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IMPACTO POTENCIAL DESTA PESQUISA

Esta pesquisa contribui significativamente para o avango cientifico e tecnoldgico na area de
antifingicos, ao desenvolver curcuminoides mais estaveis e potentes que a curcumina. Os
compostos propostos demonstraram elevada atividade antifungica e antibiofilme, com potencial
para diversas aplicagdes médicas.

Do ponto de vista inovador e econdmico, os curcuminoides com sintese simplificada podem ser
explorados como produtos de menor custo e maior viabilidade industrial. Socialmente, os
resultados atendem a uma demanda urgente por novas estratégias contra infecgdes fliingicas,
contribuindo para a saude publica e o controle de infec¢des hospitalares.

A pesquisa reforca a internacionalizagdo, tendo sido desenvolvida em parceria com instituigdes
brasileiras e holandesas, e apresenta inser¢ao local e nacional em temas estratégicos de inovagao
em saude. Além disso, promove o desenvolvimento sustentavel ao reduzir o impacto ambiental
dos tratamentos convencionais. Por fim, fortalece o conhecimento interdisciplinar nas areas de

Quimica Medicinal, Microbiologia e Biomateriais.

POTENTIAL IMPACT OF THIS RESEARCH

This research significantly contributes to the scientific and technological advancement in the
field of antifungals by developing curcuminoids that are more stable and potent than curcumin.
The proposed compounds demonstrated high antifungal and antibiofilm activity, with potential
for various medical applications.

From an innovation and economic perspective, curcuminoids with simplified synthesis can be
explored as lower-cost products with greater industrial feasibility. Socially, the results address
an urgent demand for new strategies against fungal infections, contributing to public health and
hospital infection control.

The research strengthens internationalization, having been developed in partnership with
Brazilian and Dutch institutions, and shows local and national engagement in strategic health
innovation topics. Furthermore, it promotes sustainable development by reducing the
environmental impact of conventional treatments. Finally, it reinforces interdisciplinary

knowledge in the fields of Medicinal Chemistry, Microbiology, and Biomaterials.
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RESUMO

Os biofilmes microbianos sdo os principais causadores de infecg¢des relacionadas ao uso de
dispositivos médicos. Candida albicans destaca-se dentre as espécies fungicas mais frequentes
em infecgdes nosocomiais, sendo o principal agente causador das infec¢des da corrente
sanguinea associadas a dispositivos vasculares. Afim de prevenir estas infec¢des, estudos estao
sendo realizados para o desenvolvimento de superficies anti-incrustantes. O uso de agentes
antimicrobianos tem demonstrado resultados promissores, porém sua utiliza¢do como
revestimento em superficies pode contribuir para o surgimento de cepas resistentes. Como uma
alternativa ao uso de antimicrobianos, a curcumina destaca-se como um material de
revestimento eficaz. No entanto, sua estabilidade em condigdes fisioldgicas limita sua aplicagao
médica. Modificagdes na estrutura quimica da curcumina tém se mostrado eficiente para
superar essas limitagdes e melhorar sua atividade biologica. Neste trabalho encontra-se um
compilado de estudos acerca de modificagdes quimicas utilizando a curcumina como modelo
estrutural no desenvolvimento de compostos antifiingicos e possiveis revestimentos em
superficies de dispositivos médicos. O trabalho foi dividido em 5 secdes: A Secao 1 fornece
uma visao geral basica das infeccdes fingicas e destaca a motivacao desta pesquisa. Na Secao
2 foi investigado o potencial antifugico de uma série de andlogos de curcumina. Foi observado
que a substituicdo de metoxilas nas posi¢coes 3 dos anéis A e B da curcumina resultam em
atividade antifungica de amplo espectro, contra diversas espécies de fungos filamentosos e de
Candida. A Secao 3 apresenta a substituicdo do fragmento B-dicetona na curcumina por uma
monocarbonila contra espécies de Candida, demonstrando atividades antifiingicas potentes.
Afim de explorar aplicabilidades dos curcuminoides, na Se¢do 4 foi desenvolvido um
revestimento de superficie multifuncional com potencial antifingico e anti-biofilme. Na Secio
5, os principais achados de cada estudo foram sintetizados, e sugestdes para pesquisas futuras
foram apresentadas. Com base nos resultados, fornecemos insights sobre as relagdes entre
estrutura quimica e atividade biolégica dos curcuminoides, abrindo caminhos para o
desenvolvimento de novos analogos bioativos destinados ao tratamento de infec¢des fingicas

e a prevengdo da formagdo de biofilmes por meio de revestimentos antiaderentes.

Palavras—chave: anti-biofilme; anti Candida; curcumina; antifungico; modificacdes de

superficies.



ABSTRACT

Biofilms are crucial in medical-related infections, especially those associated with medical
devices. Candida albicans emerge as the most prevalent causative agent of bloodstream
infections associated with vascular devices in hospital settings. In order to overdue this
problem, studies are exploring surface modifications to create antifouling materials for medical
devices and implants. Although antimicrobial agents have demonstrated promising outcomes,
their persistent application on surfaces can contribute to the emergence of resistant strains.
Curcumin has exhibited potential as an effective coating material. However, its stability under
physiological conditions limits its medical application. Modifications in the curcumin structure
overcome this limitation and improve its bioactivities. This work is a compilation of studies
about chemical structural modifications using curcumin as a model for developing antifungal
compounds and possible surface coatings for medical devices. It was divided into 5 chapters:
Chapter 1 provides a basic overview of fungal infections and highlights the motivation for this
research. In Chapter 2, the antifungal potential of a series of curcumin analogs was
investigated. The substitution of methoxyl at position 3 of the rings A and B of curcumin
structure results in broad-spectrum antifungal activity against several filamentous fungi and
Candida species. In Chapter 3, the replacement of the B-diketone fragment in the curcumin by
a monocarbonyl moiety against C. albicans was investigated and showed potent antifungal
activities. In order to explore monocarbonyl curcuminoid applications, Chapter 4 presents the
development of a multifunctional surface coating with antifouling and antifungal potential. In
Chapter 5, the findings of each study have been emphasized and suggestions have been made
for future research and perspectives. Based on the combined results from all chapters, we
provide insights into the chemical structure and activity relationships of curcuminoids, paving
the way for developing new bioactive analogues for treating fungal infections and preventing

biofilm formation through antifouling coatings.

Keywords: anti-biofilm; anti Candida; curcumin; antifungal; surface modifications
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1. INTRODUCTION

Fungal infections

In recent decades, fungal infections have grown considerably, with a mortality rate equivalent
to tuberculosis and 3-fold more than malaria. According to the estimate made by Bongomin et
al. (2017), about 1.6 million deaths are related to chronic or acute fungal infections annually
(Bongomin et al., 2017). The World Health Organization reports that approximately 400,000
and 1.5 million people die each year from malaria (World Health Organization, 2019a) and
tuberculosis (World Health Organization, 2019b).

Candida species are considered common commensal fungi of the natural microbiota,
colonizing mucous membranes and the digestive tract. When these species play a commensal
role, they offer immunological protection against systemic infection. However, when
physiological changes occur, such as temperature, pH, hormonal changes, or changes in the
patient's immune system, they can become opportunistic pathogens. In this scenario, Candida
albicans stand out as the most frequent opportunistic fungus among nosocomial
infections(Adeniyi, Adekoya e Ogunware, 2020). The pathogenicity of this species and the non-
albicans species is mediated by numerous factors, especially adhesion and biofilm formation
(Staniszewska, 2020).

Biofilms are complex communities of microorganisms adhering to a biotic or abiotic
substrate, surrounded by an extracellular matrix of polysaccharides, proteins, nucleic acids, and
enzymes excreted by the microorganisms (Cooper, 2010). The formation process of biofilms is
controlled by quorum sensing, an intercellular communication system that regulates gene
expression of virulence factors based on population density. The organization in a microbial
community offers several advantages over the planktonic form, such as an increased ability to
disseminate and resist unfavourable conditions including pH changes, temperature fluctuations,

and toxic substances making biofilm-forming microorganisms difficult to treat (Grech e Balzan,
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2019). Antimicrobials, for example, do not efficiently penetrate the interior of the biofilm and
are often inactivated by enzymes excreted in the extracellular matrix, which results in the
impairment of the effectiveness of antibiotics and antimycotics. Additionally, the relatively
high density and close proximity in a biofilm favors the transfer of resistance genes and
contributes to the greater resistance of biofilm-forming microorganisms to antimicrobials,
resulting in relapses in conventional treatments(Chenoweth, Gould e Saint, 2014; Cooper,
2010).

Currently, the treatment for fungal infections is mainly restricted to azoles, polyenes,
and echinocandins (Bellmann e Smuszkiewicz, 2017). However, factors such as the increasing
number of resistant strains, the narrow spectrum due to intrinsic resistance, toxicity, and low
bioavailability affect the effectiveness of antifungals (Chenoweth, Gould e Saint, 2014; Cooper,
2010). The effectiveness of antifungals can be even more affected when the infection is
associated with medical devices. Studies have linked the presence of medical devices, such as
vascular catheters, to the development of Candida bloodstream infections (candidemia) (Magill
et al., 2014). When a catheterized patient has an associated infection, the recommendation is
to remove the device, as mortality rates are higher if vascular catheters stay in the patient.
However, removing vascular access can pose challenges for critically-ill patients, and despite
removal, mortality rates remain high (Andes et al., 2012).

Given the problem caused by Candida spp. biofilm formation, it is crucial to develop
substances with the ability to penetrate and degrade fungal biofilms. In cases of long-term
device use it is necessary to develop efficient strategies to inhibit C. albicans adhesion and
growth on the surface of the medical device, preventing the fungal infection.

Curcumin and curcuminoids as treatment and prevention of fungal infections

Natural products are sources of prototypes for the discovery and development of new drugs and

bioactive substances (Bernardini et al., 2018; Thomford et al., 2018). A survey of the sources



of drugs approved in the period from 1981 to 2014 indicated that more than 65% of
antimicrobials originated from natural products and their derivatives, as well as from synthetic
substances based on natural ones (pharmacophores of natural products), confirming the
importance of research in Natural Product Chemistry for the development of new antimicrobial
agents (Newman e Cragg, 2016).

The therapeutic potential of curcumin has been widely known and used since ancient
times. Research compiles on its pharmacological potential and natural and synthetic analogues
(curcuminoids), including anti-inflammatory, antioxidant, antitumor, anti-HIV and
antimicrobial activity as anti-protozoal, nematicidal, antibacterial, and antifungal (ARAUJO,
2018). For Candida species, the natural curcumin exhibited an anti-adhesion effect on oral
epithelial cells of HIV-positive patients(Martins ef al., 2008), hyphal growth inhibitory activity
of C. albicans(Sharma et al., 2010), as well as reduced metabolic activity and biomass of C.
albicans, Candida glabrata, and Candida tropicalis biofilms when associated with light
excitation (Dovigo et al., 2011).

However, problems associated with curcumin stability under physiological conditions
prevent its clinical use. Our research group demonstrated that the replacement of the B-diketone
fragment in the curcumin by a monocarbonyl moiety made the curcumin much more stable and

improved its bioactivities (Figure 1)(Morao et al., 2019; Silva et al., 2018).

B-diketone monocarbonyl

Curcumin Monocarbonyl curcuminoid

Figure 1. The B-diketone fragment in the curcumin was replaced by the monocarbonyl moiety

to increase the stability of curcumin (Morao et al., 2019; Silva et al., 2018).



The antifungal effect of the synthetic monocarbonyl curcumin analogs, such as the
curcuminoids, have been little explored, and only a few papers describe the antifungal activity
of monocarbonyl curcumin analogs like susceptibility tests against planktonic cells (Ding et al.,

2017; Nagargoje et al., 2020).

Curcumin coating for biomedical applications

In recent years, the development of surfaces coated with antimicrobial agents has been
recognized as an important strategy for surface disinfection and for mitigating the risk of
microbial cross-feeding(Abreu et al., 2013; Campoccia, Montanaro e Arciola, 2013). The
reports in the literature about natural curcumin have shown promising potential as an
antimicrobial product to coat materials in various sectors. However, it is associated with other
compounds, encapsulated or immobilized due to its structural stability limitation. In the food
industry, curcumin was used to photo-crosslink papain to the food packaging material(Manohar
et al., 2015). In the healthcare sector, it was loaded in multilayered nanofibrous mats which
were used for wound healing(Gaydhane, Kanuganti e Sharma, 2020), and in another study, they
used curcumin loaded gold nanoparticles that were coated on surgical sutures(Sunitha S et al.,
2017). Additionally, a coating mixture of curcumin, chlorhexidine, and silver has demonstrated
prevention and inhibition of bacterial colonization, along with lubricious properties (Modak et
al., 2019).

To enhance the stability and applicability of curcumin as a coating, a chemical
modification was undertaken using monocarbonyl curcuminoids (see Figure 1). To date, there
are no investigations in the literature on the coating of medical devices with monocarbonyl
curcuminoids, which creates opportunities for novel approaches in combating fungal infections,
particularly those caused by biofilm-forming Candida species. Understanding the mechanisms

of action of monocarbonyl curcuminoids as an antifungal agent and exploring their potential as



a coating on materials can lead to innovative approaches in combating Candida biofilm-
associated infections.

Aim of this thesis

This thesis aims to investigate the antifungal potential of curcuminoids, elucidating the
influence of chemical modifications on their antifungal activity and explore their innovative

strategies as a surface coating to prevent Candida biofilm formation.
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Abstract

Dermatomycosis is an infection with global impacts caused especially by dermatophytes and

Candida species. Current antifungal therapies involve drugs that face fungal resistance barriers.
This clinical context emphasizes the need to discover new antifungal agents. Herein, the
antifungal potential of ten curcumin analogs was evaluated against four Candida and four
dermatophyte species. The most active compound, 3,3’-dimethoxycurcumin (DMC), exhibited
Minimum Inhibitory Concentration (MIC) values ranging from 1.9-62.5 ng mL! and 15.6—
62.5 pg mL™' against dermatophytes and Candida species, respectively. According to the
checkerboard method, the association between DMC and terbinafine demonstrated a synergistic
effect against Trichophyton mentagrophytes and Epidermophyton floccosum. Ergosterol
binding assay indicated DMC forms a complex with ergosterol of Candida albicans, C. krusei
and C. tropicalis. However, results from the sorbitol protection assay indicated that DMC had
no effect on the cell walls of the tested Candida species. The in vivo toxicity, using Galleria
mellonella larvae, indicated no toxic effect of DMC. Altogether, curcumin analog DMC was a
promising antifungal agent with a promising ability to act against Candida and dermatophyte

species.
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Introduction

Dermatomycosis is the most frequent fungal infection, affecting people worldwide, mainly in
tropical areas, where hot and humid conditions are predisposing factors to such infections
(Albuquerque Maranhao, de ef al., 2019). Dermatophytes have been described as the primary
etiologic agents of dermatomycosis, divided into seven genera: Arthropoderma, Microsporum,
Lophophyton, Nannizzia, Epidermophyton, Paraphyton, and Trichophyton (Baert et al., 2020).
These fungi are keratinophilic and keratinolytic filamentous species, which use keratin as the
principal source of amino acids. Genomic sequencing has identified several virulence factors
contributing to their ability to infect keratinized tissues, including various protease-encoding
genes essential for keratin degradation and consequent tissue damage (Achterman e White,
2012).

Candida species, while often commensal in the human microbiota, play a significant
role in the development of dermatomycosis (Mello et al., 2021). One of the most important
virulence factors of Candida species is its conversion from planktonic yeast-form to a
filamentous-form (hyphae or pseudohyphae), which demonstrates invasive abilities(Chen ef al.,
2020). Candida albicans is the most relevant species associated with dermatomycosis.
However, non-albicans species have emerged as epidemiologically relevant agents, including
Candida tropicalis and Candida parapsilosis complex (Albuquerque Maranhdo, de et al.,
2019). The rising incidence of Candida infections, especially among immunocompromised
individuals, has led to increased morbidity and mortality. This situation is further exacerbated
by the emergence of strains less responsive to treatment, a consequence of the widespread use
of antifungal (Srivastava, Singla e Dubey, 2018).

In this context, Curcuma longa, popularly named turmeric, emerges as a potential
source of therapeutic compounds. Its rhizomes contain three major compounds, curcumin,

demethoxycurcumin, and bis-desmethoxycurcumin, which are responsible for their medicinal
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activities. Curcumin, in particular, garnered attention due to its ability to interact with multiple
biological targets, demonstrating effectiveness against several infections caused by bacteria,
fungi, protozoa, and helminths (Akaberi, Sahebkar ¢ Emami, 2021). Studies have shown that
curcumin and its analogues exhibit activity against various Candida species, including drug-
resistant strains (Hajifathali et al., 2023), non-dermatophytes filamentous fungi (Nagargoje et
al.,2020), and dermatophytes (Brasch, Beck-Jendroschek e Mahn, 2018). Its antifungal activity
involves disrupting cell wall integrity and plasma membrane, modulating proteolytic enzyme
activity, and altering the membrane-associated properties of ATPase activity (Chen et al., 2018;
Kumar et al., 2014; Lee e Lee, 2014). However, despite its promising antifungal potential, the
clinical application of curcumin is limited by its poor solubility and bioavailability(Nelson et
al., 2017). This challenge has led to the synthesis and exploration of curcumin analogs, which
aim to retain the biological efficacy of curcumin while overcoming its pharmacokinetic
limitations (Noureddin, El-Shishtawy e Al-Footy, 2019).

