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ARTICLE INFO ABSTRACT

Keywords: Antifouling coatings containing biocidal agents can be used to prevent the accumulation of biotic

ZSM-5 zeolite deposits on submerged surfaces; however, several commercial biocides can negatively affect the

2rgan.°'_metamc biocide ecosystem. In this study, various formulations of a potential biocide product comprising copper
apsaiein . nanoparticles and capsaicin supported on zeolite ZSM-5 were analyzed to determine the influence

Copper oxide nanoparticles . . . . .

Biofouling of the concentration of each component. The incorporation of copper was evidenced by scanning

electron microscopy and energy dispersive spectroscopy. Similarly, Fourier-transform infrared
spectroscopy confirmed that capsaicin was supported on the zeolite surface. The presence of
capsaicin on the external zeolite surface significantly reduced the surface area of the zeolite.
Finally, bacterial growth inhibition analysis showed that copper nanoparticles inhibited the
growth of strains Idiomarina loihiensis UCO25, Pseudoalteromonas sp. UC092, and Halomonas
boliviensis UCO24 while the organic component acted as a reinforcing biocide.
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1. Introduction

Marine biofouling is an unwanted adherence phenomenon that results in the accumulation of biotic deposits on artificial surfaces
submerged in or in contact with seawater [1,2]. Biofouling is a complex phenomenon that involves several species ranging from
microorganisms such bacteria to invertebrates [3] and typically consists of two main stages: micro- and macro-fouling [4]. During the
first stage, bacteria begin to adhere to the surface, forming a microfouling biofilm. During the subsequent macrofouling stage, larger
organisms such as algae and invertebrates adhere to the surface [5].

Biofouling affects several economic spheres; for instance, biofouling gradually increases the fuel consumption of fishing vessels
owing to increased drag resistance and accelerates the corrosion of maritime infrastructure [3,6]. In aquaculture, biofouling restricts
the opening of nets, significantly increasing their weight and hindering the elimination of waste products [7,8]. Similarly, the adhesion
of marine species to the surface of boats could result the transport of exotic species, including invasive organisms, to environments
other than their natural habitats, thereby negatively impacting native biodiversity [9]. Antifouling coatings can be applied to a surface
to inhibit the growth rate of organisms [2,10,11]; however, these coatings can damage marine microbiota, flora and fauna, particularly
when they contain biocides with high toxicity against target and non-target organisms, and thus threaten to ecological systems [12,
13]. Thus, the design of materials that employ environmentally friendly biocides in place of conventional biocides is of great
importance to the scientific community [6,14].

Antifouling coatings are commonly contain inorganic, organometallic, or organic biocidal agents [15]. Most commercially
available antifouling products contain copper oxides (CuO and Cuz0), silicon oxide (SiOy), zinc (Zn), and titanium oxide (TiO3) as the
main compounds [16]. They may also contain organic compounds that mitigate the toxic effects of metal oxides on organisms that do
not contribute to biofouling [17]. Copper nanomaterials have become important biocidal agents owing to their high effectiveness in
inhibiting inlay formation [15,18], which results from the ability of copper ions to destroy the outer cell membranes of microorganisms
[19,20].

Moreover, the addition of an organic agent can reinforce the biocidal effect, thereby affording greater control over the adhesion of
encrusting organisms [15,17]. Capsaicin, an amide alkaloid with pH-sensitive antibacterial and antiinlay properties, is commonly used
to formulate such functional coatings [14,21,22]. However, directly introducing biocidal materials in the formulation of the coating
results in a small contact area between the biocide and the microorganism contact area is low, along with uncontrolled release of the
biocide into the marine environment, thereby limiting the duration of the required effect. Depositing biocidal materials on a support
matrix is therefore necessary to increase the contact surface area and retention of biocidal agents, thus regulating their release into the
marine environment [23].

In this way, the active compounds (organic, inorganic, and organometallic) can be incorporated on the surface of supports, such as
zeolites or other microporous materials. The large surface area increases the availability of copper and capsaicin ions within pores and
promotes the interaction between the biocide and biofilm, thereby maintaining the biocidal effect over time [24]. Zeolites are micro-
and mesoporous alkaline earth metal aluminosilicates with tetrahedral [SiO4]4' and [A104]5’ networks interconnected by oxygen
atoms. This porous network is sufficiently large to contain extra structural cations within its many molecular scale cavities and
channels, allowing the zeolite material to adsorb molecules ranging in size from diatomic hydrogen to organic compounds measuring
of several nanometers [25,26]. Similarly, the chemical structure of zeolites and the electronegativity imposed by the aluminates allow
the incorporation of compensation cations such as transition metal cations through physical and thermochemical transformations [25,
27].

