caprylic acid coating. Scalebar is 200 Um. (d) Digital images of methyl orange-stained water droplets on wet filter
papers with different coatings over time: (1) Uncoated paper (control), (2) Stearic acid coating, (3) Stearic + 10% sorbic acid
coating, (4) Stearic + 10% caprylic acid coating.

In all the three cases, the coating imparts superhydrophobic properties with self-cleaning ability to
the paper surface (CA > 156° and CAH < 3°) (Figure 3 b). To demonstrate the long-term
superhydrophobic behavior of the coatings on a water-absorbing substrate, a 7 UL water droplet
colored with methyl orange (for easier observation) was placed above the paper substrates. Digital
images of the samples, shown in Sl 7, indicate well-maintained superhydrophobicity over time in the
case of both stearic acid and stearic acid with 10% sorbic acid coatings. Stearic acid with 10% caprylic
acid coating exhibits short-term superhydrophobicity, followed by partial absorbance of the water
droplet (SI 7 b2). The same experiment was performed using a moist paper to subject the coatings to
challenging water exposure (see details in Experimental section), and the wetting properties of the
coatings were monitored over time. As shown in Figure 3d, for both stearic acid and stearic acid with
10% sorbic acid coatings, the stained droplets remained unabsorbed even after 6 hours, indicating
that these coatings prevent water penetration and remain superhydrophobic. After the water

evaporated, the residual orange stain, caused by the low contact area between the droplet and the
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coating, confirmed the stability of the superhydrophobic behavior (Figure 3 d, t=24h)). However,
despite the initial superhydrophobic behavior of the stearic acid with 10% caprylic acid coating (SI 7
b1), partial droplet absorption was observed on the moist substrate, even at t=0 (Figure 3 d). The
higher solubility of caprylic acid, combined with its oily nature that promotes a more homogeneous

distribution among the stearic acid crystals, results in reduced coating durability.

Leaching of MICFAs from the coatings

The water contact angle values and morphology of the various coatings, as well as the changes in
these characteristics over time under ambient conditions, are presented in Figure 1. The wetting
properties of the sorbic acid-containing coatings remained stable over time (Figure 1f), whereas those
of the caprylic acid-containing coatings changed progressively (Figure 1n), likely due to the gradual
release of caprylic acid. The melting point of caprylic acid is significantly lower than that of sorbic acid
(Ten (stearic acid)=67-69.6 °C, T (caprylic acid)= 16.3-16.7 °C, Tm (sorbic acid)= 132.8-134.6 °C).[*>7° This lower melting
point leads to much faster diffusion of caprylic acid, which is trapped between stearic acid crystals, to
the surface, where it can be released into the atmosphere. Consequently, we investigated the leaching

behavior of MCFAs from the coatings.

To this end, the samples were immersed in water at ambient conditions for varying durations to
accelerate the MCFAs leaching from the coatings. We note that, due to the significantly higher
solubility of both caprylic and sorbic acids in water compared to stearic acid, their release into the
aqueous medium is considerably greater over the duration of the experiment. (stearic acid: 2.9°10°
(%], caprylic acid: 0.068[%], sorbic acid: 0.16[%])!"*"?. Following immersion, the coated samples
were retrieved for characterization, and the composition of the residual aqueous medium was
analyzed spectrophotometrically. To facilitate the analysis and prevent rapid release caused by
excessive MCFA, 20% MCFA samples were selected from the tested concentration range of 10%—
40% as the minimum concentration that induced significant changes in both morphology and

wetting properties.
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Figure 4: (a-c) HR-SEM images of the coating composed of stearic acid and 20% caprylic acid following immersion in water
for: (a) 15 min. (b) 1 h. (c) 24 h. (d) Changes in water (black) and ethylene glycol (red) contact angle values vs. immersion
duration. (e) Corresponding absorbance spectra of the collected residual aqueous media following incubation. (f-h) HR-SEM
images of the coating composed of stearic acid and 20% sorbic acid following immersion in water: (f) 15 min. (g) 1 h. (h) 24
h. (i) Changes in water (black) and ethylene glycol (red) contact angle values vs. immersion duration. (j) Corresponding