Herein, we explored the antifungal activity of curcumin and its analogs. The most
active compound, 3,3’-dimethoxycurcumin (DMC), was selected for detailed bioassays,
including its effects when combined with the antimycotic drugs. Also, we investigated the DMC
mode of action using ergosterol binding and sorbitol protection assays. In addition, the toxicity

of DMC was evaluated against Galleria mellonella larvae.

Material and methods

Curcumin and its analogs

Curcumin (CAS number: 458-37-7) and all reagents were purchased from Merck® (Kenilworth,
USA). Synthesis, purification, and identification of curcumin analogs were carried out

according to our previous works (Pereira et al., 2021; Polaquini et al., 2019; Sanches et al.,
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2019; Sardi et al., 2017b). The 'H and '*C NMR spectra of curcumin analogs 1-10 and their

detailed analyses were presented in Supplementary Material (Table S1 and Figures S1-S20).
Microorganisms and culturing conditions

Reference strains and clinical isolates of dermatophytes and Candida spp. were tested. The
reference strains were purchased from the American Type Culture Collection (ATCC) and
CBS-KNAW Fungal Biodiversity Center (CBS) and included: C. albicans ATCC 90028, C.
albicans MIA2876, Candida krusei ATCC 40147, C. krusei ATCC 6258, C. parapsilosis
ATCC 22019, C. tropicalis ATCC 13803, C. tropicalis ATCC 750 and Trichophyton rubrum
CBS 118892. Clinical isolates of C. albicans, C. krusei, C. parapsilosis, C. tropicalis,
Epidermophyton floccosum, Microsporum canis, T. mentagrophytes and T. rubrum were
obtained from the collection of the Laboratory of Mycology, Department of Dermatological,
Infectious, and Parasitic Diseases, Sao José do Rio Preto Medical School (FAMERP), Sao José
do Rio Preto, Brazil (Lemes et al., 2021, 2022). All clinical isolates used in this study and their
origin were presented in Supplementary Material (Table S2). Yeasts were subcultured on
Sabouraud Dextrose Agar (SDA) (Difco Laboratories, Detroit, MI, USA) for 24 h at 30 °C and
dermatophytes on Potato Dextrose Agar (Difco Laboratories, Detroit, MI, USA) for 7 days at

36 °C.

Antifungal susceptibility assays

Antifungal susceptibility assays were determined by the broth microdilution method in 96-well
microtiter plates, following the protocol of Clinical and Laboratory Standards Institute(CLSI,
2008a; b) guidelines M27-A3 (Reference Method for Broth Dilution Antifungal Susceptibility
Testing of Yeasts) and M38-A2 (Reference Method for Broth Dilution Antifungal
Susceptibility Testing of Conidium-Forming Filamentous Fungi), with minor modifications.

The culture media and the reference antifungal drugs were purchased from Sigma-Aldrich®
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(St. Louis, MO, USA). Briefly, compounds at 250 ug mL"!' in 10% DMSO in RPMI-1640
medium were two-fold diluted in RPMI-1640 medium buffered with MOPS (4-
morpholinepropanesulfonic acid) and 2% glucose, then put into 96-well microtiter
plates. Each aliquot of 100 uL. microdilutions was inoculated with 100 pL of standardized
fungal suspensions adjusted to the 0.5 McFarland scale, equivalent to 90% transmittance
for Candida species and 70% for dermatophytes, using a Biospectro SP22 spectrophotometer
at 530 nm. Dermatophyte suspension was further diluted at 1:50. The final testing
concentrations were 0.5 x 10° cells mL! for Candida and 5 x 10* cells mL-! for dermatophytes.

Growth and sterility controls were included for each assay, and all tests were performed
in triplicate in two independent experiments. DMSO (2.5%) was used as a negative control to
ensure that its concentration did not interfere with fungal growth. The reference antifungal drugs
were selected based on their clinical applications: fluconazole was used against C. albicans, C.
tropicalis, C. krusei, and C. parapsilosis and terbinafine was used as a reference antifungal drug
against dermatophytes. The plates were incubated at 30 °C for 24 h for Candida strains and at
36 °C for five days for dermatophyte strains. MICso values were determined by optical density
recorded by the plate reader ELISA at 530 nm and defined as the lowest concentration of
compounds that inhibited fungal growth by 50%.

After the MICso values determination, aliquots (100 puL) from each well, which did not
demonstrate visible turbidity, were subcultured on SDA plates and incubated at 30 °C for 24 h
(Candida spp.) and 36 °C for five days (dermatophytes). The minimum fungicidal concentration
(MFC) was the lowest concentration not showing fungal colonies on the agar plates (Lemes ef

al., 2021).
Checkerboard assay

Interactions between DMC and antifungal drugs (fluconazole and terbinafine) were investigated
by the checkerboard assay(Spitzer, Robbins e Wright, 2017). Briefly, antifungal drugs and
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DMC were serially diluted two-fold along the X and Y axes of a 96-well plate, respectively.
The final concentrations ranged from 16-0.03 ug mL! for terbinafine, 32-0.1 pg mL™! for
fluconazole and from 31.2-0.01 pg mL"! for DMC. Plates were inoculated with DMC-
susceptible strains and incubated in the same conditions described for the antifungal
susceptibility assay. Fungal growth was assessed visually, and the fractional inhibitory
concentration index (FICI) for each combination was calculated as follows: FICI = (MIC of the
drug when combined with DMC / MIC of the drug alone) + (MIC of DMC when combined
with the drug/ MIC of DMC alone). Combinations were classified according to the FICI values
suggested (Spitzer et al. 2017): FICI < 0.5 (synergism), FICI =0.5-4 (indifference), and FICI

> 4 (antagonism). Three independent experiments were performed for each isolate.

Inhibitory activity of yeast-hyphae transition assay

Candida hyphae inhibition assay was carried out as previously described(Toledo, De et al.,
2016), with minor modifications in the incubation period. In order to ensure comparability and
reproducibility with existing literature C. albicans ATCC 90028, a clinically relevant hyphae-
forming strain, was chosen. Growth of C. albicans ATCC 90028 from a 24 h culture was
transferred to a microplate with RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS) to obtain a final concentration of 2.5 x 10° yeast mL-!. DMC was added to the
growth medium at a concentration of 15.5 ug mL™! and incubated for 4 h at 37 °C. Fluconazole
(0.25 pg mL") was used as a positive control. RPMI-1640 medium supplemented with FBS and
DMSO (2.5%) was used as a negative control to ensure that its concentration did not interfere
with yeast-hyphae transition. The morphological state of C. albicans was analyzed by
microscopy using a 40x objective lens on an optical light microscope (Bioval). The assay was
performed in three independent experiments, and cells from 4 quadrants of a Neubauer chamber
were counted for each experiment. Statistical significance differences in percentages of single

cells, budding cells and developing hyphae cells were calculated using one-way ANOVA and
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Turkey test with P value of <0.05 indicating statistical significance. Graphs and statistical
analyses were performed using GraphPad Prism version 8.0.2 (GraphPad Software, San Diego,

CA, USA).

Ergosterol binding assay

The MIC values of DMC were determined by the broth microdilution method(CLSI, 2008a) in
the presence and absence of ergosterol (400 mg mL!) as previously described(Sardi et al.,
2017a). An aliquot of 100 uLL RPMI-1640 medium was added to 96-well plates and DMC was
serially diluted at a ratio of two. In order to obtain concentrations ranging between 2 000 and
0.48 pg mL!. Amphotericin B (Sigma Chemical Co., St. Louis, MO, USA) was used as a
positive control because it is complexing ergosterol in fungal membranes. Yeast growth and
media sterility were also checked. The fungal inoculum was prepared and adjusted to a final
concentration of 2.5 x 103> CFU mL! in the wells. The plates were incubated at 35 °C and read
after 24 h. The dilution with the lowest concentration of DMC that exhibited no turbidity was

determined to be the MIC.

Sorbitol protection assay

The MIC values of DMC were determined by the broth microdilution method(CLSI, 2008a) in
the presence and absence of sorbitol (0.8 M) as previously described(Sardi et al., 2017a).
Aliquots of fungal inoculum (2.5 x 103 CFU mL") prepared with RPMI-1640 previously
supplemented with sorbitol (0.8 M) were added to the wells. Yeast growth and media sterility
were also included. Caspofungin (Sigma Chemical Co., St. Louis, MO, USA) was used as a
positive control. The plates were incubated at 35 °C and read after 48 h. The dilution with the

lowest concentration of DMC that exhibited no turbidity was determined to be the MIC.
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Toxicity test against Galleria mellonella larvae

In vivo toxicity was performed on G. mellonella larvae. Groups of 5 individuals (250 to 300 mg
larvae) in the sixth-instar developmental stage were used for each condition (naive, inoculated
with DMC, positive, and negative control), comprising 20 individuals. For each larva, 5 pL of
DMC volume was injected into the last right proleg with a Hamilton syringe model 7000.5KH
of 10 uL at a concentration of 125 ug mL!. The controls were untouched larvae (naive), larvae
inoculated with DMSO 10% (positive control), and DMSO 100% (negative control). After the
inoculation, the larvae were maintained at 37 °C for 5 days and mortality was recorded daily

(Ignasiak e Maxwell, 2017).
Results and discussion
Antifungal susceptibility assays

In this study, we synthesized a series of curcumin analogs (Table 1). The structure of curcumin
analogs was confirmed by their melting point and 'H and '3C Nuclear Magnetic Resonance
(NMR) spectral data analyses. All melting points and NMR spectra were the same as presented
before (Polaquini ef al., 2019) and the structures, melting points, yields, and NMR spectra

are presented in Supplementary Material.
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Table 1 Structures of curcumin and its analogs

O OH
RMR
JO L,
Compound R R?
Curcumin OH OCHs
1 (DMC) OCHs H
2 H OCH3
3 0(C=0)CHs H
4 H CHs
5 H CF3
6 OH H
7 H OH
8 H F
9 H H
10 cl cl

Curcuminoids 1, 2, 4-10 were achieved by one-step synthesis, resulting in yields of
63-93%. Curcuminoid 3 was synthesized by acetylation of curcuminoid 6 using acetic
anhydride and pyridine, resulting in a yield of 87%. Out of ten curcumin analogs, six compounds

presented fungal growth inhibition against dermatophytes and Candida species (Table 2).
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Table 2 Minimum inhibitory concentration values (MIC) of curcumin and its analogs against Candida and dermatophyte species.

MICso intervals in pg mL™!

Species (n) CUR DMC 2 3 4 5 6 7 8 9 10 FCZ TER
CaATCC 90028 >62.5 31.2 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 1-2 -

Ca(3) >62.5 31.2 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 0.25-1 -

Ca* 312 312 >62.5 31.2 >62.5 31.2 31.2 31.2 >62.5 >62.5 31.2 >512 -

CK ATCC 40147% >62.5 156 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 16-32 -

Ck 3)* >62.5 31.2 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 16-32 -
CpATCC 22019 312 >62.5 31.3 >62.5 >62.5 >62.5 31.2 >62.5 >62.5 >62.5 >62.5 1 -

Cp(3 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 31.2 >62.5 >62.5 >62.5 31.2 0,5-1 -
CtATCC 13803  >62.5 31.2 >62.5 >62.5 >62.5 31.2 >62.5 >62.5 >62.5 31.2 >62.5 0,252 -

Ct (3) >62.5 31.2-62.5 >62.5 >62.5 31.2 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 0.5-4 -

Ct* >62.5 62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >62.5 >512 -

Ef(2) >62.5 2.9-62.5 >62.5 31.2 >62.5 >62.5 >62.5 >62.5 31.2 31.2 31.2 2 0.06

Mc (2) >62.5 >62.5 >62.5 >62.5 >62.5 31.2 31.2 >62.5 >62.5 >62.5 >62.5 0.5-2 0.01-0.03
Tm(2) >62.5 31.2-62.5 >62.5 >62.5 >62.5 >62.5 31.2 >62.5 >62.5 >62.5 >62.5 2-8 0.03-0.12
Tr CBS 118892 >62.5 3.9 >62.5 >62.5 >62.5 >62.5 31.2 >62.5 >62.5 >62.5 >62.5 0.54 0.01-0.06
Tr (2) >62.5 1.9-62.5 >62.5 >62.5 >62.5 >62.5 31.2 >62.5 >62.5 >62.5 >62.5 0.5-1 0.01-0.03

Ca = C. albicans; Ck = C. krusei; Cp = C. parapsilosis; Ct = C. tropicalis; Ef= E. floccosum; Mc= M. canis; Tm= T. mentagrophytes; Tr= T. rubrum; n = number of clinical
isolates; * Azole-resistant strains; CUR = curcumin; DMC = 3,3’-dimethoxycurcumin; FCZ = fluconazole; TER = terbinafine; — = not tested.
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In literature, the studies of bioactive curcumin analogs have focused on the reactive a,
B-unsaturated carbonyl bridge and there are few data about the effect of aromatic ring
substituents on biological activities. Herein, we evaluated the groups methoxyl, acetoyl, methyl,
trifluoromethyl, hydroxyl, fluorine, and chlorine. 3,3’ Dimethoxycurcumin (DMC) exhibited the
broadest spectrum and highest potency among the tested compounds, reducing the growth of
Candida and dermatophyte species, including standard strains and clinical isolates, with MIC
values ranging from 1.9 to 62.5 ug mL-!. In addition, azole-resistant strains of C. albicans, C.
krusei (inherently resistant species), and C. tropicalis were susceptible to DMC (MIC 15.6 ug
mL! to 62.5 pg mL!'). The substitution by methoxyl groups was investigated in curcumin
analogs, suggesting that the methoxyl group played a key role on anti-inflammatory and
antioxidant activities (Jankun et al. 2016). The antifungal effect of the methoxyl group against
Candida species was explored in chalcones and the number and position of the methoxyl group
was crucial for the anti-Candida activity (Marques et al., 2019).

Curcumin exhibited low antifungal activity against the strains in the concentrations

assessed. Previous investigations of anti-Candida activity of curcumin used concentrations
higher than those used in this study. Some authors reported MIC values ranging from 100 pg
mL-! to 2000 pg mL-! against planktonic cells of C. albicans (Alalwan et al., 2017; Shahzad et
al., 2014) and 500 ug mL-! to 1000 pg mL! against planktonic cells of C. tropicalis®'.

The strains of C. parapsilosis were not susceptible to DMC in the concentration range

tested. The lack of activity against C. parapsilosis can be related to differential genome and
phenotype when compared to other CTG clade species, including C. tropicalis and C. albicans
(Holland et al., 2014; Iracane et al., 2018; Pryszcz et al., 2013). Several genes present in C.
parapsilosis are absent in the genome of C. albicans like CPAG 00563, CPAG 00817,
CPAG 01781, CPAG_03408, CPAG 03503, CPAG_04790, CPAG 05383 (Nosek et al. 2009).

The intron sizes between C. parapsilosis and other CTG clade species also presents significant

26



differences. C. albicans, C. dubliniensis, and C. tropicalis demonstrate shorter introns (19 to 22
nucleotides) than C. parapsilosis introns (up to 840 nucleotides). This intron size variation may
have implications for gene regulation and alternative mechanisms for regulating the unfolded
protein response in different Candida species(Iracane et al., 2018). Another significant
difference can be observed in the phenotypic screen, including the role of CPH2 in the hypoxic
response of C. parapsilosis, but not in C. albicans. In C. albicans, CPH2 is a regulator of hyphal
growth with no known hypoxic role (Holland ef al., 2014).

Clinically important dermatophyte species such as
E. floccosum, T. mentagrophytes and T. rubrum were susceptible to DMC (MIC 1.9 pg mL™! to
62.5 ng mL"). Few studies described the effect of curcumin against dermatophytes, one study
reported no inhibition against the clinical isolates of E. floccosum, T. mentagrophytes and T.
rubrum dermatophytes (MIC > 10000 ug mL')(Apisariyakul, Vanittanakom ¢ Buddhasukh,
1995). Curcumin associated with photodynamic therapy (420 nm LED) displayed in vitro
antidermatophytic effect against clinical isolates of 7. rubrum (Brasch, Beck-Jendroschek e
Mahn, 2018), with MIC values ranging from 2500 to 5000 ug mL"!.

DMC exhibited fungistatic action against all sensitive Candida and dermatophyte
species, with MFC values exceeding 62.5 pg mL!. Azoles exhibit fungistatic action and
are the largest group of antifungal drugsin current pharmacotherapy. Some
studies highlighted that although fungicidal therapies, such as polyenes (e.g., amphotericin B),
demonstrate higher initial cure rates and reduced microbial persistence compared to fungistatic
therapies, they also demonstrated a risk of renal toxicity. This nephrotoxicity has been linked
to increased mortality, longer hospital stays, and higher healthcare costs(Kumar et al., 2018).
Therefore, for certain systemic mycoses, the use of amphotericin B has been replaced by
triazoles due to its toxicity(Ali Malayeri, Rezaei e Raiesi, 2018). DMC demonstrated MIC

values that were either lower or similar to fluconazole for clinically important fungal species.
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Its effectiveness against fluconazole-resistant strains indicated DMC could be a viable
alternative or complementary treatment. While MIC values of DMC were higher than those of
amphotericin B, the clinical use of this polyene is often limited due to its severe side effects. In
summary, the low MIC values displayed by DMC and its effectiveness against azole-resistant

strains encouraged us to select it for detailed antifungal and toxicity investigations.