Owing to these properties, along with their high mechanical and thermal stabilities, zeolites have several applications as adsor-
bents, catalysts, ion exchange matrices, antimicrobial materials, and filter media [28,29]. Specifically, ZSM-5 zeolite is a
shape-selective material with uniformly sized pores and has shown excellent results in supporting metals and some organic molecules,
enhancing their controlled delivery [30,31]. The three-dimensional network of channels and cages present in ZSM-5 zeolite could
favor the controlled diffusion of copper within the zeolite pores. The ionic exchange properties could allow the incorporation of copper
nanoparticles, which act as stabilizers in the zeolite structure. On the other hand, preliminary works have shown that this zeolite
presents some pores with a higher size, even some mesopores where the capsaicin molecule could be allocated, thus allowing the
combined action of both biocidal agents and enhancing their availability and contact surface [32-34].

2. Materials and methods

Synthetic ZSM-5 (840NHA) zeolite with compensating NH** cations was purchased from TOSOH (Ohio, USA). Copper nitrate
trihydrate (Cu[NO3]2-3H20) (99.9% purity) and ethanol (CoHgO) (purity >99.5%) were supplied by Merck S.A (Darmstadt, Germany).
Natural capsaicin (99.5 purity) was obtained from Penta Manufacturing (Livingston, NJ, USA).

The following reagents were used in the antifouling assays: Marine Agar 2216/Marine Broth 2216 (BD Difco™ Detroit, USA);
halophilic bacteria including Idiomarina loihiensis UCO25; Pseudoalteromonas sp. UCO92; Halomonas boliviensis UC0O24, isolated from
seawater in the Pacific Ocean of southern hemisphere. Analytically pure barium chloride (BaCly) and sulfuric acid (HSO4) with
analytic purity were purchased from Sigma Aldrich (Missouri, USA). A solution of sodium chloride in sterile water (0.9% w/v) was
obtained from Fresenius Kabi (Bad Homburg, Germany).
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2.1. Materials synthesis

Cu particles and capsaicin were incorporated into the synthesized zeolite via consecutive metal exchange and organic modification
procedures, respectively. Each of these processes is described in detail below.

2.1.1. Impregnation of copper particles into the Zeolite

The ZSM-5 zeolite (Z40) was impregnated with copper particles within the pores and on its outer surface using a wet impregnation
method. The copper precursor copper nitrate trihydrate was dissolved in deionized water. The solution volume was determined at a
ratio of 10 cm® of copper solution to 1 g of zeolite. The concentration of this copper nitrate solution was determined to obtain a nominal
copper content (Cu %) of 2%, 4%, and 8%, as calculated using Equation No 1:

_ W cu (g)
Cu= weu (g) + wzao (g) W

Where wc, is the relative mass of the copper atom within the (Cu[NO3],-3H20) molecule and wz4 is the mass of the ZSM-5 zeolite
before modification. The zeolite was then suspended in the solution and continuously mixed under vacuum at 363 K in a temperature
controlled rotatory evaporator (EV400H, LabTech). The samples were dried for 24 h at 373 K in an oven (WGLL-BE, FAITHFUL) and
stored in a desiccator until use.

2.1.2. Zeolite modification by capsaicin diffusion and impregnation

Raw ZSM-5 and the Cu-modified zeolite samples (base zeolite) were impregnated with capsaicin using a capsaicin solution with a
concentration determined such that a nominal capsaicin content (cps %) of 1% or 1.5% was obtained in the final zeolite sample,
Equation No 2:

W S(g)
Cps % = 2 2
pse chs (g)+wbase zeolite (g)

Where weps is the mass of the capsaicin molecule and Wase zeolite is the mass of the base zeolite. The zeolite was suspended in the
solution under continuous stirring for 24 h at 303 K in a closed flask in a temperature controlled rotatory evaporator (Biobase, China)
to avoid capsaicin degradation and ensure the diffusion of capsaicin throughout the zeolite pore network. The excess solvent was
removed subsequently under vacuum at 303 K using a rotatory evaporator. The modified samples were dried for 48 h at 303 K in an
oven (WGLL-BE, FAITHFUL) and stored in a desiccator until further use. This method was designed to incorporate capsaicin on the
external zeolite surface and encapsulate organic molecule within the zeolite pore system. The zeolite samples were labeled as
Z40_Cuxxcpsyy, where “xx” refers to calculated Cu % and “yy” refers to calculated cps%.