absorbance spectra of the collected aqueous media following immersion.
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Figure 4 summarizes the characterization results for coatings composed of stearic acid with the
addition of 20% caprylic or 20% sorbic acids after immersion in water for different time intervals. The
surface morphology evolution of the stearic acid coating with 20% caprylic acid is shown in Figure 4 a-
c. With increasing immersion time, more plate-like crystals emerge from the smooth fatty acid
aggregates, leading to the development of a more pronounced hierarchical morphology, similar to
that observed in pure stearic acid coatings. Correspondingly, the water contact angle increases from
106° to 163° within the first 15 minutes of immersion and remains stable upon longer immersion time,
up to 24 hours (Figure 4 d). To confirm the release of caprylic acid, the coating was retrieved, and the
composition of the residual aqueous medium was analyzed by absorbance measurements. The
characteristic absorption peak of caprylic acid at 265 nm is detected for the caprylic acid-containing
samples, with its intensity increasing as the immersion time progresses (Figure 4 e). These findings
support the hypothesis that shorter, more water-soluble fatty acids leach out of the stearic acid
matrix, facilitating the observed increase in the contact angle. The continued rise in the absorption
peak intensity of caprylic acid over time further indicates ongoing release, even after the

superhydrophobic contact angle stabilizes (after 15 minutes of immersion).

In the case of the stearic acid coating with 20% sorbic acid, the change in crystal morphology upon
immersion in water is minimal, consistent with the minor influence of sorbic acid on the stearic acid
coating under ambient conditions (Figure 4 f-h). The water and ethylene glycol contact angles
measured on the post-immersion coatings remain constant within statistical error, even after 24
hours. However, similar to the stearic and caprylic acid system, the characteristic absorbance peak of
sorbic acid at A = 265 nm is detected in the water after just 15 minutes of immersion. The peak
intensity increases with immersion time, indicating a gradual release of sorbic acid into the
surrounding aqueous medium. This release is further supported by XRD data, which show the

disappearance of diffraction peaks associated with sorbic acid after immersion (Sl 8 b).

However, the surrounding medium influences the kinetics of surface-related processes, and the
aqueous environment likely facilitates the leaching of MCFAs from the coating. To conclusively
demonstrate the release of caprylic acid under ambient conditions, two additional experiments were
conducted. First, TGA analysis was performed in air environment on the coatings under slightly
accelerated conditions at a temperature of 45°C. Second, the aqueous medium from the immersion
experiments, corresponding to samples stored at ambient conditions for various durations, was
analyzed using absorbance spectroscopy. Both experiments conclusively support the release of

caprylic acid from the coating, even in the absence of an aqueous medium (see details in SI 9).
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Antifungal studies

The antifungal activity of the developed single- and multi-component fatty acid coatings was studied
against Botrytis cinerea (B. cinerea), known as gray mold. In these studies, B. cinerea mycelial plugs
were positioned onto the coated cellulose filter papers (Figure 6a), and mycelium growth was

quantified after 72 h.

All coated samples exhibited inhibited mycelial growth in comparison to the uncoated paper (Figure
5 al-ad). We first examined mycelial growth on top of the paper and for the stearic acid-coated
sample, a decrease of >60% in mycelial growth area is detected in comparison to the uncoated sample
(Figure 5b, orange bars). Upon the addition MCFAs, this behavior is further intensified and coatings
containing 10% caprylic acid were found to completely inhibit B. cinerea growth. Characterization of
the coatings by optical microscopy (Figure 5 c1-c4) further supports these visual observations, and
also indicates a decrease in the mycelial density developed on the surface of all coatings, where no

mycelium was observed for the caprylic acid-containing coating.
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Figure 5: Antifungal activity of fatty acid superhydrophobic coatings. (a) Digital images showing the mycelial growth of B.
cinerea on coated papers: (al) Uncoated paper (control, the mycelial growth on the agar is marked for clarity), (a2) Stearic
acid coating, (a3) Stearic with 10% sorbic acid coating, (a4) Stearic with 10% caprylic acid coating. Scalebar: 2 cm. (b)
Measured mycelial growth area values for coated and uncoated paper. (*) indicates significant difference (p-value < 0.05)
according to one-way ANOVA. (c1-c4) Optical microscope images of the mycelial plug area on uncoated control and coated
samples (the mycelial plug edges are marked for clarity). Scalebar: 500 um. (d1-d4) Optical microscope images of the paper
edge at the interface with the PDA agar for coated and uncoated samples (the paper edge is marked for clarity). Scalebar:
500 um.