Checkerboard assay

The synergetic effects of DMC with antifungal drugs (fluconazole and terbinafine) were
evaluated by checkerboard assay and expressed as FICI values (Table 3). The DMC-
fluconazole combination against Candida species and the DMC-terbinafine against 7. rubrum
demonstrated FICI values of 0.7 and 1.5, respectively, indicating an indifferent combination.
However, a synergistic association was established between DMC and terbinafine (FICI = 0.3)
against 7. mentagrophytes and E. floccosum. The combination of antifungal agents to combat
dermatomycosis has numerous advantages over conventional monotherapy. In particular, the
combinations of drugs can delay or prevent the development of resistance by fast action of
dermatophyte population, which has slower growth than yeasts. Other traditional advantages of
association between antifungal compounds include the action in new antifungal molecular
targets as well as the reduction of toxicity (Spitzer, Robbins e Wright, 2017). In this context,
the synergistic combination between DMC and terbinafine can have promising therapeutic

relevance.
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Table 3. Antifungal effect of the combination between 3,3’-dimethoxycurcumin (DMC) and

terbinafine (TER) or fluconazole (FCZ) against Candida and dermatophyte species.

MIC (ug mL™")
FICI Type of
Strains Combination ~ | one Combined
combination
bDMC d bDMC d FIClgme + FICy
Ca ATCC 90028 DMC + FCZ 31.2 1 0.5 1 1 Indifferent
Cal DMC + FCZ 31.2 0.5 312 0.2 15 Indifferent
Ca2 DMC + FCZ 31.2 0.2 156 0.2 15 Indifferent
Ca3 DMC + FCZ 31.2 0.2 7.8 01 0.7 Indifferent
Ck ATCC 40147 DMC + FCZ 31.2 32 3.9 16 0.6 Indifferent
Ck1 DMC + FCZ 31.2 32 7.8 16 0.7 Indifferent
Ck2 DMC + FCZ 31.2 16 3.9 16 1.1 Indifferent
Ck3 DMC + FCZ 31.2 32 31.2 16 15 Indifferent
Ct ATCC 13803 DMC + FCZ 31.2 2 7.8 1 0.7 Indifferent
Ef2 DMC + TER 2.9 0.06 0.06 0.01 03 Synergistic
Tm2 DMC + TER 31.2 0.12 05 0.03 0.3 Synergistic
Tr CBS 118892 DMC + TER 3.9 0.2 1 0.12 0.7 Indifferent
Trl DMC + TER 1.9 0.03 1.9 003 1 Indifferent

Ca = C. albicans; Ck = C. krusei; Cp = C. parapsilosis; Ct = C. tropicalis; Ef= E. floccosum; Mc= M. canis; Tm=
T. mentagrophytes; Tr= T. rubrum; DMC = 3,3’-dimethoxycurcumin; d = drug; FCZ = fluconazole; TER =

terbinafine.
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Inhibitory activity of yeast-hyphae transition assay

Candida species possess an arsenal of virulence factors. Among these, biofilm formation is a
relevant barrier to antifungal therapy. In this context, the yeast-to-hyphae transition is a
prerequisite for biofilm development by Candida species (Ramage et al., 2002) . The transition
from planktonic to filamentous cells and its ability to form biofilms are essential virulence
strategies of Candida species, allowing their adhesion, colonization, and destruction of host
tissues (Chen ef al., 2020). Therefore, inhibiting yeast-hyphal transition is a way to reduce
invasive processes.

In order to investigate the impact of DMC on Candida hyphal formation, the
morphological changes of C. albicans ATCC 90028 were microscopically analyzed. The
percentages of single, budding, and developing hyphae cells after the treatment with fluconazole
and DMC are presented in Figure 1. The data indicated a significant reduction in hyphal
development when cells were treated with DMC at sub-MIC (15.6 pg mL-!"), with a mean
difference of 5.612, representing 80% reduction compared to untreated cells, where hyphal
development was 7%. In contrast, fluconazole exhibited a mean difference of 2.536,
representing a reduction of approximately 30%, which was not statistical significant from the
non-treated cells. A similar reduction of yeast-to-hyphae transition was observed in another
study using curcumin analogs, which also inhibited biofilm formation, highlighting the potential

of curcumin and its analogs to overcome biofilm-related drug resistance (Dong et al., 2021).
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Figure 1. Effect of 3,3’-dimethoxycurcumin and fluconazole on single (A), budding (B) and
developing hyphae cells (C) of C. albicans ATCC 90028. Non-treated cells (C, pink bar); 3,3°-
dimethoxycurcumin (DMC, red bar); fluconazole (FLU, green bar). Cell percentages are
referenced to the total cell population (single, budding and developing hyphae cells) in an
image, which was set to 100%. Data represents means = SD of three independent experiments.
Statistical analysis was performed by one-way ANOVA and Turkey’s test using GraphPad
Prism software. Groups with different lowercase letters (a and b) were significantly different
(»<0-05). (D) Images taken of C. albicans: (i) Control (cells non-treated with DMC or
fluconazole); (ii) cells after treatment with a sub-inhibitory concentration of DMC (15.6 pg mL-

1); (iii) cells after treatment with a sub-inhibitory concentration of fluconazole (0.25 ug mL-").
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Ergosterol binding and sorbitol protection assays

In order to evaluate the action of DMC on the fungal membrane and cell wall, we performed
ergosterol binding and sorbitol protection assays, respectively. Values of MIC were determined
in the presence and absence of ergosterol or sorbitol (Table 4).

The ergosterol binding assay indicated that MIC values of DMC were increased from
31.2 pg mL! (absence of ergosterol) to 250 pg mL™! (presence of ergosterol), evidencing its
ability to interact with exogenous ergosterol and reducing its interaction with membrane
ergosterol of C. albicans, C. krusei and C. tropicalis. Amphotericin B was used as a positive
control due to its ability to complex ergosterol in fungal membranes (Ciesielski et al., 2016).
The MIC value for amphotericin B increased 16 and 32 times in the presence of exogenous

ergosterol.

Table 4. MIC values (in pg mL™") of 3,3’-dimethoxycurcumin (DMC) and antifungal drugs in

the absence and presence of ergosterol or sorbitol against Candida species.

Absence of Presence of Absence of Presence of
ergosterol sorbitol sorbitol
ergosterol
Ca Cck Ct Ca Ck Ct Ca Ck Ct Ca Ck Ct
DMC 31.2 15.6 31.2 250 125 250 31.2 15.6 31.2 31.2 15.6 31.2
AMB 05 05 05 16.0 16.0 8.0 - - - - - - -
CPF 05 02 0.2 15.6 15.6 7.8

Ca = C. albicans MIA2876; Ck = C. krusei ATCC 6258; Ct = C. tropicalis ATCC 750; DMC =
3,3 dimethoxycurcumin; AMB = amphotericin B; CPF = caspofungin; — = not tested.
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The sorbitol protection assay aimed to establish the MIC in growth conditions in the

presence and absence of sorbitol, a known fungal osmotic protector(Frost et al., 1995). MIC
values of DMC were not changed in the presence of sorbitol, indicating no action on the cell
wall of Candida species. Caspofungin was used as a positive control due to its mechanism of
action on cell walls(Hao et al., 2013). MIC values of caspofungin were enhanced 31, 78 and 39
times in the presence of sorbitol for C. albicans, C. krusei and C. tropicalis, respectively.

Our study indicated that DMC might target the Candida membranes, complexing

ergosterol. Despite slight structural differences between DMC and curcumin, both compounds
might have similar modes of action. It was reported that curcumin is inducing changes in

membrane potential and disruption of the C. albicans membrane(Lee e Lee, 2014).
Toxicity against Galleria mellonella assay

In vivo toxicity of DMC was performed against G. mellonella larvae. After treatment with the
vehicle control (DMSO 10%) and DMC (125 pg mL-"), larval survival was 100% over five
days. After 24 h of intra-haemocoelic administration, DMSO 100% solution was able to cause
100% larval lethality. G. mellonella has been used as a consolidated model to test the toxicity
of compounds and antifungal efficacy (Jemel et al., 2020). In many instances, a significant
correlation between larval models and mammalian models has been reached (Harding et al.,
2013). Moreover, G. mellonella has advantages compared to conventional mammal models,

including rapidity and low costs during experimentation (Bokhari ef al., 2017).

Limitations and propose avenues for future research

This study marks a significant step in understanding the antifungal properties of curcumin
analogs, particularly DMC, against a range of dermatophytes and Candida species. While the
findings are promising, it is important to recognize its limitations and identify areas for further

research. The differential susceptibility of fungal species to DMC, as observed
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with C. parapsilosis, highlights the necessity for more in-depth studies into species-
specific responses and resistance mechanisms. Additionally, the in vitro nature of the study,
though pivotal for initial screening, paves the way for in vivo investigations to fully assess
the therapeutic potential and safety in more complex biological systems. Future studies
focusing on the mechanisms of action, especially in the context of drug resistance, will deepen
our understanding and guide the development of more effective antifungal strategies. Overall,
this research lays a strong foundation for future work, opening new avenues in the fight

against fungal infections.

Conclusions

In brief, we have systematically evaluated curcumin and ten analogs against a panel of
dermatophyte and Candida species. DMC was the most potent compound, with the broadest
spectrum of action, including azole-resistant strains. Its synergistic effects with terbinafine,
coupled with the ability to impede ergosterol interactions and inhibit hyphal development in
Candida species, underscore its potential as a treatment for dermatomycosis. The absence of
toxicity in G. mellonella larvae in our studies reinforces DMC's potential for safe therapeutic
application. These results significantly contribute to the field of antifungal research, offering
new insights and avenues for developing more effective treatments for widespread fungal

infections, potentially altering the landscape of current antifungal treatment strategies.
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Abstract

Infections caused by Candida species have considerably increased in recent decades. However,
the antifungal agents for the treatment of candidiasis are restricted to a few classes of drugs,
which have some therapeutic limitations, including high toxicity, reduced efficacy and
resistance development. This perspective encouraged us to design, synthesize and evaluate a
series of 24 diarylideneacetones inspired by the structure and bioactivity of curcumin, a natural
product with recognized antifungal activity. Structure-activity relationship derived from series
I and II suggested hydroxyl groups had a key role in the fungitoxicity. Among antifungal
compounds, 3-hydroxy-dibenzylideneacetone was the most active against Candida species,
with Minimum Inhibitory Concentration (MIC) ranging from 7.8 to 31.2 uM. Candida albicans
and Candida krusei were more susceptible to 3-hydroxy-dibenzylideneacetone than
fluconazole, which was wused as a reference anti-Candida drug. 3-Hydroxy-
dibenzylideneacetone at sub-MIC was able to reduce C. albicans adhesion onto human gingival
fibroblasts and human epidermal keratinocytes. 3-Hydroxy-dibenzylideneacetone inhibited C.
albicans biofilm formation and biofilm maturation when tested at respective MIC and 10 x
MIC. Combinations of 3-hydroxy-dibenzylideneacetone and amphotericin B or fluconazole
showed synergistic effects against C. albicans, with Fractional Inhibitory Concentration Index
(FICI) values of 0.5 and 0.2, respectively. Studies on the fungitoxicity of 3-hydroxy-
dibenzylideneacetone indicated a dual action, targeting both the membrane and cell wall of C.
albicans, thereby compromising cellular integrity. Finally, 3-hydroxy-dibenzylideneacetone
was more stable than curcumin in phosphate buffer and demonstrated low acute toxicity against
Galleria mellonella larvae. These findings open new avenues for studying diarylideneacetones

as anti-Candida prototypes inspired by the structure and bioactivity of curcumin.
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Introduction

Incidence of human fungal infections has considerably increased in the last decades. Various
factors have led to this escalation, including an increase in invasive surgical procedures and
immunocompromised individuals, as well as the indiscriminate use of antifungal drugs
(Stamatiades et al., 2018). Among human fungal pathogens, the species of Candida are most
frequently related to severe infections, mainly Candida albicans (Naglik, Richardson e Moyes,
2014). Nevertheless, candidiasis caused by non-albicans Candida species, such as Candida
tropicalis, Candida glabrata, Candida parapsilosis and Candida krusei, has resurged in recent
years (Kotaczkowska e Kotaczkowski, 2016). Candida pathogenicity is mediated by several
virulence factors, including adherence and biofilm formation on host tissues and abiotic
surfaces, including medical devices (Staniszewska, 2020). The treatment against candidiasis is
mainly restricted to some antifungal drug classes, including azoles, polyenes and echinocandins
(Bellmann e Smuszkiewicz, 2017). In this context, some factors have limited the conventional
antifungal therapy, including the low efficacy related to resistance and the high toxicity caused
by systemic administrations (Fisher et al., 2018).

Curcumin (1) is a phytochemical with a broad spectrum of pharmacological activities,
highlighting its antifungal activity against Candida species (Khan et al., 2012; Lao et al., 2006;
Neelofar et al., 2011). In vivo investigations revealed that the application of a vaginal cream
containing curcumin was able to reduce the infection of C. albicans in rats after six
days(Fernandes et al., 2018). Moreover, curcumin inhibits virulence factors of Candida species,
including adhesion (Alalwan ef al., 2017), biofilm (Dovigo et al., 2011) and yeast-to-hyphae
transition(Sharma et al., 2010) Although curcumin possesses in vitro and in vivo anti-Candida
activities, some factors may hinder its clinical use, such as its poor chemical and metabolic
stabilities (Nelson et al., 2017). Studies have correlated these limitations with the presence of

the B-diketone subunit, which is susceptible to aldo-keto reductases at physiological pH (Heger
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et al., 2014; Rosemond et al., 2004). These chemical-biological barriers can be overcome by
substituting the B-diketone with a monoketone group (Shetty et al., 2014). In our previous
investigations, we successfully designed open and cyclic monoketone analogs of curcumin by
molecular simplification, which were more stable and active than curcumin, highlighting
compounds with antibacterial (2) (Morao ef al., 2019) and antiproliferative activities (3)(Lima

etal., 2018; Silva et al., 2018) (Figure 1).
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Figure 1. Structure of curcumin (1) and its bioactive monoketone analogs (2 and 3).

As part of our continuing studies on monocarbonyl analogs of curcumin, we explored
a series of 24 diarylideneacetones and their effects against five Candida species. The most
active compound, 3-hydroxy-dibenzylideneacetone (17), was selected for detailed bioassays,
including its effect against clinical isolated Candida species in combination with fluconazole
and amphotericin B. Additionally, we investigated the anti-adhesion and antibiofilm activities
as well as preliminary mode of action. In addition, compound 17 was evaluated on chemical

stability at physiological pH and in vivo toxicity against Galleria mellonella.
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Material and methods

Design

Our works on antibacterial and antiproliferative monocarbonyl compounds (2 and 3, see Figure
1) encouraged us to investigate other monocarbonyl analogs focused on combating Candida
species. Herein, we designed two series of compounds belonging to diarylideneacetone class.
In series I, we explored the relevance of the number and position of hydroxyl and methoxyl
groups, which are substituents of the curcumin benzene rings. In series 1I, we used the most
active compound of series I, compound 17, as a template and evaluated the influence of electron
density on its ring B. Two sets of diarylideneacetones of series II were designed, (i) analogs
with phenyl ring B substituted by electron-withdrawing groups and electron-donating groups

and (ii) heteroaryl as ring B (Figure 2).

+ Effect of number and position series |
of OH and OMe groups on (0]
ring A
T
Unsubstituted
phenyl ring B
Ring A substituted series Il
by meta-hydroxyl group o :
onring A

Phenyl substituted
by EWG and EDG and .
heteroaryl asring B .

___________________________________________________

Figure 2. Design of monoketone analogs (diarylideneacetones) of series I and II. EWG =

electron-withdrawing groups; EDG = electron-donating groups.
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Synthesis
Materials and instruments

All reagents and solvents were purchased from Merck® (Kenilworth, USA). Reactions were
monitored using thin-layer chromatography (with fluorescent indicator at 254 nm, Supelco®).
Preparative thin-layer chromatography plates of silica-gel with fluorescent indicator at 254 nm
(1000 pm, 20 x 20 cm, Analtech®) were used for the purification of compounds. Silica-gel
(230—400 mesh, Supelco®) and LH-20 (Sephadex®) (Merck, Kenilworth, USA) were used for
column chromatography separations. Melting points were determined in Tecnopon® PFM-IIV
apparatus (MS Tecnopon Instrumentagdo, Piracicaba, Brazil). Nuclear Magnetic Resonance
spectra ("H and '*C NMR) were carried out on Bruker Avance III ® spectrometer 14.1 T (600
MHz) (Bruker, Billerica, USA), using CDCls or DMSO-ds as solvents and tetramethylsilane
and residual non-deuterated solvents (CHCl3 and DMSO) were used as internal standards.
Chemical shifts (d) and coupling constants (J) were expressed in ppm and Hz, respectively.

Multiplicities were reported as singlets (s), doublets (d) and doublet of doublets (dd).
Curcumin (1) and its monoketone analog (2)

Curcumin was purchased from Merck (Kenilworth, USA). Compound 2 was synthesized, by a
reaction between acetone and vanillin, and characterized according to our previous work

(Morao et al., 2019).