2.2. Physicochemical characterization

2.2.1. Surface and textural properties

The textural properties of the generated materials were analyzed using nitrogen adsorption and desorption isotherms at 77 K using
a NOVA 1000e analyzer (QuantaChrome, USA). The effect of modifying the surface characteristics was identified using the Brunauer-
Emmett-Teller (BET) method. The pore size distribution was determined using the Horvath-Kawazoe (HK) method, and the volume of
micropores and mesopores was determined using the Barrett-Joyner-Halenda (BJH) method. Samples for these tests were degassed at
303 K for 20 h to prevent capsaicin modification within the pores.

2.2.2. Scanning electron microscopy

The topography of the samples was analyzed via scanning electron microscopy (SEM) using an SU-3500 microscope (Hitachi,
Japan) operated at 10.0 kV under high vacuum (30 Pa). Images were collected on a scale from 5 to 100 pm. Energy-dispersive
spectroscopy (EDS) and electron microscopy verified the incorporation of copper nanoparticles into the zeolite structure.

2.2.3. X-ray diffraction
X-ray diffraction (XRD) patterns were acquired using a Bruker Endeavor D4/MAX-B diffractometer operated at 20 mA and 40 kV
using a copper cathode lamp (A = 1541 A). The 20 sweep was set from 4° to 80° in steps of 0.02° with a time interval of 1 s.

2.2.4. Surface characterization by Fourier transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectra of the zeolite and capsaicin were acquired using a Cary 630 FTIR spectrometer (Agilent
Technologies, Santa Clara, CA, USA). The analysis was performed in transmittance mode by obtaining 30 averaged spectra using the
Attenuated Total Reflectance (ATR) sampling technique. The spectra were obtained in the range between 4000 and 500 cm ™.

2.3. Bacterial growth inhibition study

The biocidal effects of the generated materials were analyzed using the Kirby-Bauer method. The marine bacteria Idiomarina loi-
hiensis UCO25, Pseudoalteromonas sp. UC092, and Halomonas boliviensis UCO24 were used to analyze the effect of biocidal materials
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Fig. 1. SEM images of the zeolite samples before and after copper modification (a, b) Z40 (unmodified), (c, d) Z40Cu2, (e, f) Z40Cu4, (g, h) Z40Cu8.
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against species commonly found to form microfouling films [35,36]. This method allows the determination of the sensitivity of a
microorganism to a specific agent, and the absence or presence of an inhibitory area around the biocide material identifies its bacterial
sensitivity [37].

Bacterial growth plates were prepared by initially culturing I. loihiensis, Pseudoalteromonas sp., and H. boliviensis strains on marine
agar for 48 h. A bacterial colony was then transferred to marine broth and incubated for a further 48 h. The bacterial suspension was
adjusted to a turbidity of 0.5 McFarland standard, equivalent to 1.5 x 108 CFU/mL. A 1/10 dilution was prepared, resulting in a final
inoculum concentration of 1 x 107 CFU/mL. Pellets with diameters of 13 mm and thicknesses of 2 mm containing the biocidal ma-
terials (0.2 g) were prepared. Prior to each experiment, the pellets were sterilized under UV light for 20 min per side and deposited onto
bacterial growth plates using alcohol-sterilized forceps. The tablets were deposited equidistant from each other at a distance of 24 mm
from the center of the discs. The bacterial growth plates were then incubated for 48 h at 10 °C. Each sample was analyzed in triplicate.
Statistical analysis of the samples was performed using Fisher’s test of the least significant difference (LSD) from the inhibition halo
formed, which determined the effects of the formulation at different concentrations of the biocides.

3. Results and discussion
3.1. Physicochemical and surface properties

The modified samples were analyzed to elucidate the effectiveness of the treatments and to evaluate their effects on the physi-
cochemical and surface properties. Visual inspection of the samples after modification with different levels of copper revealed different
tones (Fig. S1), which indicates the copper exchange occurred from the precursor solution to the zeolite samples. The intensity of the
blue hue corresponded to the concentration of the precursor solution.