A similar inhibitory behavior is also observed when inspecting the PDA agar surrounding the paper.
The addition of 10% MCFAs is found to significantly inhibit mycelial growth for sorbic acid and

completely eradicate the fungi in the case of caprylic acid (
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Figure 5 b-green bars, d1, d3-d4). This intensified growth inhibition effect on the top and around the
samples containing MCFAs is expected and attributed to their intrinsic antifungal properties (see
details in SI 10), and their diffusion to the surrounding agar upon the ability of the coating to release
them. However, powdered stearic acid did not lead to any growth inhibition (SI 10 b) and yet, in the
form of superhydrophobic coating it significantly prevented B. cinerea growth. The growth inhibition

is well-observed on top of the coated paper (
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Figure 5 b-orange bars, c1-c2). Moreover, the density of the mycelium network and the number of
infection cushions!”! are reduced when comparing the morphology of the mycelium surrounding the

stearic-acid coating to that developed around the uncoated paper (
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Figure 5 d1-d2), despite the lack of intrinsic activity of stearic acid in a powder form (SI 10 b).

Electron microscopy was used to further investigate the morphology changes of the mycelium
structures developed onto the coatings. Figure 6 b1 reveals that the mycelium growing on top of the
stearic acid-coated sample present fewer hyphae in comparison to the dense well-branched network
which developed onto the uncoated paper (Figure 6 al). The hyphae are observed to extend between
the stearic acid crystals and display a lower degree of invasive hyphal apical branching, limiting its
ability to spread and colonize.’*7*! This behavior is also observed in the case of the stearic acid coating
containing 10% sorbic acid, where sporadic entangled hyphae are detected (Figure 6 c1). No growth
of B. cinerea was observed in the case of 10% caprylic acid containing coatings, in agreement with the

optical microscopy results.

To investigate the effect of the coatings on the fungi viability, the samples were stained with FUN-1,
a membrane-permeable fluorescent dyel®Y], and subsequently imaged. While the dye is internalized
by both living and dead cells with intact plasma membranes, resulting in a diffuse green fluorescence
within the cytoplasm, only in metabolically active cells, green fluorescence is converted into red
cylindrical intracellular structures (CIVS) providing an indicator of cell viability."® Figure 6 a2-a3
depicts CLSM images of the uncoated paper, where the fungus is observed to produce abundant and
well-formed hyphae in which numerous red CIVS are detected, confirming fungal viability. In the case
of both stearic acid and stearic acid with 10% sorbic acid coatings (Figure 6 b2-b3, c2-c3), fewer CIVS
are observed indicating a significant reduction in metabolic activity and fungal viability."® For the
coating containing 10% caprylic acid, no fluorescence is detected (Figure 6 d2-d3) which is agreement

with both optical and electron microscopy studies.
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Figure 6: Showcases microscopy images of B. cinerea that developed on the paper substrate after 72 hours of incubation at
24°C. (a1-d1) HR-SEM micrographs depict B. cinerea grown on uncoated paper, stearic acid-coated paper, stearic with 10%
sorbic acid-coated paper, and stearic with 10% caprylic acid-coated paper, respectively. The mycelium is false-colored green
for clarity. (a2-d2) LSCM images show B. cinerea stained with FUN-1 dye on the same corresponding papers. (a3-d3) Zoomed-
in LSCM images present a closer look at B. cinerea after Fun-1 staining on the different coatings.

These results demonstrate that the antifungal activity of the coatings can be tuned from passive
inhibition of fungal adhesion and colonization onto the surface in the case of pure stearic acid coatings
to biocidal in the case of MCFAs addition to the coatings, where complete eradication of the fungus

can be realized. Superhydrophobic surfaces are well known for their antibiofouling properties,
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particularly against bacteria.'*’”! In most cases, the surface's roughness minimizes the contact area
available for pathogen cells, thereby reducing their adhesion and colonization. In our previous study
we have demonstrated that superhydrophobic coatings based on single fatty acids, such as stearic
acid, exhibit a unique combination of anti-biofouling and antibacterial properties against common
bacteria.?3 The coating’s selective activity against different bacteria is ascribed to their complex
hierarchal structure and the fatty acid’s intrinsic biocidal effect.?! In this study, the MCFAs act as an
active biocidal agents (SI 10 c-d) that are incorporated into superhydrophobic stearic acid the coating,
which express its own passive antifungal behavior. These results agree with previous studies in which
the antimicrobial properties of the studied MCFAs against numerous fungal species were
demonstrated, as well as towards B. cinerea.'””’8 The antifungal properties of fatty acids are primarily
attributed to their ability to partition within the lipid bilayer of the fungal membranes, increase their
fluidity, and hence disrupt their integrity and function./*”! In addition, the antimicrobial action is also
exerted by targeting various cellular functions, such as inhibition of topoisomerase, accumulation of
reactive oxygen species, and interfering with fatty acids biosynthesis.!*”’ However, the limited amount
of MCFAs in the coating and their gradual leaching are expected to provide only a short-term
antifungal effect, whereas the pure stearic acid superhydrophobic coating acts passively, with its
effectiveness not relying on the incorporation of potent MCFAs. Furthermore, in certain cases, an
antifungal effect based on a passive mode of action, without the release of active compounds, may be
advantageous. In such scenarios, the single-component stearic acid coating could effectively meet this