Synthesis of compounds 4—17

Compounds 4-17 were synthesized in two steps as outlined below, following the methods

established in our previous work (Pereira et al., 2021).
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Synthesis of benzylideneacetone intermediate

A solution of benzoic aldehyde (80 mmol) in acetone (150 mL) was cooled in an ice bath for
15 min. Acetonic solution of sodium hydroxide (10 mL, 0.5 M) was added and the reaction
medium was stirred at room temperature for 3 h. Reaction medium was poured onto crushed
ice from deionized water. Crude product was submitted to liquid-liquid extraction with ethyl
acetate (4 x 40 mL) and combined organic phases were concentrated under reduced pressure.

Benzylideneacetone intermediate was recrystallized in ethanol.

Synthesis of dibenzylideneacetones 4—17

To a solution of benzylideneacetone intermediate (5.2 mmol) in ethanol (10 mL), the
benzaldehyde derivative corresponding to the curcuminoids 4—17 substitutes (5.0 mmol) was
added (see Table 1 for curcuminoids 4-17 substitutes). Catalytic amounts of sulfuric acid were
added to the reaction medium and the solution was stirred at room temperature for 48-72 h.
Reaction medium was poured onto crushed ice from deionized water to harvest the crude
product. Soluble crude product was partitioned with ethyl acetate (3 x 25 mL) and the combined
organic phases were concentrated under reduced pressure. Crude products were purified by

chromatography column over silica-gel, using mixtures of hexane and ethyl acetate (9:1).

Synthesis of compounds 18-20

Compounds 18-20 were synthesized in four steps as outlined below, including the synthesis of

benzylideneacetone intermediate previously described.

Protection of hydroxyl groups

A suspension of K2CO3 (50 mmol) in dry acetone (25 mL) was cooled in an ice bath for 10
min. The ortho-hydroxybenzaldehyde derivative (5 mmol) corresponding to the curcuminoids

18-20 substitutes (Table 1) and methoxymethyl chloride (20 mmol) were added. The reaction
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mixture was stirred at room temperature for 1 h under N2 atmosphere. The suspension was
diluted with deionized water (25 mL) and the crude product extracted with ethyl acetate (3 %
25 mL). The combined organic layer was concentrated under reduced pressure. Crude products
were purified by column chromatography over silica gel using hexane and ethyl acetate as

eluents.

Aldol condensation

A solution of respective ortho-methoxymethyl-benzaldehyde (2 mmol) and benzylideneacetone
intermediate (2.2 mmol) in ethanol (7 mL) was cooled in an ice bath for 10 min. 1 mL of NaOH
in ethanol (1 M) was added dropwise to the reaction mixture and stirred at room temperature
for 8 h under a N2 atmosphere. Reaction medium was poured onto crushed ice from deionized
water to harvest the crude product. Soluble crude product obtained was partitioned with ethyl
acetate (3 x 15 mL), and the combined organic phases were concentrated under reduced
pressure. Crude products were purified by column chromatography over silica gel using

mixtures of hexane and ethyl acetate as eluents.

Deprotection of hydroxyl groups and synthesis of compounds 18-20

A solution of respective methoxymethyl-dibenzylideneacetone (1 mmol) in ethanol (5 mL) and
33% HCI (0.3 mL) was stirred at room temperature for 48 h under N2 atmosphere. Reaction
medium was poured onto crushed ice from deionized water. The mixture obtained from the
reaction crude product was partitioned with ethyl acetate (3 x 15 mL), and the combined organic
phases were concentrated under reduced pressure. The obtained compounds (18-20) were
purified by preparative thin-layer chromatography on a silica-gel plate using hexane and ethyl

acetate (9:1), 0.01% ethanol, and 0.01% acetic acid as eluents.
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Synthesis of analogs 21-27

Compounds 21-27 were synthesized in two steps as described below, following the methods

established in our previous work (Polaquini et al., 2019).

Synthesis of 3-hydroxybenzylideneacetone intermediate

A solution of 3-hydroxybenzaldehyde (4 mmol) and acetone (1.5 mmol) in ethanol (5 mL) was
cooled in an ice bath for 10 min. Catalytic amounts of sulfuric acid dissolved in ethanol (5 mL)
were dropwise added to the reaction mixture. The solution was stirred at room temperature for
24 h. Reaction mixture was poured onto crushed ice from deionized water. The crude product
was submitted to liquid-liquid extraction with ethyl acetate (3 x 15 mL) and combined organic
phases were concentrated under reduced pressure. 3-hydroxybenzylideneacetone intermediate
was purified by column chromatography over silica gel using a mixture of hexane and ethyl

acetate (3:2) as eluent.

Synthesis of diarylideneacetones 21-27

A solution of 3-hydroxybenzylideneacetone intermediate (1 mmol) and benzaldehyde
derivative or heteroarylcarbaldehyde (1.5 mmol) corresponding to the curcuminoids 21-27
substitutes (Table 1) in ethanol (5 mL) was cooled in an ice bath for 10 min. Catalytic amounts
of sulfuric acid solubilized in ethanol (5 mL) was added dropwise to the reaction mixture. The
solution was stirred at room temperature for 1048 h. Reaction mixture was poured onto
crushed ice from deionized water. The crude product was partitioned with ethyl acetate (3 x 15
mL) and combined phases were concentrated under reduced pressure. Compounds 21-27 were

purified by gel permeation column chromatography (LH-20) using ethanol as eluent.
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Anti-Candida assay

Five strains from American Type Culture Collection (ATCC) were used, including Candida
albicans ATCC 90028, Candida tropicalis ATCC 750, Candida glabrata ATCC 90030,
Candida parapsilosis ATCC 22019 and Candida krusei ATCC 6258. Ten clinical Candida
isolates were used; C. albicans 6293, C. albicans 6326, C. tropicalis 6477, C. tropicalis 6559,
C. glabrata 5136, C. glabrata 5361, C. parapsilosis 6175, C. parapsilosis 6186, C. krusei 6473
and C. krusei 6347. All clinical isolates were obtained from the collection of Laboratory of
Mycology, Department of Dermatological, Infectious and Parasitic Diseases, Sdo Jos¢ do Rio
Preto Medical School, Sao José do Rio Preto, Brazil(Pattini ef al., 2024). Minimum inhibitory
concentration (MIC) and minimum fungicidal concentration (MFC) values of 250 to 1.9 uM
were determined by the microdilution method according to Clinical & Laboratory Standards
Institute (CLSI) protocols. Minor modifications in this protocol and its detailed procedures
were reported in our previous works (Pattini et al., 2024; Sardi et al., 2016). Briefly, the
designed compounds were prepared in DMSO and tested in concentrations ranging from 250
to 1.9uM in 10% DMSO and RPMI 1640 medium buffered with MOPS (4-
morpholinepropanesulfonic acid, pH 7.0) and 2% glucose. Each aliquot of 100 pL
microdilutions in a 96-well microtiter plates was inoculated with 100 pL of standardized fungal
suspensions at the concentration of 1 x 10° cells mL-!. Amphotericin B and fluconazole were
used as standard antifungal drugs and tested in concentrations ranging from 125 to 0.2 uM in
10% DMSO and the same medium as described above. Three independent assays were
performed. MIC value was visually determined as the lowest concentration of the compound
that did not produce turbidity. MFC value was defined as the lowest concentration of a
compound that allowed no visible growth on solid media. The most active compound, 3-

hydroxy-dibenzylideneacetone (17), was selected for further studies described below.
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Anti-adhesion assay

Effects of 3-hydroxy-dibenzylideneacetone (17) against the adhesion of C. albicans ATCC
90028 onto human cells was evaluated as previously published (Nani et al, 2020; Sardi,
Polaquini, ef al., 2017), with minor modifications. Briefly, cell cultures of human epidermal
keratinocytes (HaCaT cell line) and human gingival fibroblasts (HGF-1 cell line) were obtained
from the Cell Bank of Rio de Janeiro (Brazil). The cells were cultivated in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (Gibco), penicillin (100 units mL"
1, streptomycin (100 pg mL"), and l-glutamine (200 mM) at 37 °C in a 5% CO2. HaCat and
HGF-1 cells were seeded in a 24-well plates (10° cells well!). After the formation of
monolayers in the wells, the supernatant was discarded and 500 pL of C. albicans ATCC 90028
was added to the wells (103 cells well™!) in the absence (negative control) or presence of 3-
hydroxy-dibenzylideneacetone at sub-inhibitory concentrations (0.25 MIC = 7.8 uM) to
maintain the viability of human and fungal cells. The plates were incubated at 37 °C in 5% CO2
for 2 or 3 h. After incubation, the supernatant containing keratinocytes, fibroblasts and non-
adherent yeast cells was discarded. Adherent cells were washed 3 times with sterile phosphate
buffered saline (PBS) and then trypsinized. An aliquot of 100 pL of the suspended cells were
plated for CFU measurement onto sabouraud dextrose agar (SDA) and incubated at 37 °C in
5% COz for 24 h. Yeast adhesion to keratocytes and fibroblasts were determined in relation to
the total number of adherent cells in the untreated control group (negative control). The assays
were carried out in triplicates with three independent experiments with separately cultured

yeast.

Antibiofilm efficacy of 3-hydroxy-dibenzylideneacetone

The effect of 3-hydroxy-dibenzylideneacetone (17) on biofilm formation and on 24 h biofilms

of C. albicans ATCC 90028 were evaluated as previously described (Sardi et al., 2017a).
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Briefly, an aliquot of 100 puL C. albicans suspension (108 CFU mL™") in yeast nitrogen base
medium (YNB) was added to 96-well plates. The plates were incubated at 37 °C for 2 h to allow
C. albicans adhesion. The supernatant was removed, and the wells were washed with PBS in
order to remove non-adherent cells. The biofilm in formation was treated with 3-hydroxy-
dibenzylideneacetone (17) at MIC and 10 x MIC (31.2 uM and 312 uM, respectively) in YNB
for 24 h at 37 °C. After 24 h, the supernatants were removed, and the biofilms were washed
with PBS in order to remove non-adherent cells. The remaining biofilm was homogenized,
serially diluted, and plated on SDA. The plates were incubated at 37 °C for 24 h and colonies
were counted. The assays were carried out in triplicate with separately grown biofilms.
Untreated biofilm was used as a negative control. Amphotericin B at MIC and 10 x MIC, a
standard antifungal drug, was used as a positive control.

In order to evaluate the effects of 3-hydroxy-dibenzylideneacetone against 24 h
biofilms of C. albicans, an aliquot of 100 pL C. albicans suspension (102 CFU mL-!") in YNB
was added to the wells of 96-well plates. The plates were incubated at 37 °C for 24 h to allow
biofilm formation. The supernatant was removed, and the biofilms were washed with PBS to
remove non-adherent cells. The biofilms were exposed to 3-hydroxy-dibenzylideneacetone (17)
at MIC and 10 x MIC (31.2 puM and 312 pM, respectively) in YNB for 24 h at 37 °C. After
that, the supernatants were removed, and the biofilms were washed in order to remove non-
adherent cells. The biofilm was homogenized, serially diluted, and plated on SDA. The plates
were incubated at 37 °C for 24 h and colonies were counted. The assays were carried out in
triplicates of three independently grown biofilms. Untreated biofilm was used as a negative

control and amphotericin B was used as a positive control.

Ergosterol binding and sorbitol protection assays

In order to evaluate the effect of 3-hydroxy-dibenzylideneacetone (17) on C. albicans

membrane ergosterol and cell wall, the ergosterol binding and sorbitol protection assays,
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respectively were investigated. MIC values of 3-hydroxy-dibenzylideneacetone (17) against C.
albicans ATCC 90028 in the presence and absence of ergosterol (100 uM) or sorbitol (0.8 uM)
were determined by the microdilution technique, as previously described(Sardi et al., 2017a).
Briefly, an aliquot of 100 pL. RPMI-1640 medium was added to 96-well plates and 3-hydroxy-
dibenzylideneacetone was serially diluted at a ratio of two. In order to obtain concentrations
ranging between 250 and 1.9 uM. Amphotericin B and caspofungin were used as standard
antifungal drugs and tested at the concentrations ranging between 62.5 and 0.03 uM. Three
independent assays were performed. The MIC values were visually determined as the lowest
concentration of 3-hydroxy-dibenzylideneacetone (17) that did not produce any visual turbidity

in the wells.

Checkerboard assay

The synergistic efficacy of 3-hydroxy-dibenzylideneacetone (17) combined with amphotericin
B or fluconazole against C. albicans ATCC 90028 were determined as described
previously(Sardi ef al., 2016). Briefly, antifungal drugs and 3-hydroxy-dibenzylideneacetone
were serially diluted two-fold along the X and Y axes of a 96-well plate, respectively. The final
concentrations ranged from 125—-0.1 uM for fluconazole and amphotericin B and from 125-1.9
uM for 3-hydroxy-dibenzylideneacetone. Checkerboard assay was used to calculate the
Fractional Inhibitory Concentration Index (FICI) values, which were used to classify the effects
of the combinations as synergistic (FICI < 0.5), additive (0.5 > FICI > 1), indifferent (1 > FICI
> 4) or antagonistic (FICI > 4). The FICI values were calculated and interpreted using the

indication of Doern(Doern, 2014).

Acute toxicity assay

Systemic toxicity of 3-hydroxy-dibenzylideneacetone (17) against Galleria mellonella was

determined according to our previous work(Garcia ef al., 2021). Briefly, ten larvae (weighing
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0.2—0.3 g) were selected for each group. The larvae were chilled on ice for 20 min, and 10 pL
of 3-hydroxy-dibenzylideneacetone (2.0, 1.5,1.0, 0.5 and 0.25 mg mL-") was injected into the
hemocoel of each larva via the last left proleg using a 25 pL syringe. All groups were incubated
at 37 °C, and their survival was monitored for up to 96 h. The larvae showing high myelinization
and absence of movements upon touch were counted as dead. The toxicity was performed in
three independent assays. Larvae groups injected with 12.5% DMSO which was used as the

solvent or 0.9% saline were used as negative controls.

Chemical stability assay

The chemical stability of 3-hydroxy-dibenzylideneacetone (17) (at Amax 362 nm) and curcumin
(at Amax 426 nm) were analyzed by monitoring their UV—vis absorptions in phosphate buffer
(pH 7.4) at 37 °C according to our previous work(Polaquini ef al., 2019). Compounds were
solubilized in DMSO and evaluated at 35 uM. The spectra were run against blanks containing

buffer solution and DMSO.
Results and discussion

Design and synthesis

We designed two series of diarylideneacetones inspired by substitution of B-diketone moiety of
curcumin by a monoketone group. Compounds 4-17 (series 1) and 21-27 (series II) were
synthesized by concise synthetic routes, with 22—74% and 23-42% overall yields, respectively
(Figure 3).

For the synthesis of dibenzylideneacetones ortho-substituted by the hydroxyl group of
series I (18-20), we used four steps, including methoxymethyl group (MOM) protection and
deprotection reactions (Figure 4). Ortho-hydroxyl and carbonyl groups establish a keto-

phenolic tautomerism, which was a barrier to aldol condensation reactions, requiring protection
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and an alternative synthetic route. Dibenzylideneacetones 1820 were obtained with overall
yields ranging from 10 to 21% (Figure 4).

The structures of all analyzed compounds were conclusively verified through melting
point assessments and detailed analyses of 'H and '*C NMR spectra, as detailed in the
supplementary material (Figures S1-S24). NMR parameters, including chemical shifts (9),
coupling constants (J) and multiplicities, consistently matched those anticipated for the
designed structures. . The 'H NMR spectra displayed the pairs of methynic hydrogens a/o’ and
B/B’, which resonated as doublets and indicated the formation of two double carbon-carbon
bonds. These doublets presented coupling constants ranging from 15 to 16 Hz, confirming their
trans configuration. For compounds previously documented in the literature, NMR data were
successfully cross-referenced with existing reports (Dai et al., 2015; Deck et al., 2018; Shen et
al., 2015; Weber et al., 2005; Yamakoshi ef al., 2010; Zhou et al., 2018). Diarylideneacetones

6,10, 12-14, 19, 20, 22-27 were identified as new compounds (SciFinder ®).

Series |

Series Il

OO e
B
a, 84% c, 36-50%

Ar =phenyl and heteroaryl

Figure 3. Synthesis of diarylideneacetones of series I and series II. Reagents and conditions:
(a) NaOH and room temperature; (b) H2SO4, ethanol and room temperature (¢c) NaOH, ethanol

and room temperature. The percentages below the arrows are the yields of the product.
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Figure 4. Synthesis of dibenzylideneacetones 18-20. Reagents and conditions: (a)
methoxymethyl group, K2COs3, dry acetone, N2 atmosphere and room temperature; (b) NaOH,
ethanol, N2 atmosphere and room temperature (¢) HCl, ethanol, N2 atmosphere and room

temperature. The percentages below the arrows are the yields of the product.

Anti-Candida activity

Anti-Candida activity of curcumin and the designed analogs were firstly evaluated against five
Candida species. The antifungal potency of the compounds was expressed as Minimum
Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC) values in uM

(Table 1).
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Table 1. Anti-Candida activity determined by the MIC and MFC of curcumin (1), monoketone

analog of curcumin (2) and its diarylideneacetone analogs divided in series I (4-20) and series
IT (21-27) expressed as MIC and MFC values in pM.