3.1.1. Scanning electron microscopy

The morphology of raw and modified ZSM-5 zeolites is depicted in Fig. 1. In this sense, SEM images with a 20 pm scale (Fig. 1 (a, c,
e, g)) are presented to show the general morphology of the samples, and a magnification to 10 pm scale is also presented to depict the
individual granules of zeolite (Fig. 1 (b, d, f, h)). SEM images of the raw zeolite (Fig. 1 (a)) revealed the presence of well-defined and
uniform hexagonal platelet-shaped zeolite particles with a lamellar structure; individual granules with a mean diameter of 15 pm can
also be observed (Fig. 1 (b)). Similar results were reported by previous studies using ZSM-5 zeolites [38,39]. Similarly, the presence of
supported particles in the porous material (Fig. 1 (c, e, g)) provides clear evidence that the mineral retains its characteristic properties,
suggesting that wet impregnation does not affect the external structure of the support. However, as the copper concentration increases,
copper oxide particles seem to appear on the outer surface of the zeolite (Fig. 1 (d, f, h)). Moreover, in the samples with 8% copper
loading (Fig. 1 (g, h)), the formation of larger copper oxide particles can be observed; these particles could be affecting the access to the
microporous surface. In this sense, the use of copper concentrations higher than 8% could be unfavorable. Such results could also be
attributed to the modification route applied. In this case, copper is not only added as a compensating cation, but bulk copper is also
deposited within the porous structure, compromising the dispersion of particles and the surface area.

EDS analysis confirmed the presence of Cu in the modified zeolites. As expected, different Cu contents were observed in the
samples, corresponding to the Cu concentration in the precursor solution. The EDS spectra of the pure (unmodified) zeolite demon-
strates the presence of the main structural elements, oxygen, silicon, and aluminum (Fig. 2(a—d)).

This ensured that the raw materials were free of impurities. The EDS spectra quantitatively detected the presence of copper par-
ticles in the porous medium of the modified zeolites Existing literature suggests that the wet impregnation method guarantees
extensive deposition and exchange of materials in the porous medium [40]. The Cu content of each sample is presented in Table 1.
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Fig. 2. EDS spectra of zeolite samples before and after copper modification (a) Z40 (unmodified) (b) Z40Cu2, (c) Z40Cu4, (d) Z40Cu8.
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Table 1

Composition of the samples modified by metal exchange.
Sample Element (% weight)

Carbon Oxygen Aluminium Silicon Copper

Z40 40.76 39.12 1.16 18.96 -
Z40Cu2 42.86 34.36 1.14 17.58 4.07
Z40Cu4 32.52 37.05 1.28 21.65 7.5
Z40Cu8 39.55 34.04 0.76 13.24 12.65

3.1.2. X-ray diffraction

Fig. 3 shows the XRD patterns of the copper and capsaicin additives supported on zeolites. By comparison with the XRD pattern of
pure CuO, the diffraction peaks at 2 0 = 35.5° and 38.7° in the XRD pattern of Cu/ZSM-5 were assigned to (1 1 1) and (111) reflections
of the CuO phase, respectively, confirming that CuO was present in the ZSM-5. The peaks observed in the region between 10° and 30°
in the spectrum of Cu/ZSM-5 were essentially identical to those in the spectrum of pure ZSM-5, confirming that the support retained its
primary structure after the loading process. Similarly, the XRD patterns of the samples (Fig. 3) show well crystallized materials cor-
responding to the MFI structure of the ZMS-5 zeolite and the monoclinic crystalline structure of CuO (JCPDS No.85-1326).

3.1.3. Surface area determination by nitrogen adsorption

The nitrogen adsorption assays of the samples modified with metal exchange and capsaicin were obtained at 77 K (Fig. 4(a and b)).
All samples exhibit Type I isotherm, according to the IUPAC classification [41]. This behavior was attributed to the microporous
structure of the support and the formation of a monolayer of adsorbed gas on its surface [42] which is consistent with the regular
nanopore structure of ZSM-5 type zeolites.