requirement.

We propose that the superhydrophobicity and the multiscale topography of the stearic acid-based
coatings are not only unfavorable for the adhesion of fungal spores but also disrupts the formation of
stable B. cinerea mycelium.’>®% This disruption leads to significant growth inhibition and notable
alterations in mycelium morphology, particularly a reduced degree of branching. This reduction in
branching adversely affects nutrient uptake and oxygen consumption, further impeding fungal
growth.””! Given that proper hyphal branching is crucial for the pathogenicity of B. cinerea, the
observed decrease in branching may also account for diminished virulence and reduced colonization
capacity.”™ When 10% of caprylic or sorbic acids are incorporated within the stearic acid coating, the
hierarchical morphology and superhydrophobicity of the coatings are generally preserved. These
potent MCFAs gradually leach out into the surrounding environment, exerting their antifungal effects
through the mechanisms discussed earlier./*® This in turn results in reduced fungal viability in the case
of sorbic acid and complete B. cinerea inhibition for caprylic acid. Indeed, numerous studies have
reported the superior antifungal activity, including fungicidal effects, of free caprylic acid against

various types of filamentous fungi.®*®? To summarize, the proposed superhydrophobic single-
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component stearic acid coating can be used for passive prevention of fungal growth, while the initial

antifungal effect can be intensified with an addition of potent MCFAs.

Conclusions

In this study, we developed multifunctional superhydrophobic coatings composed of fatty acids with
the capability to release active ingredients. These stearic acid coatings demonstrate excellent
superhydrophobicity and self-cleaning abilities, even when incorporating water-soluble sorbic acid.
They can be applied to various substrates, including flat glass and water-absorbing cellulose rough
paper with complex fiber-like morphology, and remain durable even on fully wet substrates. We
investigated the incorporation of MCFAs with varying chemical and physical properties into the
coating and examined how the properties of the coating are affected when using solid or liquid fatty
acids. Sorbic acid (solid) can be added in higher amounts with minimal impact on the coating’s
properties, whereas caprylic acid (liquid) significantly reduces superhydrophobicity and alters the
morphology of the coatings. We demonstrated that the incorporated MCFAs can diffuse out of the
stearic acid matrix, making them available as free compounds in the surrounding environment. The
leaching out rate is environment-dependent, with accelerated release in aqueous conditions. Notably,
as caprylic acid is released from the matrix, its influence on the coating properties diminishes, allowing

the recovery of the coating’s superhydrophobic characteristics.

The antifungal activity of the sprayed fatty acid coatings against B. cinerea was demonstrated for all
studied formulations, including the pure stearic acid coating (without MCFAs). The incorporation of
MCFAs further enhances the antifungal performance. The resulting coatings exhibit bi-modal
functionality: a passive inhibitory effect provided by the superhydrophobic stearic acid coating,
combined with the potent fungicidal action of the MCFAs embedded within the matrix. Thus, we
suggest that while the leaching of caprylic acid provides an initial pronounced antifungal effect, the

resulting increase in the coating's superhydrophobicity ensures sustained antifungal performance.
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SI

Composition of the solutions

The composition of solutions used to form various coatings is detailed in SI 1. The caprylic acid volume
was calculated by division of the required weight (the same as for sorbic acid) by the density — 0.910

g/mL.