0o o o) CT o
o o = HO
-0 AN ~ ~ - N % O~ X N
R—-_ | ) *
HO 1 OH HO 2 OH Series | Series |l

Ror Ca Ct Cg Cp Ck

Cpd. Ar MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC
1 - >250  >250 >250 >250 >250 >250 >250 >250 >250 >250
2 - 95.7 192 95.7 192 95.7 192 95.7 192 957 192
4 3-OMe, 4-OH 27.8 557 278 557 2738 55.7 111 223 278 557
5 H >250  >250 >250 >250 133 133 >250 >250 133 >250
6 3-OH, 4-OMe 111 223 55.7 111 111 223 55.7 111 27.8 557
7 2-OMe >250  >250 >250 >250 >250 >250 >250 >250 >250 >250
8 3-OMe 237 237 118 237 >250 >250 >250 >250 118 237
9 4-OMe >250  >250 237 237 >250 >250 >250 >250 237 >250
10 2,3-diOMe 212 212 106 212 >250 >250 >250 >250 106 212
11 2,4-diOMe >250  >250 >250 >250 >250 >250 >250 >250 >250 >250
12 2,5-diOMe >250  >250 >250 >250 >250 >250 >250 >250 >250 >250
13 3,4-diOMe >250  >250 106 212 >250 >250 >250 >250 >250 >250
14 2,4,5-triOMe >250  >250 >250 >250 >250 >250 >250 >250 >250 >250
15 3,4,5-triOMe 193 193 >250 >250 >250 >250 >250 >250 193 193
16 4-OH 62.3 62.3 125 250 312 623 62.3 125 312 623
17 3-OH 31.2 62.3 31.2 62.3 7.8 156 312 623 156 312
18 2-OH 62.3 62.3 62.3 125 156 312 623 125 623 623
19 2,3-diOH 58.6 58.6 117 235 29.3 29.3 117 117 586 117
20 2,5-diOH 117 235 235 235 58.6 58.6 235 235 117 235
21 3-hydroxyphenyl 58.6 117 146 293 58.6 58.6  58.6 117 7.1 14.6
22 4-methylphenyl 29.5 59.1 29.5 29.5 54.9 54.9 110 110 59.1  59.1
23 4-chlorophenyl 110 220 >250 >250 @ 237 237 237 237 110 220
24 3,4-dichlorophenyl ~ >250  >250 >250 >250 >250 >250 >250 >250 >250 >250
25 2-furyl 64.9 649 649 64.9 250 250 250 250 16.2 162
26 3-pyridyl 62.1 62.1 15.5 155 621 62.1 62.1 124 31.1 62.1
27 4-pyridyl 62.1 124 31.1 62.1 62.1 62.1 15.5 31.1 311 621
FCZ - 52.2 - 6.5 - 6.5 - 32 - 104 -
AMP B - 0.5 - 0.5 - 0.5 - 0.3 - 0.5 -

AIC = Minimum Inhibitory Concentration; MFC = Minimum Fungicidal Concentration; Ca = C. albicans ATCC 90028; Ct =

~. tropicalis ATCC 750; Cg = C. glabrata ATCC 90030; Cp = C. parapsilosis ATCC 22019; Ck = C. krusei ATCC 6258; FCZ
: fluconazole; AMP B = amphotericin B; — not determined.
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Curcumin (1) showed MIC values > 250 uM against all Candida species. Previous
studies found MIC values of curcumin ranging from 678 to 1357 uM against C. albicans
(ATCC10261 and 44829), C. tropicalis (ATCC 750) and C. glabrata (ATCC 90030) (Neelofar
et al., 2011). However, in this work, curcumin was not evaluated in concentrations higher than
250 puM due to low solubility in the culture medium, which could lead to inaccurate
measurements of MIC and MFC values.

The antifungal effect of replacing the B-diketone subunit by a monoketone group was
investigated. The MIC of the monoketone analog of curcumin (2) was lower than of curcumin,
96 uM versus 250 uM respectively, indicating that the molecular simplification improved the
fungitoxicity.

Comparisons between the MIC values of compounds 2 and 4 (an unsymmetrical
dibenzylideneacetone with unsubstituted benzene ring B), indicated the relevance of the
number of methoxyl and hydroxyl substituents for bioactivity. Compound 4 (MIC = 27.8 uM)
demonstrated higher activity against C. albicans, C. tropicalis, C. glabrata and C. krusei when
compared to 2 (MIC = 95.7 uM) suggesting that the removal of the second pair of meta-OMe
and para-OH substituents on the aromatic ring B improved the antifungal activity. As part of
simplification of the molecule, compound 5 (a dibenzylideneacetone with unsubstituted
benzene rings A and B) was evaluated. Compound 5 (MIC > 133 uM) was less potent than 4
(27.8 uM <MIC < 111 uM), suggesting that completely removing the methoxyl and hydroxyl
substituents decreased the anti-Candida activity. Inversion of OH and OMe substitutions, in the
meta and para positions, were also investigated comparing the anti-Candida activity of
compounds 4 and 6. The activity of compound 6 against C. albicans, C. tropicalis and C.
glabrata were lower than compound 4. However, it demonstrated comparable efficacy to

compound 4 against C. parapsilosis and C. krusei, suggesting that the inversion of OH and
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OMe positions might play a less critical role in the compound’s antifungal effectiveness against
certain Candida species.

Methoxyl and hydroxyl groups displayed a central role on antifungal activity, two sets
of methoxyl-dibenzylideneacetones (7-15) and hydroxy-dibenzylideneacetones (16-20) of
series | were tested. Dibenzylideneacetones mono-(7-9), di-(10-13) and trisubstituted (13—15)
by methoxyl groups were weakly active. However, dibenzylideneacetones mono-(16—18) and
disubstituted (18-20) by hydroxyl groups showed a higher activity. The comparison between
the two sets of compounds indicated that hydroxyl was more relevant to fungitoxicity than the
methoxyl group. Monohydroxylated compounds (7.8 pM < MIC < 62.3 uM) showed higher
potency than dihydroxylated compounds (29.3 uM < MIC < 235 uM), indicating the number
of hydroxyl groups interfered with the bioactivity. Among these analogs, 3-hydroxy-
dibenzylideneacetone (17) was the most active of series I (7.8 uM < MIC < 31.2 uM) and
selected to design the series II, exhibiting higher effect against C. albicans than fluconazole.

In series II, we assessed the relevance of electronic density on ring B (see Figure 2)
for the anti-Candida activity. The compounds substituted by electron-donating groups, 21
(meta-OH) and 22 (para-Me), exhibited fungitoxicity against C. albicans, with MIC values of
58.6 uM and 29.5 uM, respectively. On the other hand, compounds mono- and disubstituted by
chlorine (an electron-withdrawing groups), 23 (para-Cl) and 24 (meta, para-diCl) were weakly
active. The comparison of bioactivity presented by 21-24 suggested that an electron-rich ring
B supported fungitoxicity. Also, we evaluated heteroaryl of the benzene ring, which displays
six m-electrons and may mimic its resonating system. Compounds 25 (2-furyl), 26 (3-pyridyl)
and 27 (4-pyridyl) were active against all Candida species. These compounds 23-25 were
recognized as ring bioisosters of 3-hydroxy-dibenzylideneacetone (17) which increases anti-

Candida activity.
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The fungistatic or fungicidal action of compounds was calculated by the ratio of the
MFC and MIC values. Fungicidal agents exhibit MFC/MIC ratio values <4(Sardi et al., 2017a).
All antifungal compounds presented MFC/MIC ratios of 1 and 2, indicating they are fungicidal
agents against Candida species. Among these, 3-hydroxy-dibenzylideneacetone (17) displayed
the lowest MFC values (15.6 uM <MFC <62.3 uM) and was selected for assays using clinical
isolates. The effects of 3-hydroxy-dibenzylideneacetone against a panel of 10 clinical Candida
isolates from three anatomic regions, nails (n = 7), genital tract (n =2) and skin (n =1), were
expressed as MIC values (Table 2). In contrast to action against reference ATCC strains, 3-
hydroxy-dibenzylideneacetone was weakly active against clinical isolates, with MIC values

ranging from 62.5 to 250 uM (Table 2).

Table 2. Anti-Candida activity of 3-hydroxy-dibenzylideneacetone, fluconazole and

amphotericin B against clinical isolates expressed as MIC values in uM

Clinical isolate Origin 17 FCZ AMPB
Ca 6293 genital tract 250 3.9 -
Ca 6326 nail >250 7.8 -
Ct 6477 nail 125 250 -
Ct 6459 skin 125 7.8 -
Cg 5136 genital tract  >250 125 -
Cg 5371 nail 62.5 625 -
Cp 6175 nail 125 15.6 -
Cp 6186 nail >250 7.8 -
Ck 6473 nail >250 - 0.5
Ck 6347 nail >250 - 1.0

MIC = minimum inhibitory concentration; Ca = C. albicans; Ct = C. tropicalis;, Cg = C. glabrata; Cp = C.
parapsilosis; Ck = C. krusei; 17 = 3-hydroxy-dibenzylideneacetone; FCZ = fluconazole; AMP B = amphotericin
B; — not tested.

58



Effects of compound 17 on C. albicans adhesion to human cells lines

Fungal adhesion onto host cells is the first step in the development of infectious
processes(Lipke, 2018). This step is mediated by specific mechanisms, such as the fungal
adhesins interacting with receptors on host cells, and non-specific mechanisms, such as
Candida cell surface hydrophobicity (Hofs, Mogavero e Hube, 2016; Muadcheingka e
Tantivitayakul, 2015). Inhibition of Candida adhesion may be an efficient strategy to reduce its
infection(Oliveira, de et al., 2016). Therefore, the effect of 3-hydroxy-dibenzylideneacetone
(17) at 0.25 MIC on the adhesion of C. albicans onto HaCaT and HGF-1 cells was investigated.
Exposing the C. albicans for 2 h to 3-hydroxy-dibenzylideneacetone inhibited adhesion onto
HaCaT (Figure 5A) and HGF-1 cells (Figure 5B) when compared to the negative control
unexposed C. albicans. Inhibitory effects of 3-hydroxy-dibenzylideneacetone on keratinocytes
and fibroblasts were similar, suggesting that the human cell type did not affect its anti-adhesion
activity (Figure 5). Others reported no differences in the C. albicans adhesion to human gingival
fibroblast and epithelial cells after exposure to nisin Z(Akerey et al., 2009). It was also reported
that exposure time of Candida species was not relevant to the effects of an ethanol extract of
propolis on the C. albicans, C. tropicalis, C. parapsilosis, C. krusei and C. glabrata adhesion

to HaCaT cells (Nani et al., 2020).
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Figure 5. Effects (mean + SD) of 3-hydroxy-dibenzylideneacetone (17) on the C. albicans
ATCC 90028 adhesion onto (A) human keratinocyte cells (HaCaT) and (B) human gingival
fibroblast cells (HGF-1). NC = negative control (untreated C. albicans). Letters a and b
indicated statistical difference between treatments (p < 0.05; ANOVA with Tukey’s post hoc
test).

Evaluation of compound 17 on C. albicans biofilms

The ability to form biofilms on biotic and abiotic surfaces is a crucial step of Candida main
virulence factor of Candida infections(Nobile e Johnson, 2015). C. albicans biofilm formation
has various steps, including initial adhesion (0—2 h), germination, micro-colony formation,
filamentation, monolayer development, proliferation (2—24 h) and biofilm maturation (24—48
h)(Gulati e Nobile, 2016). 3-Hydroxy-dibenzylideneacetone and amphotericin B were
evaluated for their ability to inhibit biofilm formation and maturation (Figure 6). 3-Hydroxy-
dibenzylideneacetone at MIC and 10 x MIC inhibited the C. albicans biofilm formation when
compared to biofilms exposed to PBS (negative control). The inhibitory effects of 3-hydroxy-
dibenzylideneacetone on the biofilm formation were very similar to the amphotericin B effects
(Figure 6A). 3-Hydroxy-dibenzylideneacetone at MIC and 10 x MIC values reduced the

biofilm maturation when a 24 h biofilm was exposed for 24 h to the inhibitory compounds
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compared to the negative control. However, its inhibitory effects on the C. albicans 24 h biofilm
were weaker than the amphotericin B effects (Figure 6B).

It has been reported that a mixture of curcumin-piperine presented antibiofilm effect
at values ranging from 64—1024 ug mL'and 256-2048 pg mL! for minimum biofilm inhibitory
concentration and minimum eradicating concentration, respectively(Tsopmene et al., 2024). In
another study, a curcumin-sophorolipid nanocomplex was able to inhibit C. albicans adhesion,
biofilm development and filamentation at sub-inhibitory concentration(Rajasekar et al., 2021).
On the other hand, there are no reports on the effect of curcumin analogs against Candida
biofilms, which were only exploited as antibiofilm agents against bacterial species, including
Staphylococcus aureus, Streptococcus mutans, Enterococcus faecalis, Lactobacillus casei,
Actinomyces israelii and Fusarium nucleatum (Pereira et al., 2021; Sanches et al., 2019; Santos

etal.,2021; Sardi et al., 2017b).
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Figure 6. (A) Effects of 3-hydroxy-dibenzylideneacetone on 24 h biofilm formation (B) and
exposing 24 h biofilms to 3-hydroxy-dibenzylideneacetone. Different letters above the bars
denote statistical differences when compared to each other. Data compared to negative control

(unexposed biofilm) where P < 0.05 — One-way ANOVA with Tukey’s Post hoc test.
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Ergosterol binding and sorbitol protection assays

In order to investigate the action of 3-hydroxy-dibenzylideneacetone on fungal membrane and
cell wall, ergosterol binding and sorbitol protection assays, respectively were investigated.
Values of MIC were determined in the presence and absence of ergosterol or sorbitol (Table 3).
Adding ergosterol revealed that MIC values of 3-hydroxy-dibenzylideneacetone were enhanced
from 31.2 uM (absence of ergosterol) to 125 uM (presence of ergosterol), evidencing its ability
to interact with exogenous ergosterol and reducing its interaction with membrane ergosterol.
Amphotericin B was used as a positive control due to its ability to complex with ergosterol,
causing membrane disruption (Ciesielski ez al., 2016). Its MIC value was increased by 62 times
by exogenous ergosterol.

Adding sorbitol showed that MIC values of 3-hydroxy-dibenzylideneacetone changed
from 31.2 uM to 250 uM, indicating its action on the cell wall of C. albicans. Sorbitol is an
osmotic protector which stabilizes fungal cells with a damaged cell wall. In this context,
disruptors of fungal cell walls have their potency reduced in the presence of sorbitol (Frost et
al., 1995; Leite et al., 2014). Caspofungin was used as positive control and its MIC values
ranged from 0.05 to 1.8 in the presence of sorbitol. Altogether, our data indicated a dual effect
of 3-hydroxy-dibenzylideneacetone on C. albicans, targeting the membrane and the cell wall.
In spite of structural differences between 3-hydroxy-dibenzylideneacetone and curcumin, both
compounds act at the same targets. The action of curcumin on C. albicans cytoplasmic
membrane, including its ability to induce changes in membrane potential and disruption was
described previously (Lee e Lee, 2014). The disruptor activity of curcumin on the cell wall of

C. albicans 1s targeting the calcineurin signaling pathway (Kumar et al., 2014).
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Table 3. MIC values (in uM) of 3-hydroxy-dibenzylideneacetone and antifungal drugs in the

absence and presence of ergosterol or sorbitol against C. albicans ATCC 90028.

Compound Ergosterol Sorbitol
Absence Presence Absence Presence
17 31.2 125 31.2 250
amphotericin B* 0.5 31.2 - -
caspofungin® - - 0.05 1.8

— not determined; * positive controls.

Checkerboard assay

The treatment against fungal infections using drug combination may enhance its efficacy,
mitigate the adverse effect of antifungals and reduce the emergence of resistant strains(Sun,
Zhang e Li, 2012). The effects of 3-hydroxy-dibenzylideneacetone against C. albicans in
combination with amphotericin B (a polyene) and fluconazole (an azole). Combinations of 3-
hydroxy-dibenzylideneacetone with amphotericin B and fluconazole displayed synergistic
effects with FICI values of 0.5 and 0.2, respectively. The synergic combinations might be
related to the mechanism of action of 3-hydroxy-dibenzylideneacetone. As amphotericin B and
fluconazole cause direct and indirect fungal membrane damage, respectively, the action of 3-
hydroxy-dibenzylideneacetone against this target resulted in a potentiated effect against C.

albicans (Bongomin et al., 2018; Nakagawa et al., 2016; Sagatova et al., 2015).
Acute toxicity assay

Galleria mellonella has been used as an alternative animal model in order to assess the in vivo
toxicity of antifungal agents(Kavanagh e Sheehan, 2018). 3-Hydroxy-dibenzylideneacetone
was injected into the larvae in doses ranging from 12.5 to 100 mg kg'!. Larvae survival
percentage was monitored up to 96 h (Figure 7). Larvae groups treated with saline (negative

control) or DMSO (vehicle control) showed 100% and 90% survival, respectively. The
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administration of 3-hydroxy-dibenzylideneacetone at doses 25 mg kg™! and 50 mg kg™! resulted
in > 60% survival. However, G. mellonella groups treated with 3-hydroxy-
dibenzylideneacetone at doses 75 mg kg™! and 100 mg kg showed < 50% survival. From these
results, the 3-hydroxy-dibenzylideneacetone dose required in order to kill 50% of the larvae
(LDso) was estimated to be 75 mg kg™! (or 300 pmol kg™ after 96 h of treatment(Merigo ef al.,
2017). G. mellonella larvae treated with curcumin showed 80% survival at 2.85 pmol kg™! after
96 h(Merigo et al., 2017). 3-Hydroxy-dibenzylideneacetone at 12.5 mg kg™! (50 pmol kg™!), the
lowest dose assessed in our study, showed 100% survival after 96 h. The comparison between
larvae survival percentage values suggested that 3-hydroxy-dibenzylideneacetone was less
toxic than curcumin, which is recognized as safe for humans in high doses (12 g day')(James

etal.,2015; Lao et al., 2006).
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Figure 7. Acute toxicity of 3-hydroxy-dibenzylideneacetone against G. mellonella. Larvae

groups treated with 0.9% saline (NC) and 12.5% DMSO (VC) were used as negative control.