The specific surface area of the zeolite decreased with the incorporation of Cu particles, as determined by BET analysis (Fig. 4 (a)
and Table 2); these results are in good agreement with those of earlier studies [27]. The BET specific surface area of the
capsaicin-modified Z40CPS1 and Z40CPS1,5 samples showed a greater reduction than that of the samples with incorporated copper
(Fig. 4 (b) and Table 2). This result was attributed to the molecular size of capsaicin. (1.759 nm), which is larger than that of the copper
particles. The mesopore diameter obtained through the BJH method showed that the pore distribution was not affected by the
modifications, with pore sizes ranging 3-4 nm in all samples, which evidences the microporous and mesoporous structure of the
zeolites. Similarly, the pore volume determined using the HK method exhibited a decreasing trend at higher concentrations of
incorporated copper; however, the samples that incorporated capsaicin showed a greater reduction in pore volume (Table 2). The latter
was attributed to the fact that biocidal materials are not only supported on the external surface but also enter the pores and cavities of
the zeolite.

These results suggest that the reduction in the surface area of the zeolite support materials is due to the blockage of a part of the
zeolite pore network by the incorporated materials. In this zeolite, as reported in Table 2, most of the surface area corresponds to pores
with diameters below 2 nm. Such results agree with those reported in the literature concerning MFI framework types, such as zeolites
ZSM-5 [43]. However, BJH analysis depicts that there are pores between 2 and 20 nm, with a pore size rounding 3.3 nm. The mesopore
size distribution can be observed in Fig. S2. Results obtained here suggest that, even when the mesopores are not the main surface area,
the low concentrations make it suitable for the incorporation of capsaicin over the zeolite surface. Specifically, BJH analysis shows that
the Z40 sample possesses around 15 m2/g of pores with diameters from 2 to 20 nm. Once copper and capsaicin are supported in the
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Fig. 3. X-Ray diffraction patterns of the modified zeolites.
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Table 2

Surface properties of natural and modified zeolites.

Sample Specific Surface Area” (mz/g) Mesopores Surface Area” (mz/g) Mesopore diameter” (nm) Pore volume® (cm®/. 2)
Z40 303 15 3.3 0.2

Z40Cu2 266 5 3.3 0.1

Z40Cu4 254 3 3.3 0.1

Z40Cu8 223 1 3.8 0.1

Z40CPS1 206 1 3.3 0.10

Z40CPS1,5 197 0 - -

Z40Cu4CPS1 172 0 - -

@ Determined by BET method.
b Determined by BJH method.
¢ Determined by HK method.

zeolite, those pores are not open for nitrogen diffusion in the adsorption test. Such results suggest that capsaicin molecules are
encapsulated within the zeolite pores. The interaction of the incorporated materials with the encrusting organisms could result in
diffusional limitations on the part of the materials supported on the surface, mainly after the incorporation of the organic material.

3.1.4. Fourier transformed infrared spectroscopy
The FTIR spectrum of the ZSM-5 zeolite shows the expected characteristic fingerprint in the range of 1600-500 cm ! (Fig. 5 (a))

[38,39,42]. The bands located between 2500 and 2000 cm ™! were attributed to the presence of environmental CO2 [41]. The spectrum
of natural capsaicin (95% purity) shows in which the 3306 cm ! bands corresponding to aminoacidic bonds (N-H) at 3306 em?,
aliphatic stretching vibrations (C-H) in the range of 2925 to 2858 cm ™, and carbonyl stretching vibrations at 1627 cm™'. Addi-
tionally, stretching vibrations (C-C) were detected in the range of 1551-1514 cm™! and an out of plane bending C-H vibrations was
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Fig. 5. FTIR spectra of (a) ZSM-5 synthetic zeolite and (b) natural capsaicin (95% purity).

observed between 870 and 805 cm’l, which was attributed to the vibration of the aromatic ring (Fig. 5 (b)).

In the spectra of the metal modified zeolite samples Z40Cu2, Z40Cu4, and Z40Cu8 (Fig. 6 (a)), the band at 1217.51 cm!is
redshifted by 2.4 cm ™, 5.5 cm™}, 6.1 cm™?, respectively, relative to that in the IR spectrum of the support material. Similarly, the band
located at 1050.63 cm ™~ in the spectrum of Z40 is shifted to lower wavenumbers as the copper concentration increases. Similar studies
by Razavi and Loghman Estarki suggested that such changes are attributable to the distortion in the zeolite crystal lattice caused by the
nanoparticles and the interaction between the nanoparticles and the zeolite matrix produced by electrostatic forces arising from the
negative charges of the support matrix [32].