SI 1: Composition of spray solutions used to form multi-component coatings

MCFA concentration in | Stearic acid weight in | Sorbic acid weight | Caprylic acid volume
the coating [%] 50 mL of 0.02 g/ mL | (5 mg) [mg] [pL]
solution [g]
10 1 111 122.1
20 1 250 274.7
30 1 429 471.0
40 1 667 732.6

Roughness and surface parameters:

Root mean square values (Sg) shown in Figure 1 provide the information on vertical dimensions of the
surface. For better understanding of the fabricated surfaces, roughness parameters addressing the
horizontal surface dimensions®?, namely developed area ratio (Sdr, Sl 2 a, d) and density of peaks
(Spd, SI 2 b, e) were tested, as well as the skewness (Ssk), which is related to the histogram of height
distribution of the scanned surface (Sl 2 ¢, f). In both cases, coatings with caprylic or with sorbic acid,
the Sdr and Spd values follow the same trend that shown for Sq: for higher roughness, also higher
values of the developed area ratio and the peaks density were obtained. The sample with 10% caprylic
acid expresses the same roughness value, but slightly higher Sdr and Spd values in comparison to the
20% caprylic acid. The higher values of the developed area ratio and the peaks density may be

addressed to less prominent smoothing of the surface features that increase with the addition of
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caprylic acid to the formulation. Low positive values of the skewness indicate relatively narrow surface

features that formed on the supporting substrate.

Stearic with caprylic acid

Stearic with sorbic acid
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SI 2: Roughness parameters derived from confocal microscope measurements. (a-c) Caprylic acid containing coatings, (d-f)
Sorbic acid containing coatings. (a, d) Developed area ratio (Sdr), (b, e) Density of peaks (Spd), (c, f) Skewness (Ssk).

2-months stability of the coatings:

HR-SEM images and X-ray diffractions of the coatings were obtained after 2 months of storage at

ambient conditions. The results are shown in Sl 3:
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S| 3: The coatings after 2 months of storage: (a-e) HR-SEM images of sprayed stearic acid coating with increasing amounts of
caprylic acid — 0%, 10%, 20%, 30%, and 40% caprylic acid, respectively. Scalebar is 6 um. (f-j) HR-SEM images of sprayed
stearic acid coating with increasing amounts of sorbic acid — 0%, 10%, 20%, 30%, and 40% of sorbic acid, respectively, scalebar
is 2 um. (k) XRD of the stearic acid coatings with the addition of 0% (control), 10%, 20%, 30% and 40% of caprylic acid. (I) XRD
of the stearic acid coatings with the addition of 0% (control), 10%, 20%, 30% and 40% of sorbic acid.

Contrary to a significant change in the wetting properties of stearic with caprylic acid coatings over
time (Figure 1 f-g), no significant morphological changes were found after two months of storage at
ambient conditions (Figure 1 a-e vs. Sl 3 a-e). The possible evaporation of caprylic acid from the surface
improves the hydrophobicity due to the chemical change of the outer coating layer and causes an
increase in the contact angle. Still, the formed crystals cannot be easily reorganized and the
characteristic morphology of the pure sprayed stearic acid is not recovered. The morphology of the
coatings formed from out of stearic with sorbic acid remains stable over the tested period (Figure 1 i-
m vs. Sl 3 f-j). The XRD of the coatings after 2 months of storage at ambient conditions for both coating
series of stearic acid with caprylic or with sorbic acid does not show significant changes, except for an
appearance of peak at ~5.6°. This peak does not accurately fit the polymorphs of stearic acid but may

indicate the beginning of transformation and crystal reorganization. This new peak appearance is most
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prominent in pure stearic acid coatings, and adding both caprylic and sorbic acids decreases its

formation.

Wide FoV of stearic with sorbic acid coatings:

HR-SEM images of stearic with sorbic acid coatings at similar magnification as stearic with caprylic acid

coatings shown in Figure 1 a-e:

a. Stearic acid (SA)  b.SA +10% SorbA  c. SA +20% SorbA  d. SA + 30% SorbA e. SA + 40% SorbA

o S (L P o

40%, respectively

X-ray diffraction of powdered stearic acid:

SI 5 shows the diffraction patterns of powdered stearic acid and sprayed stearic acid coating. The spray
processing results in a preferred orientation of the (00l) plane and a prefferable formation of the E-

form polymorph.