Chemical stability assay

The poor stability of curcumin under physiological conditions is a central obstacle to its clinical

use(Nelson ef al., 2017). In order to assess the ability of 3-hydroxy-dibenzylideneacetone to
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overcome this limitation, we investigated its stability at pH 7.4 and 37 °C by monitoring the
decrease in UV—vis absorption for 24 h (Figure 8). The initial concentrations of 3-hydroxy-
dibenzylideneacetone and curcumin were reduced by 17% and 55%, respectively. This
comparison suggested that 3-hydroxy-dibenzylideneacetone was more stable than curcumin,
demonstrating that the replacement of the pB-diketone with a monoketone group improved the

chemical stability.
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Figure 8. Chemical stability of 3-hydroxy-dibenzylideneacetone (17) and curcumin at pH 7.4
and 37 °C by monitoring the decrease in their maximum absorbance for 24 h. Data were

represented as means = SEMs and expressed as percentages.

Conclusion

We designed, synthesized and tested a series of 24 diarylideneacetones against Candida
species. Structure-activity relationship suggested the hydroxyl group plays a key role on the
fungitoxicity. 3-Hydroxybenzilideneacetone (17) was the most active compound and was
selected for additional biological and chemical assays. The adhesion of C. albicans onto human
keratinocytes and gingival fibroblasts was reduced by sub-MIC concentration of 3-hydroxy-
dibenzylideneacetone. In addition, 3-hydroxy-dibenzylideneacetone had an inhibitory effect

against C. albicans biofilm formation and biofilm maturation. The anti-Candida activity of 3-
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hydroxy-dibenzylideneacetone is related to a dual mode of action, including effects on the
fungal membrane and cell wall. The combinations of 3-hydroxy-dibenzylideneacetone and
amphotericin B or fluconazole exhibited synergistic effects against C. albicans, which can be
explained by the effect of 3-hydroxy-dibenzylideneacetone disrupting the cell membrane.
Acute toxicity using G. mellonella as an animal model indicated a low percentage of larval
mortality. Moreover, preliminary investigations of chemical stability indicated that 3-hydroxy-
dibenzylideneacetone is more stable than curcumin at pH 7.4 and 37 °C. Our results
demonstrated that the replacement of the B-diketone by a monoketone group improved anti-
Candida activity and chemical stability, corroborating the potential of diarylideneacetones as
good substitutes for curcumin. Finally, 3-hydroxy-dibenzylideneacetone can be considered
useful as an antifungal prototype, adjuvant to fluconazole and amphotericin B against Candida

infections.
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Figure S24. Compound 27: (1E,4E)-1-(3-hydroxyphenyl)-5-(pyridin-4-yl)penta-1,4-dien-3-
one. a) '"H NMR spectrum at 600 MHz. b) *C NMR spectrum at 150 MHz.
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Abstract

Biofilms can be life-threatening in Candida albicans infections associated with medical
devices. This study aimed to evaluate the effectiveness of 2-hydroxy-dibenzylideneacetone, a
monocarbonyl curcuminoid as an antibiofilm coating against C. albicans. Polystyrene and
glass were used to study the influence of a curcuminoid coating on surface hydrophobicity and
biofilm formation. Coated and uncoated surfaces were characterized using FTIR and water
contact angle measurements to evaluate the coating. FTIR analysis indicated successful coating
on both surfaces. AFM data showed that the curcuminoid coating on polystyrene decreased the
adhesion strength of C. albicans, while the coating on glass did not significantly alter the
adhesion strength. Although, the curcuminoid coating inhibited C. albicans adhesion by 66%
under flow conditions on glass. The curcuminoid coating decreased the hyphal growth 86% on
polystyrene and 65% on glass surfaces. Additionally, biofilm formation was reduced by 48%
on coated polystyrene surfaces, but was similar for coated and uncoated glass. Gene expression
revealed downregulation of adhesion and biofilm-related genes (HWPI1, ALS3, ALS5) during
the different stages of biofilm formation. Exposure of a 48 h biofilm to curcuminoid showed a
decrease in the metabolic activity of the biofilm. This study underscores the potential of a
curcuminoid coating to prevent C. albicans adhesion, hinder biofilm formation, and reduce
metabolic activity of mature biofilms, highlighting its potential use as an antifouling coating

against Candida-associated infections.
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Introduction

Biofilms are life-threatening in medical-related infections, particularly when associated with
medical devices, such as intravascular and urinary catheters, dental implants, and orthopedic
implants (Srivastava, Chandra e Kumar, 2019). Once attached to the surfaces, these microbial
clusters induce metabolic, phenotypic, and genotypic alterations, leading to increased microbial
resistance to antimicrobial agents when compared to planktonic cells (Singh, Gaur e Maurya,
2019). Candida albicans emerges as the most frequent opportunistic fungus among nosocomial
infections, accounting for 15% of sepsis and 40% of bloodstream infections in clinical settings,
being one of the most prevalent causative agents of bloodstream infections associated with
vascular devices in hospital settings (Magill et al., 2014; Pfaller e Diekema, 2007). Hence, the
elimination of biofilms presents a challenge within the medical field.

Currently, studies are focused on exploring surface modifications to create antifouling
materials for medical devices and implants by an antimicrobial coating or an antimicrobial
releasing coating to prevent or disrupt the adhesion of microorganisms and inhibit biofilm
formation on medical devices and implants (Abreu et al., 2013; Campoccia, Montanaro e
Arciola, 2013). Antifungal agents such as amphotericin B (Alves et al., 2019), fluconazole
(Naderi et al., 2020), and caspofungin (Lamont-Friedrich et al., 2021) have demonstrated
promising outcomes. However, their persistent application on surfaces can contribute to the
selection and emergence of novel resistant strains. Consequently, innovative strategies are
being explored to develop antimicrobial biomaterials that do not rely on antibiotic release
(Afewerki et al., 2020).

Curcumin has shown promising potential as an antimicrobial product to coat materials
with applications, from the food industry (Manohar ef al., 2015) to the healthcare sector, in
wound-dressings (Gaydhane, Kanuganti e Sharma, 2020) and coatings on medical devices, such

as surgical sutures which showed faster healing and less inflammation of the wound in a mouse
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model (Sunitha S ef al., 2017). Multilayer curcumin-loaded coatings have exhibited sustained
release and strong antibacterial effects, confirming their suitability for orthopedic implants
(Virk et al., 2019). Additionally, a coating mixture of curcumin, chlorhexidine, and silver has
proven effective for urinary catheters, demonstrating prevention and inhibition of bacterial
colonization, along with lubricious properties (Modak S. M. et al., 2019). However, problems
associated with stability of curcumin under physiological conditions prevent its clinical use
(Nelson et al., 2017). The B-diketone moiety replacement in the curcumin by a monocarbonyl
has overcome this limitation and improved its bioactivities.(Shetty ef al., 2014) The antifungal
effect of monocarbonyl curcumin analogs have been little explored. Only a few papers describe
their antifungal activity, in which they only searched a preliminary susceptibility assay against
planktonic yeast cells (Nagargoje et al., 2020a; Nagargoje et al., 2020b)

Understanding the mechanisms of action of monocarbonyl curcuminoids as antifungal
agents and exploring their potential as a coating on materials can lead to innovative approaches
in combating Candida biofilm-associated infections. According to former literature, there are
no investigations focused on coating surfaces with monocarbonyl curcumin analogs. Therefore,
here it is investigated if monocarbonyl curcuminoids can be used as a coating on the surface in
order to avoid biofilm formation.

Material and methods

Curcumin and monocarbonyl curcuminoids

Curcumin and all reagents and solvents were purchased from Merck (Kenilworth, USA). The
synthesis of monoketone curcuminoids A—G (Table 1) was performed using the procedures
described by Polaquini ef al.(Polaquini et al., 2024, 2021). The structures of the compounds

were confirmed by 'H and '3C NMR spectral data analyses (Figures S1-S7).
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Table 1. Structures of curcuminoids A—G

Monocarbonyl curcuminoid R3 References
3,5-dimethoxy-4-hydroxy-dibenzylideneacetone A H OCH; OH OCH3 This paper
) ) Polaquini et al., 2020;
3-methoxy-4-hydroxy- dibenzylideneacetone B H OCHs; OH H
Weber et al., 2005.
3-hydroxy-4-methoxy- dibenzylideneacetone C H OH OCH3 H Polaquini et al., 2024
Dai et al., 2015;
2-hydroxy- dibenzylideneacetone D OH H H H
Shen et al., 2015
Polaquini et al., 2020
Polaquini et al., 2024;
3-hydroxy- dibenzylideneacetone E H OH H H
Dai et al., 2015;
Shen et al., 2015
Polaquini et al., 2020;
4-hydroxy- dibenzylideneacetone F H H OH H
Zhou et al., 2018
2,5-dihydroxy- dibenzylideneacetone G OH H H OH Polaquini et al., 2024

Fungal strains, harvesting, and culture conditions
Reference strains, including C. albicans ATCC 10231, Candida krusei ATCC 40147, Candida
auris CBS 1913 and clinical isolates of systemic infection of Candida spp. from the collection
of the Laboratory of Mycology, Department of Dermatological, Infectious, and Parasitic
Diseases, Sao José do Rio Preto Medical School (FAMERP), Sdo José do Rio Preto, Brazil,
were used for the susceptibility tests. The strains were grown on Sabouraud Dextrose Agar
(Difco Laboratories, Detroit, MI, USA) and yeast colonies from the agar were suspended in
phosphate-buffered saline (PBS, 5 mM K>HPO4, 5 mM KH2PO4 and 0.15 M NaCl, pH 7.0) to
a concentration of 3 x 10°mL"!, as determined in a Biirker-Tiirk counting chamber.

To prepare yeast suspensions for the adhesion and atomic force microscopy

experiments, one colony from the agar plate was transferred into a 10 mL yeast nitrogen base
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(YNB, Difco Laboratories, Detroit, MI, USA) and grown for 24 h at 30 °C. This pre-culture
was inoculated in 190 mL YNB (1:20) and the main culture was grown for 16 h at 30 °C. Yeast
was harvested by centrifugation for 5 min at 4000 % g and resuspended in 10 mL PBS, this was
repeated three times to remove all traces of growth medium. Finally, yeast was resuspended in

PBS to a concentration of 3 x 10 mL™, as determined in a Biirker-Tiirk counting chamber.

Susceptibility assay to determine the most active curcuminoids

To select the most active curcuminoid, the susceptibility profile of Candida spp. against the
curcuminoids was measured by determining the Minimum Inhibitory Concentrations (MIC)
and Minimum Fungicidal Concentrations (MFC), according to the Clinical Laboratory
Standard Institute (CLSI) document M27-A3,(CLSI, 2008) with some minor modifications.
Briefly, the yeast suspension was diluted to 3 x 103> mL-! in RPMI-1640 medium (Rosen Park
Media Institute, Sigma-Aldrich, St. Louis, MO, USA) and 100 pL of the yeast suspension was
added to a 96 wells polystyrene plate containing 100 pL. RPMI-1640 medium with different
concentrations of the curcuminoids (500-7.8 ug mL-"). RPMI-1640 medium was the negative
control and yeasts suspension without curcuminoids was the positive control. The plates were
incubated at 30 °C for 24 h. The MIC value was determined as the lowest concentration with
no visible growth. To determine MFC, an aliquot of 10 uL. from each well without visible
growth was plated on Sabouraud Dextrose Agar and incubated at 30 °C for 24 h. The MFC was
defined as the lowest concentration of the curcuminoid showing no colonies on the agar plates.
The experiment was performed in triplicate with separately cultured yeast. The most active
compound, 2-hydroxy-dibenzylideneacetone (D), was selected for further studies described

below.

Coating surfaces with curcuminoid D
Hydrophobic polystyrene and hydrophilic glass were used as model materials. Sterile 12, 48,

and 96-well polystyrene flat-bottom microtiter plates were purchased from CELLSTAR®
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(Greiner Bio-one, Frickenhausen, Germany), and microscope glass slides from Epredia
(Thermo Scientific, Portsmouth, NH, USA). All glass disks were cleaned by sonication for 5
min in 2% RBS 35 detergent (Omnilabo International BV, The Netherlands), rinsed with tap
water, washed in methanol (Merck, Darmstadt, Germany), and washed with sterile
demineralized water.

The curcuminoid D was diluted at 2 mg mL-' in YNB + DMSO (10%). For coating the
polystyrene wells plates, 100 uL of the curcuminoid solution was added to each well in a 96
wells plate, 400 pL for 48 wells plate, and 800 pL for 12 wells plate. Glass slides (25 x 75 mm)
were exposed to 5 mL of the curcuminoid solution and the smaller glass slides (15 x 15 mm)
to 800 uL of the curcuminoid solution. The glass disks (8 mm in diameter) were exposed to
400 pL of the curcuminoid solution. All surfaces were exposed for 24 h at 25 °C, followed by

thorough washing with PBS buffer to remove unbound curcuminoid.

Surface characterization of curcuminoid coatings

The chemical structure of curcuminoid D coated on polystyrene and glass surfaces was
determined using Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were measured
on an Agilent Cary 600 series FTIR spectrometer (Agilent Technologies, St. Clara, CA, USA).
FTIR spectra were recorded over the wavenumber range of 4000 and 400 cm™! with a resolution
of 4 cm™! and 32 scans were measured and averaged.

Water contact angles were measured to determine the hydrophilicity of the
curcuminoid-coated and uncoated polystyrene and glass slides. Water contact angle
measurements were carried out using the sessile drop technique with ultrapure water. Ultrapure
water droplets of 2 uLL were placed on the surfaces and observed using an Olympus BX-41
microscope objective lens. The images were digitally captured using a 1.4-megapixel CCD
camera and the contact angle was measured with an image analysis software program

(MATLAB, MathWorks, Natick, MA, USA). The reported water contact angles are means of
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five measurements performed on different areas of each sample surface in three separate

experiments.
Evaluation of the antifungal activity of curcuminoid D

The influence of curcuminoid-coating on C. albicans adhesion in a parallel plate flow chamber

The adhesion of C. albicans ATCC 10231 was monitored on uncoated and curcuminoid D
coated glass slides on the bottom plate of a parallel plate flow chamber, as described
previously.(Busscher € Mei, Van Der, 2006) The adhesion of C. albicans (10° cells mL") in
PBS was observed with a phase-contrast microscope (Olympus BH-2) equipped with a 10x
ultra-long working distance objective (Olympus ULWD-CD Plan 40 PL), connected to a CCD-
MXRi camera (Basler A101F, Basler AG, Germany). After 4 h of flowing (share rate of 15 s~
1 the yeast suspension through the flow chamber, images were taken at 10 different locations
on each sample. The yeast suspension was drained to determine the adhesion strength of the
yeasts using an air-liquid interface over the adhering yeast and the flow chamber was filled
again with PBS to take images at 10 different locations. The number of adhering yeasts obtained
on the curcuminoid coating was compared to the uncoated glass.

Image analysis was done using software based on the Matlab Image Processing Toolkit
(The Math Works, MA, USA). Live images were acquired after the summation of 15
consecutive images (time interval 1 s) to enhance the signal-to-noise ratio and to eradicate
flowing yeast from the analysis. The experiments were done in triplicate with separately

cultured yeasts.