The FTIR spectra of the capsaicin-modified zeolite samples confirmed the presence of organic molecules in the support matrix by
the appearance of a new peak in the region between 876 and 874 cm™! (Fig. 6 (b)). This band is associated with the out of plane C-H
bending vibrations of the aromatic group of the capsaicin molecule [44-46]. Furthermore, the wavenumber of this peak varies ac-
cording to the concentration of capsaicin, being centered at 876.35 cm™}, 875.73 cm™! and 874.82 cm™! in the spectra of Z40CPS1,
Z40CPS1,5 and Z40CPS5 respectively. This trend was confirmed using a zeolite sample modified with 5% capsaicin (Z40CPS5). The
absence of other vibrational modes of capsaicin may be explained by its interaction with the zeolite, suggesting that it is adsorbed on
the surface of the support. The spectra of the samples modified with copper and capsaicin verify that organic molecules can be
incorporated into the support medium, even in the presence of copper nanoparticles (Fig. 7) owing to the large surface area of the
copper-modified zeolite samples, in which the surface of the support is unsaturated, thereby allowing the subsequent deposition of
capsaicin.

3.2. Computational measurement of capsaicin molecular size

Previous studies concerning the use of capsaicin refer to its chemical properties but not its molecular size; however, this infor-
mation is of great importance because the size of a molecules determines whether it diffuses within the pores and channels of the
zeolite or whether it is only deposited over the outer surface and therefore affects the physicochemical modification of the zeolite. The
Avogadro Software 1.2.0 was used to approximate the molecular size of capsaicin. The molecular geometry of the capsaicin molecule
(IUPAC name: 8-methyl-N-vanillyl-6-nonenamide) was optimized according to low-energy conformation criteria by searching for a
global minimum energy using the Merck molecular force field method (MMFF94). Using the obtained geometry, the maximum stable
length of the capsaicin molecule was determined by considering the size of each atom (H, C, O, and N) and the length of the bonds,
which can be single or double [47]. This computational analysis established the molecular size of capsaicin, demonstrating that the
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Fig. 6. FTIR spectra of (a) ZSM-5 and copper-modified zeolites and (b) capsaicin-modified ZSM-5 zeolite samples.
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incorporation of capsaicin into the porous structure of the zeolite is feasible and thereby indicating the suitability of this microporous
material as a support. The structure of capsaicin is shown in Fig. 8. This conformation is stable, with an energy of —8.14131 kJ/mol,
which indicated the feasibility of this structure. According to this analysis, capsaicin has a maximum possible length of 17,590 A
(1.759 nm), approximately half the size of the mean mesopore diameter of the parent zeolite (3 nm). Kambaine et al. [48] determined
by Molecular Dynamics Simulation that the gyration radius of the capsaicin molecule in different solvents rounds from 0.4 to 0.45 nm;
such information coincides with data reported by Graham et al. [49]. The radius of gyration can be considered an indirect measure of
conformation, and the molecule’s interaction with systems such as proteins or membranes. Additionally, due to their geometric
configuration, the higher distance among the carbon atoms in the cross-section of the aromatic group of the capsaicin molecule rounds
0.48 nm [50].

It’s worth noting that, in addition to capsaicin, other organic molecules with similar structures have also been successfully
incorporated into zeolitic materials. For instance, Rabiee & Rabiee [51] deposited capsaicin onto ZSM-5 zeolite to achieve controlled
delivery of capsaicin as a theranostic agent. Afterwards, Musielak et al. [52] supported curcumin molecules in commercial Faujasites,
and recently, Q. Tan et al. [53], reported the encapsulation of indole, a heterocyclic molecule, in Beta zeolites as an antibacterial
material with controllable release property. Thus, it is reasonable to assume that capsaicin can be incorporated within the crystalline
structure of the zeolite, lodging inside the pores and cavities.

3.3. Antifouling assays: the role of the biocide and microporous support in the abatement of marine bacteria

Of the 13 samples analyzed, 10 (76.9%) were active against the marine bacterial strains of I. loihiensis UCO25, Pseudoalteromonas
sp. UCO92 and H. boliviensis UCO24; the three remaining samples (23.0 %) did not inhibit bacterial growth (Table 3 and Table 4). To
evaluate the effect of the copper and capsaicin concentrations, the samples were compared via grouping and classification studies.
Fisher’s test of the least significant difference (LSD) was applied with a reliability level of 95% (Supplementary material, Table S1). The
contribution of the support material to the inhibition of bacterial growth was initially studied without a visible halo. This analysis
suggested that the zeolite primarily served as a support for the biocidal compounds. Notably, the copper contents in the samples
modified with the metallic inhibitor had a significantly impact on the inhibition capacity of the material with a 95% confidence level.
An increase in the copper concentration resulted in a larger, implying a stronger biocidal effect. The bactericide effect of Cu ions could
be attributed by the adherence to bacterial cytomembrane and cytoderm via electron interaction damaging the intracellular protein of
bacteria. Copper exposure seems to induce drastic changes in the lipid composition of the bacterial cell membrane and to modulate the
abundance of proteins functionally known to be involved in copper cell homeostasis [54].