— "O'; Stearic acid powder
3 =5 —— Sprayed stearic acid
@, 1.5
>
=
&
o 1.0
e
£
2
= 0.54
©
(O]
o

0.0 1

5 10 15 20 25 30

20 [deq]

SI'5: XRD of powdered stearic acid and stearic acid coating formed by spray coating.
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HR-PXRD of the powdered coatings:

The high-resolution diffractions of the powdered coatings (HR-PXRD) of stearic with caprylic acid

coatings support the obtained data from the XRD of the intact coatings shown in Figure 2.

a d:o
251 —s=saA ——S8A+20%CapA | w 5 ——SA —— SA + 20% SorbA
:; —SA‘+1U%CapA—SA+30%Cap§ ‘o: §' b5 —— SA + 10% SorbA —3A+30%S%rm g w
S0l 2. EE%] % < B8
% 1.5 49—
- 15 b
= 10 l B _JJ-J WL\L
@ "M
©
— -—-—'—'-'-'-— ) 3
® 05 = 0.5- e
o 8 )
0.0 ; . . . . 0.0 . - - : ;
1 3 4 5 6 1 2 3 4 5 6
20 [deg] 20 [deg]
b e "
—_ ——SA
=S (003)E ———SA + 10% CapA 0.4 - (003)E —— SA + 10% SorbA
© ——SA + 20% CapA ——— SA +20% SorbA
—0.4 - ———SA + 30% CapA ——— SA +30% SorbA
=
n
c
[1}]
—
£
@ 0.2 -
=
=
©
@
o
0.0 -
1.3 1.4 1.5 1.3 14 1.5
20 [deg] 20 [deg]
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—_— 0 ——SA i ——SA
:51-0 (110), —SA+10% CapA 109 (110)¢ —— SA +10% SorbA
© ——SA + 20% CapA —— SA +20% SorbA
0.8 - ———SA + 30% CapA —— SA + 30% SorbA
=
2
9 0.6 4
=
@ 0.4 1
=
©
o) 0.2 4
1
0.0 T T r
495 5.00 5.05 49 50 51
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SI 6: HR-PXRD of detached powdered coatings performed with A=0.3542 [A]: (a-c) Detached powdered coatings of stearic
with caprylic acid. (a) Diffraction of 0.5-6 [deg] range. (b) Zoom-in on the (003) reflection. (c) Zoom-in on the (110)¢ reflection.
(d-f) Detached powdered coatings of stearic with sorbic acid. (d) Diffraction of 0.5-6 [deg] range. (e) Zoom-in on the (003)¢

reflection. (f) Zoom-in on the (110)¢ reflection.
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The increase in roughness of the caprylic acid containing samples may also be associated with an
increase in the average size of stearic acid crystals, which is manifested in an increase in the average
domain size (the distance between defects in the crystal lattice). The domain size was calculated
according to Scherrer equation, when FWHM of the (003)e peak of stearic acid was analyzed (Figure
SI 6 b):

KA

o) "

where tis the mean size of the ordered (crystalline) domains, A is the radiation wavelength (A=0.3542A
for synchrotron radiation), B is the peak broadening at half the maximum (FWHM), and 6 is the Bragg

angle.

According to this analysis, the domain size increases in the caprylic acid containing samples by 20%-
40%. Corresponding increase in the average size of stearic acid crystals can be explained by a decrease
in the nucleation rate (J) of stearic acid crystals, when crystallization starts from a solution containing

both stearic and caprylic acid:
J ~exp(—AG / k,T) (25)

where AG is the free energy barrier for nucleation, kg is the Boltzmann constant, T is the absolute

temperature; according to classical theory of nucleation!®:
AG =ky® | AG? (3S)

where v is the nucleus surface tension, AG, is the Gibbs free energy change during solidification of
stearic acid per unit volume, k is a dimensionless geometry factor. The AG, represents the gain in free
energy during the transition of stearic acid molecules from a liquid solution to a nucleated crystal of
stearic acid, and equals to the difference between the free energy of the stearic acid molecules in the

crystal, AG,frys, and their free energy in the solution, AG3°L:

AG, = AG™ — AG (4S)

It should be noted that all these free energies are negative, and AGfrys is more negative than AG,f"l,

which is the driving force for crystallization. It is quite reasonable to assume that the presence of

caprylic acid molecules in the solution leads to decrease of the AGVSOI (making it more negative) due
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to substantial interaction of stearic and caprylic molecules present in the solvent - diethyl ether;
interactions of stearic acid molecules with caprylic acid molecules is stronger than that with molecules
of diethyl ether due to stronger hydrogen bonding (two carboxylic acids vs. one carboxylic acid in an
ether) and due to additional hydrophobic interactions from the long alkyl chains of stearic and caprylic
acid which contribute to van der Waals interactions. Decreasing GvSOI (and therefore increasing in
absolute value) results in decrease of AG,, leading to increase of the free energy barrier for nucleation
AG, eq.(3S), and corresponding decrease of the nucleation rate, eq.(2S). It results finally in fewer
stearic acid crystals of larger size. Since the final total number of crystals, N, is proportional to the

nucleation rate, J, an average size of crystals can be estimated as:

3
D=L/N" ~exp AG =exp k—;; ) (58)
3k, T 3AGK,T

where L is the linear size of the solidified system. So, the average size increases exponentially with
decrease of AG,. These larger (and in smaller number) crystals then participate in formation of
smoother spheres, which is provided by liquid layers of caprylic acid. In contrast, spheres formed from

the pure stearic acid solution are comprised of a high number of separate plate-like crystals.