Adhesion strength of yeasts on curcuminoid-coated surfaces
The adhesion forces of C. albicans ATCC 10231 on uncoated and curcuminoid D coated
polystyrene and glass were measured using atomic force microscopy, as described

previously.(Carniello ef al., 2020) Before each measurement, cantilevers (Bruker, Billerica,
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MA, USA) were calibrated using the thermal tuning method and spring constants were always
close to the producer’s specification of 0.06 N m'!. The yeast probe was prepared by
immobilizing a yeast cell to a NP-0 tipless cantilever coated with poly-L-lysine (Sigma-
Aldrich, St. Louis, MO, USA) using electrostatic attraction. Yeast probes were used
immediately after the preparation. All adhesion forces were performed in PBS and at room
temperature under a loading force of 5 nN and at three randomly chosen spots on uncoated and
curcuminoid-coated polystyrene and glass. The experiments were performed in duplicate with

separately cultured yeasts.
The influence of curcuminoid-coating on hyphal development of C. albicans

The hyphal development was performed on uncoated and coated polystyrene 12 wells plate and
glass slides (15 % 15 mm). In each well with or without glass slides and with or without a
curcuminoid D coating, 800 uL C. albicans (10* cells mL") in YNB were added and incubated
for 3.5 h with shaking (80 rpm) at 37 °C. After 3.5 h, the hyphal development was analyzed
using an inverted microscope (Rebel, RBLTEW31) equipped with an iPad Pro 2 MP CMOS
color camera. Three pictures of each well were taken in each experiment. The experiment was

performed in triplicate with separately cultured yeasts.
The efficacy of curcuminoid-coating on biofilm formation

The biofilm formation was performed on uncoated and coated polystyrene 48 wells plate and
glass disks (8 mm in diameter). In each well with or without a glass disk and with or without a
curcuminoid coating, 400 uL C. albicans (10° cells mL') in PBS was added and incubated at
37 °C under shaking at 80 rpm for 2 h. After 2 h, the PBS was removed, and 400 pL of
Sabouraud Dextrose Broth was added to the wells. The plate was incubated under the same
conditions for 48 h. The culture medium was refreshed after 24 h. After 48 h, the colony forming

units (CFU) were determined by removing the growth medium, washing the biofilm carefully
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twice with 400 uL. PBS to remove non-attached cells. After washing, the glass disks were
removed from the 48-well plate and transferred to a clean well and 400 pL of PBS was added.
The plate was sealed with parafilm and sonicated for 5 min to detach the biofilm from the
polystyrene and glass disk surfaces. After sonication, the biofilm was suspended using a pipette.
Sequential dilutions were performed and three 10 pL aliquots from each well were plated on
Sabouraud Dextrose Agar and incubated at 30 °C for 24 h, after which the colonies were
counted. The experiment was performed in triplicate with separately cultured yeasts.

In order to evaluate the therapeutic effect of curcuminoid D, 100 pL of C. albicans
(106 cells mL-") in PBS was added in each well of a polystyrene 96 wells plate and incubated at
37 °C under shaking at 80 rpm for 2 h. After 2 h, the PBS was removed, and 100 uL of
Sabouraud Dextrose broth was added to the wells. The plate was incubated under the same
conditions for 48 h and the culture medium was refreshed after 24 h. After 48 h and removal of
the culture medium, curcuminoid D diluted in Sabourand Dextrose broth and 10% DMSO, was
added into the wells with the biofilm at different concentrations (0, 31.2, 62.5, 156, and 312 ug
mL") and incubated under the same conditions for 24 h. All data were expressed relative to
biofilms exposed to only growth medium. After incubation, the growth medium was removed,
and the biofilms were washed with PBS to remove non-adhered cells. The metabolic activity
of the biofilms was determined with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), a yellow dye, which is reduced by cellular enzymes to the blue formazan.
Briefly, 100 uL of MTT solution (1 mg ml'! in PBS) was added to each well of a 96 wells plate
with a biofilm and incubated at 37 °C for 4 h, protected from light. After 4 h, the MTT solution
was removed, and the plates were air dried and 100 pL of 2-propanol was added to dissolve the
MTT-formazan product. 100 pL of the propanol-solubilized product was transferred to a new

96-well plate and the optical density was measured at 570 nm on a microplate reader.
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Confocal laser scanning microscopy (CLSM, Leica) was used to visualize 48 h
biofilms of C. albicans ATCC 10231 grown on curcuminoid coated and uncoated polystyrene
and glass surfaces. After 48 h, biofilms were washed with PBS and stained with the
LIVE/DEAD™ Yeast Viability Kit (Invitrogen, ThermoFisher Scientific, The Netherlands).
The Kit was provided with two stains: FUN-1 and Calcofluor White M2R. Upon excitation,
FUN-1 shows green fluorescent membrane structures and red fluorescent metabolically active
intravacuolar structures, and Calcofluor white stains cell walls blue fluorescent. Staining was
done according to the manufacturer's instructions, after which excess stain was removed by
washing two times with PBS, and biofilms were immersed in 3 mL PBS. CLSM images were
collected using a Leica TCS SP2 CLSM with a 40x water objective using 580 nm excitation
and emission filter settings of 365-510 (blue, cell wall), 510—-560 nm (green, membrane), and
560-610 nm (red, metabolically active intravacuolar structures). Images were taken over the
depth of a biofilm in sequential z-intervals of 2 pm. Subsequently, the stacks of images acquired
were color-coded and quantitatively analyzed using fully open-source and free software

(Fiji/Image)).

Analysis of the influence of curcuminoid-coatings on the gene expression of C. albicans biofilms

The analysis of gene expression was performed under different stages of biofilm formation such
as hyphal development, 2 h and 48 h biofilm in order to evaluate the inference of the
curcuminoid D coating with the genes responsible for adhesion, aggregation, and hyphal
development of C. albicans. The genes analyzed were: ALS! (agglutinin-like sequence 1), ALS3
(agglutinin-like sequence 3), ALS5 (agglutinin-like sequence 5), and HWPI (hyphal cell wall
protein 1) and Actin I was used as the household gene.

The different stages of biofilm formed on coated and uncoated polystyrene surfaces
were suspended in PBS prepared in ultrapure water (DNA/RNA free) and subjected to

centrifugation for 2 min at 12,000 x g and the supernatant was discarded from the pellet. RNA
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was extracted from the yeasts using the Ribopure RNA Purification Kit, Yeast (Invitrogen,
Thermo Fisher Scientific, Groningen, The Netherlands) according to the manufacturer’s
instructions. Traces of genomic DNA were removed using the DNA-free kit (Invitrogen,
Thermo Fisher Scientific, Groningen, The Netherlands). The amount and quality of extracted
RNA was based on the 260/280-nm ratio measured using the NanoDrop ND-1000 (NanoDrop
Technologies LLC, Thermo Fisher Scientific, Wilmington, DE, USA). A mixture of 200 ng
RNA, 4 uL 5 x iScript reaction mixture, and 1 puL iScript reverse transcriptase, in a total volume
of 20 puL (Iscript; Bio-Rad, Hercules, CA), was used for cDNA synthesis according to the
manufacturer’s instructions. Real-time reverse transcription-quantitative PCR (RT-qPCR) was
performed in a 384-well plate (HSP-3905; Bio-Rad Laboratories, Foster City, CA, USA) with
the primer sets for the selected genes (see Table S1 in the supplementary material). The
following thermal conditions were used for all RT-qPCRs: 95 °C for 3 min and 40 cycles of 95
°C for 15 s and 60 °C for 45 s.

The absolute Civalues from all the RT-qPCR assays were used to calculate the
expression ratios of the genes in C. albicans cells formed on curcuminoid coated glass and
polystyrene surfaces compared to uncoated counterparts. The values obtained were normalized
using the household ACT! (encoding beta-actin) gene as a reference. The data were expressed
in relation to the gene expression of the positive control (biofilms formed on uncoated surfaces).

Gene expression was assessed in triplicate experiments with separately grown cultures.

Statistical analysis

Statistical analysis was performed using GraphPad Prism Software (version 8.2 for Windows,
La Jolla, California, USA). Data are the mean of three biologically independent
experiments + standard deviation (SD). Statistically significant differences between the
experimental groups were determined by one-way analysis of variance (ANOVA) or

Student's #-test. A P-value of < 0.05 was considered statistically significant.

107



Results

Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)
of curcuminoids
The anti-Candida activities of curcumin and unsymmetrical monocarbonyl analogs
(Curcuminoids A-G) were evaluated against six Candida strains (Table 2). Out of seven
curcumin analogs, six compounds completely inhibited the growth of at least one Candida
strain at concentrations below 250 ug mL™! (Table 2). The hydroxyl group position was
particularly relevant for fungitoxicity, compounds with hydroxyl groups at the carbons 2' (D)
and 3' (E) exhibited higher anti-Candida activity compared to their regioisomer at carbon 4' (F)
position. This pattern was also observed in methoxylated-hydroxylated curcuminoids, as
curcuminoid C, with hydroxyl at position 3’ and methoxyl at position 4°, which inhibited three
strains. On the other hand, curcuminoid B with methoxyl and hydroxyl at position 3’ and 4°,
respectively, did not inhibit growth of any strain at concentrations below 250 pg mL".
Curcuminoid D had the lowest MIC and MFC values from all curcuminoids
derivatives investigated. Based on these results, curcuminoid D was selected for further

experiments.
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Characterization of the curcuminoids coated surfaces

The chemical structure of curcuminoid D coated on polystyrene and glass surfaces were

determined using Fourier transform infrared (FT-IR) spectroscopy (Figure 1).
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Figure 1. The FTIR spectra of curcuminoid D powder and coatings on polystyrene and glass.

(a) powder mixed in a KBr tablet, (b) uncoated and coated polystyrene, and (c¢) uncoated and

coated glass. The spectrum with the grey line corresponds to the uncoated surfaces and the

orange to the curcuminoid-coated surfaces. The colored regions correspond to special bands in

curcuminoid D.
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The FTIR spectrum of curcuminoid D (Figure 1a) showed a broad band between 3500
3200 cm™! indicative of the O-H stretching (grey band) in the phenol group; the region between
3100-3000 cm™ was attributed to C-H stretching (yellow band) in the aromatic ring; the region
between 1750-1650 cm™ for the conjugated C=O stretching (orange band); between 1600—
1400 cm™ the C=C stretching (red band) of the aromatic ring; between 1300-1200 cm™ the C-
O stretching (green band); and between 900—675 cm™ the C-H bending (blue band) in the
aromatic ring. This FTIR spectrum confirmed the chemical structure of curcuminoid D.

The spectrum of coated and uncoated polystyrene (Figure 1b) demonstrated several
prominent peaks characteristic of the polymer structure, including sharp peaks corresponding
to the aromatic C-H stretching vibrations (3080—3020 cm™), the aliphatic C-H stretching region
(2920-2850 cm™), peaks associated with the aromatic ring C=C bonds (1600 cm™ and 1493
cm™'), aromatic C-H bonds (1452 cm™), bending vibrations of the aliphatic C-H bonds from
the ethyl groups (1375 cm™), and sharp peaks in the region of aromatic C-H out-of-plane
bending (760-690 cm™). The spectrum of coated and uncoated glass exhibited two broad bands
(Figure Ic), the Si-O-Si stretching region (1100—-1000 cm™) and around 800 cm™ the Si-O
stretching, which are the characteristic features of silica-based glass. Additionally, small peaks
present in the coated samples at 1750—1650 cm™ (orange band), at 1600-1400 cm™ (red band),
and 1300-1200 cm™ (green band) indicate the presence of the curcuminoid D coating on both
polystyrene and glass samples.

The wettability of the coated surfaces was determined by measuring the water contact
angles. After 24 h of coating with curcuminoid D, the hydrophilic glass became more
hydrophobic (from 0 to 51 + 11 degrees), while the hydrophobic polystyrene did not change

(from 90 £ 1 to 87 & 3 degrees).
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Adhesion strength of yeasts on curcuminoid-coated surfaces

The adhesion strength of C. albicans on curcuminoid-coated and uncoated polystyrene and
glass surfaces was determined using AFM. The AFM data (Figure 2) indicated that the
curcuminoid D coating on polystyrene caused a significant twofold decrease in the adhesion
force of C. albicans after 2 s in contact with the surface compared with uncoated polystyrene.
The adhesion force on polystyrene, was threefold higher than on glass, but for the curcuminoid

D coated polystyrene and glass the adhesion forces became very similar.
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Figure 2. The effect of curcuminoid D coating on C. albicans ATCC 10231 adhesion strength
on uncoated and curcuminoid-coated polystyrene and glass after 2 s contact. The grey bars are
the uncoated surfaces and the orange curcuminoid-coated surfaces. Data represents means +
SD of three independent experiments. Statistical analysis was performed by one-way ANOVA
and statistical significance differences between yeast adhesion strength on curcuminoid-coated

and uncoated surfaces are indicated with asterisks, ** P <0.01.

C. albicans adhesion on the curcuminoid coated glass in a parallel plate flow chamber

The adhesion of C. albicans on curcuminoid D coated and uncoated glass slides was evaluated
in a parallel plate flow chamber. The cell adhesion on the curcuminoid-coated glass was
reduced by 66% before an air-liquid interface and by 86% after an air-liquid interface when

compared to the control (uncoated glass) (Figure 3).
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Figure 3. The effect of curcuminoid D coating on glass on the adhesion of C. albicans ATCC
10231 in a parallel plate flow chamber before (a, b) and after an air-liquid interface (¢, d). Data
represents means = SD of three independent experiments. Statistical analysis was performed by
Student's t-test and statistical significance between yeast density on curcuminoid-coated and

uncoated surfaces are indicated with asterisks, **** P <(0.0001.

Effect of the curcuminoid D coating on C. albicans hyphal development

Curcuminoid D coating on polystyrene and glass slides inhibited the hyphal development of C.
albicans, reducing hyphal length by 65% and 86%, respectively (Figure 4). Longer hyphae
were observed on polystyrene surfaces than on glass. On polystyrene, the average hyphal length
was 75 um, compared to 27 um on the curcuminoid coated polystyrene and on glass the average

hyphal length was 50 pm, and 7 um on coated glass.
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Figure 4. Effect of curcuminoid D coating on polystyrene (a, b) and glass (¢, d) on the
development of the hyphal length of C. albicans ATCC 10231. Data represents means + SD of
three independent experiments. Statistical analysis was performed by Student's t-test and
statistical significance between hyphal development length on curcuminoid-coated and

uncoated surfaces are indicated with asterisks, *** P <0.001 and **** P <(.0001.

Evaluation of curcuminoid-coating on C. albicans biofilm formation

CLSM images and CFU counting (Figure 5) indicated that curcuminoid D coating on
polystyrene significantly inhibited the 48 h biofilm formation of C. albicans, however, it did
not affect the biofilm formation on glass.

The curcuminoid D coating inhibited the formation of the cell membrane and the cell
wall showing a decrease in green fluorescence by 38% and blue fluorescence by 40% when
compared to the uncoated polystyrene. 3% NaOCl was used as positive control and the
treatment reduced the metabolic activity and the cell membrane by 100%, and the cell wall by
45% when compared to biofilm on uncoated polystyrene (positive control) (Figure 5b).

Furthermore, the curcuminoid D coating on polystyrene resulted in a threefold decrease in
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CFUs of the 48-h biofilm compared to uncoated polystyrene (Figure 5c), while there was no
effect on glass. The CFUs on coated polystyrene and glass became similar.

The metabolic activity of a 48-h old biofilm of C. albicans ATCC 10231 on
polystyrene was exposed to 0 pug mL!, 31.2 ug mL"!, 62.5 ug mL!, 156 pg mL " and 312 ug
mL-!' curcuminoid D in growth medium for 24 h (Figure 6). The viability of the 48 h biofilm
was reduced as the concentration increased. When exposed to 312 ug mL™! (20 x MIC) for 24

h the biofilm viability decreased by 63%.
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Figure 5. (a) Representative CLSM images of 48 h biofilms of C. albicans ATCC 10231 grown
on uncoated and curcuminoid-coated polystyrene and glass. (b) The effect of the curcuminoid-
coating on metabolically active intravacuolar structures (red-fluorescent, FUN-1 (R)), cell

membrane (green-fluorescent, FUN-1 (G)), and cell wall (blue-fluorescent, CWS (B)). NaOCl
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(3%) exposure for 30 s was used as a positive control. (¢) Effect of curcuminoid D coating on
48 h biofilm formation of C. albicans ATCC 10231 expressed by colony forming units (CFU)

per cm?. Data represents means + SD of three independent experiments.
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Figure 6. A 48 h biofilm of C. albicans ATCC 10231 exposed to different concentrations

curcuminoid D evaluated by the metabolic activity using MTT reduction assay.

Total RNA isolation and real time RT-PCR

The results obtained from real-time PCR (Figure 7) suggested that the curcuminoid D
coating on polystyrene downregulated genes associated with biofilm formation of C. albicans.
In the analysis of gene expression under hyphal development conditions, the gene HWPI
(hyphal wall protein 1) was significantly downregulated on coated surfaces, with an 15-fold
reduction compared to uncoated surfaces. During the initial 2 h biofilm formation on
curcuminoid-coated surfaces, the genes from ALS family, responsible for the adhesins, as ALS3
(agglutinin-like sequence 3), ALS5 (agglutinin-like sequence 5) and HWPI were significantly
downregulated by 20-fold, 3-fold and 13-fold, respectively, when compared with uncoated
surfaces. Notably, at the 48 h biofilm, ALS! expression was significantly upregulated on coated
surfaces, showing a 5-fold increase compared to uncoated surfaces. These findings indicate that

the coating significantly inhibits gene expression essential for initial fungal biofilm
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development and adhesion, while potentially enhancing genes involved in later stages of

biofilm maturation.
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Figure 7. Gene expression of C. albicans ATCC 10231 biofilm during different stages of
biofilm formation of C. albicans hyphal development, 2 h and 48 h biofilm on uncoated and
curcuminoid-coated polystyrene. ALSI, ALS3 and ALSS5 genes: agglutinin-like sequence;
HWPI gene: hyphae cell wall protein. All data are represented relative to fold changes
compared to ACTI housekeeping gene. The grey bar corresponds to the uncoated surfaces and

the orange to the curcuminoid-coated surfaces. The standard bar error represents the mean of

three replicates.