Fig. 9 displays the changes in inhibition halos for I loihiensis UCO25 (Fig. 9 (a)), Pseudoalteromonas sp. UCO92 (Fig. 9 (b)) and
H. boliviensis UCO24 (Fig. 9 (c)) as a function of capsaicin and copper loading. In samples formulated with both capsaicin and copper,
an increase in the halo diameter was observed as the copper concentration increased, irrespective of the capsaicin content. Conversely,
zeolites formulated with capsaicin alone exhibited a reduction in the halo diameter. It is worth noting that neither pure capsaicin nor
capsaicin-modified samples presented inhibition halos. This phenomenon was attributed to the hydrophobic nature of capsaicin [55].
In this sense, it could be assumed that the samples become more hydrophobic, mainly after adding the capsaicin molecules. Addi-
tionally, the substitution of the strong Brensted sites present in the NH compensating cations for weak Cu?* Lewis acid sites could
reduce the water adsorption capacities, as those acidic centers are the main water interacting active sites [27,56].

In addition, among the samples modified with both biocidal materials, Z40Cu8CPS1 formed the largest inhibition halo, followed by
Z40Cu8CPS1,5. In this study, pure copper nitrate was not investigated as an inhibitory material, as its biocidal effect has been
demonstrated in other investigations [57], However, the use of pure copper in high concentrations could be harmful to aquatic
ecosystems, and its inhibitory effect may be short-lived due to its fast diffusion. As a water-soluble salt, copper nitrate dissociates into
ions and readily diffuses in aquatic media [58].

Fisher’s analysis of these samples showed that subsequent modification of the material with 8% p/p copper with 1% p/p and 1.5%
p/p did not result in a significant difference. In addition, significant differences were obtained from the assays using 2%, 4%, and 8%
w/w copper-modified samples showed significant differences regardless of the incorporated capsaicin content, at a 95% confidence
interval (Supplementary material, Table S1).

Table 3
Bacterial inhibition halos to Idiomarina loihiensis., Pseudoalteromonas spp. and Halomonas boliviensis using parent and modified zeolites.
Bacterial Inhibition zone (mm) Inhibition zone
strain Positive
Control
Z40 Z40Cu2 Z40Cu4 Z40Cu8 CPS Z40CPS1 Z40CPS1,5 FOS200 TE30 FOX30 LEV5
Uco25 42.0 + 42.3 + 49.7 + 56.0 £ 0.0 + 0.0 + 0.0 0.0 +£ 0.0 18.7 + 0.0 + 243 £+ 23.0 +
2.0 2.1 0.6 1.0 0.0 1.5 0.0 2.5 2.6
UC092 32.0 + 43.3 + 47.3 + 50.7 £ 0.0 + 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 19.3 + 26.3 +
2.0 0.6 1.2 1.2 0.0 0.0 1.5 0.6
UCco24 36.7 + 47.0 £ 57.0 + 61.0 £ 0.0 + 0.0 + 0.0 0.0 £ 0.0 0.0 £ 0.0 0.0 + 16.7 £ 21.3 +
3.1 1.0 1.0 1.0 0.0 0.0 2.1 0.6

Abbreviations: UCO25; Idiomarina loihiensis, UCO92; Pseudoalteromonas spp, UCO24 Halomonas boliviensis* Mean values with significant differences
(P < 0.05) in Table S1 (Supplementary Materials).
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Table 4
Continuation Table 3 bacterial inhibition halos to Idiomarina loihiensis., Pseudoalteromonas spp. and Halomonas boliviensis using parent and modified zeolites.
Bacterial strain Inhibition zone (mm) Inhibition zone
Positive
Control
Z40Cu2CPS1 Z40Cu4CPS1 Z40Cu8CPS1 Z40Cu2CPS1,5 Z40Cu4CPS1,5 Z40Cu8CPS1,5 F0OS200 TE30 FOX30 LEV5
UCo025 42.0 £ 2.0 423 £ 2.1 49.7 £ 0.6 56.0 +£ 1.0 0.0 £ 0.0 0.0 £ 0.0 18.7 £ 1.5 0.0 £ 0.0 243 £ 2.5 23.0 £ 2.6
UCco092 33.7+ 23 45.7 £ 1.2 51.0 +1.7 32.7+23 41.7 £ 1.5 48.0 £ 2.6 0.0 £ 0.0 0.0 £ 0.0 193+ 1.5 26.3 £ 0.6
UCo24 30.7 £1.2 45.3 £ 1.2 52.7 £3.1 327 £23 43.3 + 0.6 46.7 + 0.6 0.0 £0.0 0.0 £0.0 16.7 £2.1 21.3+0.6