Characterization of the coatings applied on cellulose filter paper:

The application feasibility and performance of the pure stearic acid coating and multi-component
stearic acid coating containing 10% caprylic or 10% sorbic acid were tested when applied on filter
paper and their HR-SEM images were obtained (Sl 7 al-a4). The coatings' morphology is similar to the
obtained morphology when deposited on glass slides (Figure 1 a, b, |, j). Higher heterogeneity of crystal
distribution can be seen as a result of the fiber-like substrate structure, supporting the obtained

results from the dynamic confocal microscope scans (Figure 3 c).
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To test the wetting properties of the coating when water-absorbing filter paper acts as a substrate, a
methyl orange-colored water droplet of 7 uL was placed above the samples, covered with a petri dish

to avoid evaporation, and followed over time. The results are shown in Sl 7 b1-b3:

Uncoated SA SA+10% SorbA

SA+10% CapA
a3.. P08

1ad:

Sl 7: (a1-a4) HR-SEM images of uncoated paper and different coatings deposited on paper. (a1) Uncoated paper. (a2)
Stearic acid coating. (a3) Stearic with 10% sorbic acids coating. (a4) Stearic with 10% caprylic acids coating. Scalebar is 30
Um. (b1-b3) Methyl orange-stained water droplet on dry samples over time. (b1) At t=0. (b2) After 2 hours. (b3) After 3
hours. Samples from left to right: uncoated paper, stearic acid coated paper, stearic with 10% sorbic acid coated paper,
stearic with 10% caprylic acids coated paper.

The water droplet is not absorbed and remains stable over 2 hours on pure stearic acid coating and
stearic with 10% sorbic acids coating (SI 7 b1, b2). In the case of stearic with 10% caprylic acid coating,
partial water absorption into the paper through the coating takes place, but after 2 hours, an
unabsorbed droplet still exists (SI 7 b1, b2). Despite the cover, the droplets completely evaporated
after 3 hours, and the remaining methyl orange spots indicate the low contact area between the
droplet and the coating. That result proves the stable superhydrophobicity of stearic acid coating and

stearic acid with 10% sorbic acid coating over time (SI 7 b3).
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XRD of the coatings after immersion in water:

XRD of different coatings after immersion in water are shown in Sl 8:

b

Q

0 0.25h 1h 24 h

N, S S

Relative intensity [a.u.]

26 [deq] 20 [deg]

SI 8: XRD of coatings after immersion in water for 15 min, 1 h and 24 h. (a) Stearic with 20% caprylic acid coating. (b) Stearic
with 20% sorbic acid coating.

Despite the evolution of the morphology upon immersion of the coating with caprylic acid in water
(Figure 4 a-c) and the evidence of caprylic acid release from the coating (Figure 4 e), no significant
change was found in the structure (SI 8 a). In the case of sorbic acid addition, the peaks related to the
sorbic acid disappear after immersion in water for 15 min (SI 8 b, purple arrows). The increasing
absorbance peak of the analyzed water (Figure 4) indicates the continuation of the release of sorbic
acid from the coating from deeper zones that are probably not reached by X-ray in the measurement

setup.
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Evaluation of caprylic acid release at ambient conditions:

To prove our assumption that caprylic acid is released to the atmosphere during storage at ambient

conditions, an accelerated conditions study was performed using TGA analysis. Freshly prepared

samples of pure stearic acid, or stearic with 20% caprylic acid were mechanically detached from the

glass substrate and the weight loss at 45°C with constant air flow was measured. Sl 9 a show the

weight loss as a result of caprylic acid release over time, with calculated weight decrease of 10.4%

over 10 hours. No weight loss was detected for the pure stearic acid sample (SI 9 c). Subsequently,

high-resolution TGA was implemented for determination of the remaining caprylic acid in the sample

after 10 hours at 45°C. The results shown in SI 9 b indicate a corresponding weight loss of 10.7%

related to evaporation of caprylic acid before the main weight loss related to stearic acid evaporation

occurs (see SI 9 d for pure stearic acid sample).