Discussion

In this study, we developed and evaluated the use of a monocarbonyl curcuminoid as a coating
to inhibit biofilm formation of C. albicans. Seven monocarbonyl curcuminoids were evaluated
for their anti-Candida activity (see Table 1). Among these compounds, curcuminoid D showed

the most potent anti-Candida activity, exhibiting fungicidal effects against all tested Candida
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species, with MFC values ranging from 15.6 to 125 pg mL™!. The presence of a hydroxyl group
at the 2' position significantly enhanced its anti-Candida activity, exceeding other structural
modifications and curcumin (Table 2). Previous studies reported MIC values for curcumin
ranging from 100 to 2000 pg mL! against planktonic C. albicans (Alalwan et al., 2017;
Shahzad et al., 2014).

Adhesion force measurements demonstrated that curcuminoid D coatings on
polystyrene surfaces significantly reduced C. albicans adhesion force compared to uncoated
surfaces, whereas glass surfaces showed no significant difference in adhesion force (Figure 2).
Since the AFM results on both glass and polystyrene-coated surfaces were equivalent, the
hydrophobicity of the surface did not influence the properties of the coating. Both coated
surfaces showed a significant reduction of C. albicans adhesion on glass (Figure 3).

A critical pathogenic mechanism in C. albicans biofilm formation is its ability to
switch from yeast-form to filamentous-form cells. Curcuminoid D effectively inhibited this
morphological transition on both glass and polystyrene surfaces as shown in Figure 4. These
results were further supported by gene expression analysis for hyphal development conditions,
which showed significant downregulation of the HWPI gene on coated surfaces (Figure 7). The
HWPI gene regulates the adhesion stage and is uniquely expressed on the hyphal surface, being
hyphal-specific adhesion (Nobile et al., 2006). It is known that the HWPI gene is critical for
adhesion and it is the first C. albicans cell surface protein required for biofilm formation in vivo
(Nobile et al., 2006).

The combined results demonstrated that the coating effectively impeded hyphal
development, adhesion, and a reduction in biofilm formation (Atriwal et al., 2021). Gene
expression analysis further supported these findings, showing the downregulation of ALS3 and
ALSS5 genes, which are crucial for adhesion and biofilm development, during the initial 2 h of

biofilm formation on coated surfaces. As part of the ALS family, the ALS5 gene also encodes
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adhesins, which possess amyloid properties and enhance aggregation. It was found that the
expression of ALS5 increases cell aggregation, implying that cell-cell contact promotes amyloid
formation on the cell surface (Garcia et al., 2011). Interestingly, at the 48 h biofilm stage, ALS1
expression was upregulated, possibly as a compensatory response to the initial inhibitory effects
of the coating (Figure 7). Probably the adhesion-force-induced gene expression extends into
the biofilm through quorum sensing over a height limit above the substratum surface. Beyond
this limit, autoinducer concentrations drop below the threshold required to invoke a response.
These calling distances over microorganisms can communicate through quorum sensing have
been reported in other studies with bacteria (Wang et al., 2019).

Overall, our results demonstrate that curcuminoid D effectively impeded fungal
adhesion, hyphal development, biofilm formation and additionally it reduces the metabolic
activity of mature biofilms (Figure 6). Although curcumin was not tested as a coating in this
study, studies have shown that curcumin is not chemically stable as it can degrade in less than
24 h under various conditions. In one study, curcumin degradation reached 60% in 1 h and over
90% in 4 h when exposed to light in phosphate buffer (pH = 7.2) (Appendino et al., 2022).
Incubating curcumin with proteins, such as in the presence of serum or cultured cells, increases
the half-life time of curcumin, although this increase is limited to 1—2 h (Schneider ez al., 2015).
Given the disadvantages of curcumin, curcuminoid D presents a promising alternative for
coating applications, offering enhanced stability and efficacy. This study underscores the
potential of monocarbonyl curcuminoids as antimicrobial coatings to prevent biofilm
formation, contributing to the development of novel biofilm control strategies in clinical

settings.
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Conclusion

This study highlighted the potential of monocarbonyl curcuminoids as antimicrobial coatings.
Curcuminoid D (2-hydroxy-dibenzylideneacetone) demonstrated potent anti-Candida activity,
effectively inhibiting fungal adhesion, hyphal development, and biofilm formation on
polystyrene surfaces. Gene expression analysis confirmed downregulation of the key adhesion
and biofilm-related genes. Although its efficacy on glass was limited over 48 h, the coating still
reduced adhesion and hyphal development in a shorter time period. These findings evidenced
the role of monocarbonyl curcuminoids as multifaceted coatings for controlling device-

associated infections and biofilm formation in clinical settings.
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Figure S1. NMR spectra of Curcuminoid A (1E,4E)-1-(4-hydroxy-3,5-dimethoxyphenyl)-5-
phenylpenta-1,4-dien-3-one dissolved in CDCls. a) '"H NMR spectrum at 600 MHz. b) 13C
NMR spectrum at 150 MHz.
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Figure S2. NMR spectra

T
55

of Curcuminoid B (1E,4FE)-1-(4-hydroxy-3-methoxyphenyl)-5-

phenylpenta-1,4-dien-3-one (Polaquini et al., 2021; Weber et al., 2005) dissolved in CDCls. a)
'H, NMR spectrum at 600 MHz. b) '*C NMR spectrum at 150 MHz.
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Figure S3. NMR spectra of Curcuminoid C (1£.4E)-1-(3-hydroxy-4-methoxyphenyl)-5-
phenylpenta-1,4-dien-3-one(Polaquini et al., 2024) dissolved in CDCl3. a) '"H NMR spectrum
at 600 MHz. b) '*C NMR spectrum at 150 MHz.
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Figure S5. NMR spectra of Curcuminoid E (1E,4E)-1-(3-hydroxyphenyl)-5-phenylpenta-1,4-
dien-3-one 2-5 disolved in CDCl3.a) '"H NMR spectrum at 600 MHz. b) '*C NMR spectrum at
150 MHz.
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Figure S6. NMR spectra of Curcuminoid F (1E,4E)-1-(4-hydroxyphenyl)-5-phenylpenta-1,4-
dien-3-one (Polaquini et al., 2021; Zhou et al., 2018) dissolved in DMSO-ds. a) "H NMR at 600
MHz. b) 3C NMR spectrum at 150 MHz.
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Figure S7. NMR spectra of Curcuminoid G (1E,4E)-1-(2,5-dihydroxyphenyl)-5-phenylpenta-
1,4-dien-3-one (Polaquini et al., 2024) dissolved in DMSO-ds. a) '"H NMR at 600 MHz. b) 13C
NMR spectrum at 150 MHz.
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Table S1. Sequences of Primers for Genes

Code Gene name Primer Primer sequence (5°>3’) References
Forward TTC TCA TGA ATC AGC ATC CAC AA
Agglutinin-like Wartenberg
ALST sequence 1 etal.2018

Reverse CAG AAT TTT CAC CCATACTTG GTT TC

Forward AAT GGT CCT TAT GAA TCA CCATCT ACT A

Agglutinin-like Wartenberg
ALS3 sequence 3 etal.2018
Reverse GAG TTT TCA TCC ATA CTT GATTTC ACA T
Forward CTG CCG GTT ATC GTC CATTTA
Agglutinin-like Wartenberg
ALSS sequence 5 etal.2018
ATT GAT ACT GGT TAT TAT CTG AGG GAG
Reverse
AAA
Hyohal wall protein Forward ATCAGCTCCTGCCACTGAAC Green, Zhao
HWPI yp wl P e Hoyer,
2005
Reverse TGAGTGGAACTGATTCTAATGTAGTTG
Forward TCAGACCAGCTGATTTAGGTTTG Green, Zhao
ACTI1 Actin 1 e Hoyer,
Reverse GTGAACAATGGATGGACCAG 2005
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5. GENERAL DISCUSSION
In recent decades, fungal infections have increased considerably, with a mortality rate
equivalent to tuberculosis and three times higher than malaria (Bongomin et al., 2017; World
Health Organization, 2019b, 2019a). In this scenario, Candida albicans stands out as the most
frequent opportunistic fungus among nosocomial infections (Macias-Paz et al., 2023). The
therapeutic antifungal potential of curcumin has been widely known and used since ancient
times. However, the clinical application of curcumin is limited due to its poor solubility in water
and bioavailability (Nelson et al., 2017). This challenge has led to the synthesis and exploration
of curcumin analogs, which aim to retain the biological efficacy of curcumin while overcoming
its chemical and pharmacokinetic limitations (Introduction, Chapter 1) (Noureddin; El-
Shishtawy; Al-Footy, 2019).

The major focus of this PhD thesis was to design curcumin analogs to improve
curcumins’ chemical stability, antifungal activity and to reveal aspects of curcuminoids as a

coating on a surface for biomedical applications.

Chemical strategies

In order to enhance curcumins’ chemical stability curcumin analogs were designed, known as
curcuminoids. This can be achieved by modifying the substitutes on its aromatic rings (Chapter
2) or by simplifying the central side chain, such as substituting the f-diketone moiety with a
monoketone group (Chapter 3), as shown in Figure 1. In both strategies, the functional groups'

substituent is increasing the stabilization, solubility, and bioactivity.
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Figure 1. Chemical strategies to improve curcumin chemical stability (A) by modifying the
substitutes on its aromatic rings or (B) by substituting the B-diketone moiety with a monoketone

group. R can be at positions 2°, 3°, 4’and 5’(indicated in blue).

The monocarbonyl curcuminoids (Chapter 3) showed a higher antifungal activity than
analogs with B-diketone moiety (DMC in Chapter 2). The curcuminoid DMC exhibited
significant antifungal activity against filamentous fungi and Candida species. However, 6 out
of 10 curcuminoids on which the B-diketone moiety was preserved, did not achieve MIC values
below 62.5 ug mL! for more than two strains. In contrast, the curcuminoids with a monoketone
group (Figure 1 B) showed much stronger antifungal activity and had lower MIC values for
Candida species.

We also investigated monocarbonyl curcuminoids against filamentous fungi. 3-
Hydroxy-dibenzylideneacetone and 4-hydroxy-dibenzylideneacetone demonstrated strong
activities against clinically relevant dermatophyte species such as Trichophyton rubrum,
Trichophyton mentagrophytes, Microsporum canis and clinical strains of Epidermophyton
floccosum. These curcuminoids achieved MIC and MFC values between 1.9 to 3.9 pg mL!,
showing fungicidal activity, while DMC (the most active curcuminoid of Chapter 2) presented

fungistatic activity, with MIC ranging from 1.9 to 62.5 pg mL™! against dermatophyte species,
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confirming the promising outcomes of monocarbonyl curcuminoids and showing a better
strategy for curcumin improvement than preserving the f-diketone moiety.

Additionally, our studies highlight the increase of antifungal activity of hydroxylated
substituents compared to methoxylated, emphasizing the critical role of hydroxyl groups in
enhancing antifungal activity. Hydroxylated curcuminoid derivatives exhibit higher overall
biological activity than curcumin, such as antioxidant, antineoplastic, and antimicrobial effects
due to the electron-donating nature of their hydroxyl group. This group plays a key role in both
free radical scavenging and disrupting microbial cells (Amalraj ef al., 2017). In curcuminoids,
the phenolic hydroxyl enhances antimicrobial effects by disrupting the cell membranes of
bacterial species (Polaquini ef al., 2019). Similarly, in terpenoids (specialized metabolites from
isoprenyl pathways), the phenolic hydroxyl is crucial for antifungal activity by disrupting the
cell membrane integrity, affecting ion homeostasis, and leading to cell death (Konuk; Ergiiden,
2020).

Another key observation from this study is the significant role played by the position
of the hydroxyl groups in aromatic systems, particularly at the ortho (2°), meta (3’), and para
(4°) positions, which are relevant for antifungal activity of curcuminoids. The hydroxyl group
at 3’ position has been described as crucial for enhancing the antibacterial activities of a
curcumin analog (Polaquini et al., 2019). Moreover, the presence of hydroxyl groups at 3* and
4’ positions in a monocarbonyl curcuminoid structure demonstrated potent activity against
Gram-negative and Gram-positive bacterial species (Polaquini et al., 2021). The hydroxyl
group attached at 4’ position of the aromatic ring contributed to the stability of curcumin,
facilitating electron delocalization (Jamil et al., 2023). Although the 3’ and 4’ positions are
more commonly described as important positions for enhancing the antibacterial activities of
curcuminoids, our study demonstrates that the hydroxyl group at 2’ position also plays an

important role in improving antifungal activity. Also in other compounds like chalcones the
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hydroxyl group at 2’ position is increasing antimicrobial activity (Ngaini; Fadzillah; Hussain,
2012). Furthermore, the hydroxyl group at 2’ position of curcumin analogs was described
responsible for enhancing the inducer potency of detoxification enzymes (Dinkova-Kostova;
Talalay, 1999), as well as inhibiting angiogenesis and metastasis markers more effectively than
curcumin itself (Mohankumar et al., 2015). Therefore, exploring the potential of monocarbonyl
curcuminoids with hydroxylated substitutions could yield more effective antifungal agents than

curcumin and its analogs with B-diketone moiety.

Biomedical applications of monocarbonyl curcuminoids

The biomedical applications of monocarbonyl curcuminoids, focusing on their potential as
antifungal and antibiofilm agents, were investigated by using the curcuminoids as a coating on
different materials. 2-Hydroxy-dibenzylideneacetone (compound D) was the most effective in
inhibiting not only the growth of reference strains but also of clinical Candida isolates. It
inhibited the cell adhesion of C. albicans on coated glass by 66% before an air-liquid interface
and by 86% after an air-liquid interface under flow conditions. In addition, it also demonstrated
the prevention of C. albicans biofilm formation, inhibiting cell membrane and cell wall
formation. The activity of compound D can be attributed to the hydroxyl group at the 2' position,
similar to the effects observed with the hydroxyl group at the 3' position (Article 3). These
conclusions re-iterates the critical role of hydroxyl groups at adequate positions in enhancing
the therapeutic potential of monocarbonyl curcuminoids.

Compounds E (3-hydroxy-dibenzylideneacetone, hydroxyl group at 3’ position) and
F (4-hydroxy-dibenzylideneacetone, hydroxyl group at 4’ position) were also selected to study
the inhibiting effect of Candida adhesion on glass because they showed low MIC values. The
anti-adhesion activity of compounds E and F exceeded 60% under flow conditions. However,
despite this activity, there was no significant reduction in CFU, probably due to a decreased

activity of the curcuminoid coated on a glass surface, leading to the decision not to pursue
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further investigation with these curcuminoids. Nonetheless, considering that compound D also
showed limited effectiveness in CFUs on coated glass but performed much better on
polystyrene surfaces, it would have been worthwhile to further investigate the potential of
compounds E and F on other materials. Therefore it is very important to select different
materials for testing curcuminoids as surface coatings and investigate adhesion and biofilm

inhibition, because charge, hydrophobicity, and roughness have an influence.

Future perspectives

This work underscores the relevance of curcumin as a privileged structure for developing
antifungal compounds. While this study has achieved significant successes, it also identifies
key areas for further investigation to optimize and broaden the application of our findings.

Specifically, we demonstrated that 3-hydroxy-dibenzylideneacetone remains stable for
24 h and 2-hydroxy-dibenzylideneacetone (compound D) exhibits activity for up to 48 h at 37
°C, surpassing curcumin, which degrades significantly in less than 24 h (Appendino et al., 2022;
Schneider et al., 2015). Future research should focus on the chemical stability of curcuminoids
under various environmental conditions, including different temperatures, pH levels, and time
frames, to enhance their practical application in medical settings.

Furthermore, it is worth investigating the potential of 3-hydroxy-dibenzylideneacetone
(compound E) and 4-hydroxy-dibenzylideneacetone (compound F) on other materials, with the
expectation that they may exhibit high anti-Candida activity similar to that of compound D.
Although compound D has shown promising results, its synthesis is relatively complex,
involving four steps, which requires more time and reagents and result in a relatively low yield
(21%). In contrast, compounds E and F can be synthesized in two steps, making them more
cost-effective, faster, and simpler to produce, while providing yields of over 50%. Additionally,

expanding the research to include a broader range of microorganisms, such as diverse bacteria,
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and fungi, and investigating their potential in mixed-species biofilm assays, could significantly
increase their potential for infection control.

Given that these compounds also demonstrated activity against dermatophyte species,
which are the primary causative agents of dermatomycoses, it would be interesting to explore
their use as coatings in textiles for the treatment of dermatomycoses, and wound healing, as an
active agent in nail polish for onychomycoses treatment or as a cream formulation. To pursue
these applications, it would be necessary to assess their chemical stability under these specific
environmental conditions, and to evaluate their cytotoxicity to ensure safety for topical use.

To move these findings from the laboratory to the clinic we need to take into account
costs, time, stability of the product, shelf-life, and safety. It will be essential to conduct
extensive preclinical studies, including efficacy assessments in animal models, long-term
stability testing under various conditions (temperature, humidity, light), and ensure regulatory
compliance. Early-phase clinical trials will be needed to establish safety and efficacy, followed
by advanced trials for confirmation. This comprehensive approach will ensure that the

promising results of this thesis can be effectively translated into tangible medical benefits.
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