Abbreviations: UCO25; Idiomarina loihiensis, UCO92; Pseudoalteromonas spp, UCO24 Halomonas boliviensis* Mean values with significant differences (P < 0.05) in Table S1 (Supplementary Materials).
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Fig. 9. Inhibition halos as a function of copper and capsaicin contents: (a) Idiomarina loihiensis UCO25 (b) Pseudoalteromonas sp. UCO92 (c) Hal-
omonas boliviensis UCO24.

Capsaicin can also block contact between copper cations and aqueous media. This is in good agreement with the results obtained
from the surface characterization, in which a reduction in the surface area of the samples containing capsaicin was observed. Capsaicin
molecules were incorporated in the pores of the zeolite and therefore blocked the diffusion of other molecules and affected the contact
between the bacteria and copper sites. However, even when capsaicin did not result in significantly different inhibition, through
comparative analysis revealed that samples Z40Cu8, Z40Cu8CPS1, and Z40Cu8CPS1,5 formed halos with larger diameters and
therefore had the strongest biocidal effect. This suggests that, as it has been reported [59], capsaicin decreases the growth rate of
bacteria strains and some other microorganisms [60]; however, its dispersion in the medium is limited. The interaction mechanism of
capsaicin to inhibit the bacteria growth could be attributed partially to its protein inhibiting qualities and the improvement of the
surface hydrophobic properties [60]. Similar studies conducted using other bacteria species, specifically Pseudomona Aeruginosa, has
depicted that even when capsaicin doesn’t migrate to water media, it can be released from the support surface to kill bacteria when the
pH of the local environment decreases, which is triggered by the reproduction of bacteria in the environment [22]. Similarly, Guo et al.
showed a lack of direct action of capsaicin against some bacterial strains, however a potent synergistic action in the case of combi-
natory use of these substances in a dose-dependent manner was also shown [61].

Results obtained here suggest that copper and capsaicin act as the primary and reinforcement biocides, respectively, and that
zeolite acts as a support, controlling the delivery of the biocides. The copper particles, located in the ZSM-5 pores with a pore
configuration that favors controlled delivery, could diffuse and interact with the surrounding microorganisms, acting as the primary
biocide. On the other hand, the capsaicin molecules, encapsulated mainly in the mesopores, diffuse slowly in the presence of water due
to their hydrophobic nature but can act as a reinforcement biocide to extend their useful life. Nevertheless, further studies must be
conducted to depict the specific effects of both biocidal agents and to unveil the way to control their release into water media,
including controlled delivery assays, to use the studied materials for real applications. Additionally, studies using different types of
zeolites with varying porosities, such as Y zeolites, or using mesoporous zeolites such as MCM-41, must be conducted to study the
influence of the presence of larger pores, such as the super cages of Y-zeolite, on the biocides’ support and release.

4. Conclusions

Zeolites modified with copper nanoparticles and capsaicin molecules are effective as biocidal agents. Copper nanoparticles inhibit
the growth of bacteria while capsaicin acts as a reinforcing biocide. Similarly, the microporous structure of the zeolite increases the
contact surface area and retention of biocidal agents, thus enhancing their interaction with microorganisms. Modification with copper
nanoparticles and capsaicin molecules affects the surface physicochemical characteristics of synthetic zeolites. The incorporation of
copper nanoparticles reduces both the surface area of the zeolite and the volume of the micropores and mesopores of the support.
However, incorporating the large, hydrophobic capsaicin molecule, mainly on the larger pores of the zeolite, affects the surface area
and pore volume of the support to a greater extent, limiting the diffusion of water into the pores and limiting the interaction between
the bacteria and active compounds. The presence of higher concentrations of capsaicin could limit the access and interaction of some of

the metallic particles with microorganisms.
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