To assure the release of caprylic acid to the atmosphere during storage at ambient conditions in non-

accelerated study, identical samples (round, 18 mm in diameter glass slides, coated with stearic + 20%

caprylic acid) were immersed in 5 ml of double-distilled water for 1 h after different storage periods:

freshly prepared (t=0), after 3 days, and after 11 days of storage. After 1 hour of immersion, 200 L

aliquots of the agueous medium were collected and absorbance measurements were carried out. The

results show a decrease in the absorbance intensity of the peak at 265 nm (characteristic of caprylic

acid), for samples that stored for a longer period prior to immersion in water, indicating a lower

concentration of caprylic acid after longer storage (SI 9 e). This experiment suggests that a lower

content of caprylic acid remains in the in the coating after storage at ambient conditions.

42

https://doi.org/10.26434/chemrxiv-2025-k2jdv ORCID: https://orcid.org/0000-0001-6743-1823 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-k2jdv
https://orcid.org/0000-0001-6743-1823
https://creativecommons.org/licenses/by-nc-nd/4.0/

08 )
a ] . b
B =25
98 | Los O 804 O
— Los § — 2.0 §
X 96 = & 60 =
= loa £ = £
b= o ¥ L1sD
D 944 gz 2 DO @
2 - g2 -
Loz = F10 =
924 0z.z =
@ (0]
Lo1 O 204 [a]
90| 0.5
0.0
0,
88 - T T T T T — 0.1 T T T T T T — 0.0
0 100 200 300 400 500 600 0 50 100 150 200 250 300 350
Time [min)] Temperature [°C]
08
1004
100 Las
C~ oo :
98 - Fo6 O 80 raogy
L °©
—_ Fos xR F253%
E:Q 96 1 :‘ O\o_ 604 :
= Foa £ =
£ o F r0o
D g4+ lga 2 D @
2 - g 1sS
92 roz 2
[ 1.0 ©®
o1 O 20 [m]
90 Lns
' Loo 0.5
0+
88 L : ‘ ‘ : T L 0.1 ‘ ; ; ‘ 7 T — 0.0
0 100 200 300 400 500 600 Q 50 100 150 200 250 300 350
Time [min] Temperature [°C]
€.l e
——t=3 days
—t=11 days

Absorbance [a.u.]

2.;70 360 350
Wavelength [nm]

S19: Thermogravimetric analysis of coatings: (a,c) Thermograms and corresponding (first derivative) dTGA curves of detached
stearic acid with 20% caprylic acid and stearic acid coatings, respectively, under isothermal conditions of 45°C for 10 hours
under air atmosphere. (b,d) Dynamic high-resolution TGA and dTGA results for the stearic acid with 20% caprylic acid and
stearic acid coatings, respectively, subsequently performed after the isothermal step (10 hours at 45°C). (e) Corresponding
absorbance spectra of the collected aqueous media following 1-hour immersion of the stearic acid with 20% caprylic acid
coating, stored for different periods at ambient conditions.

Investigation of intrinsic antifungal properties of the studied fatty acids:

To elucidate the mode of action of our coatings against B. cinerea, we have characterized the intrinsic
antifungal activity of the selected fatty acids in their native form (as powder or a liquid) by the agar
diffusion method. To this end, 50 mg of each fatty acid was placed in the center of a petri dish

containing B. cinerea-infected agar. The samples were incubated for 7 days at 24°C, and mycelium

growth was examined.
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SI 10: Digital images of B. cinerea growth on PDA agar (t=7 days) with: (a) Control (without added fatty acid). (b) Stearic acid.
(c) Sorbic acid. (d) Caprylic acid. Scalebar is 2 cm.

The results shown in SI 10 reveal that pure stearic acid powder exhibits no inhibition effect on B.
cinerea growth compared to the control agar sample without fatty acids (SI 10 b vs. a). In contrast,
both pure sorbic and caprylic acids inhibit B. cinerea growth, with inhibition rates of 52 £ 10% and 64
* 8%, respectively. The enhanced inhibition effect of MCFAs in this experiment may be attributed to
their higher diffusion rate in agar compared to the long-chain stearic acid molecule. While this method
cannot definitively exclude stearic acid's inhibition of B. cinerea growth, it clearly highlights the
superior intrinsic antimicrobial effects of caprylic and sorbic acids relative to stearic acid in their native

forms.
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