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Abstract

Aim: Candida albicans emerges as an opportunistic fungus among nosocomial infections, which can include sepsis, bloodstream infections, and
infections associated with medical devices. Therefore, we investigated the effectiveness of 2-hydroxy-dibenzylideneacetone, a monocarbonyl
curcuminoid, as an antifouling coating against C. albicans.
Methods and results: Polystyrene (hydrophobic) and glass (hydrophilic) were used to study the influence of a curcuminoid coating on biofilm for-
mation. Fourier-transform-infrared-spectroscopy spectra indicated a successful curcuminoid coating on both surfaces. Atomic-force-microscopy
data showed that the curcuminoid coating on polystyrene decreased the adhesion strength of C. albicans but had minimal effect on glass.
Hyphal growth, a key virulence factor, was significantly reduced on both coated surfaces. Biofilm formation was significantly reduced on coated
polystyrene, but not on glass. Gene expression revealed downregulation of adhesion and biofilm-related genes (HWP1, ALS3, ALS5). Exposure
of a 48-h biofilm to curcuminoid decreased the metabolic activity of the biofilm. The curcuminoid coating was biocompatible and non-cytotoxic
against human oral keratinocytes and human gingival fibroblasts.
Conclusions: This study underscores the potential of a curcuminoid coating to prevent C. albicans adhesion, reduce hyphal and biofilm formation,
and reduce metabolic activity of biofilms, highlighting its potential use as an antifouling coating against Candida-associated infections.

Impact Statement:

This study highlights the potential of a curcuminoid-based coating to mitigate C. albicans biofilm formation on various materials by reducing
fungal adhesion, inhibiting hyphal formation, and downregulating of biofilm-related genes. Therefore, this coating presents a promising antifouling
strategy against Candida-associated infections. These findings offer valuable insights for developing novel surface modifications to enhance the
safety and durability of biomaterials.
Keywords: anti-fouling; anti candida; curcumin; antifungal; surface modifications
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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, or-
thopaedic implants, and artificial heart valves (Srivastava et
al. 2019). Once microorganisms are attached to surfaces, they
can form microcolonies and induce metabolic, phenotypic,
and genotypic alterations, leading to increased microbial re-
sistance to antimicrobial agents when compared to planktonic
cells (Singh et al. 2019). The extracellular matrix of biofilms
provides structural protection, shielding the embedded mi-
croorganisms from both antimicrobial treatments and host
immune responses (Singh et al. 2019). Additionally, biofilms
adhere strongly to medical implants and devices, making their
complete eradication difficult without device removal or ag-
gressive treatment strategies. Even if biofilm burden is tem-
porarily reduced, dormant cells within the biofilm can survive
treatment, leading to recurrent infections and complicating
patient management (Srivastava et al. 2019). Candida albicans
Received 3 April 2025; revised 4 June 2025; accepted 22 June 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of Applie
under the terms of the Creative Commons Attribution License (https://creativecom
and reproduction in any medium, provided the original work is properly cited.
merges as the most frequent opportunistic fungus among
osocomial infections, accounting for 15% of sepsis and 40%
f bloodstream infections in clinical settings, being one of the
ost prevalent causative agents of bloodstream infections as-

ociated with vascular devices in hospital settings (Pfaller and
iekema 2007, Magill et al. 2014). Hence, the elimination of
iofilms presents a challenge within the medical field. Due to

ts clinical relevance as an opportunistic pathogen responsible
or biofilm-associated infections, particularly in immunocom-
romised patients, C. albicans was chosen for this work.
Currently, studies are focused on exploring surface mod-

fications to create antifouling materials for medical devices
nd implants by an antimicrobial coating or an antimicro-
ial releasing coating to prevent or disrupt the adhesion of
icroorganisms and inhibit biofilm formation on medical de-

ices and implants (Abreu et al. 2013, Campoccia et al. 2013).
ntifungal agents such as amphotericin (Alves et al. 2019),
uconazole (Naderi et al. 2020), and caspofungin (Lamont-
riedrich et al. 2021) have demonstrated promising outcomes.
d Microbiology International. This is an Open Access article distributed
mons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,
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Table 1. Molecular structures of monocarbonyl curcuminoids A-G.

R O
R1

R2
R3

Monocarbonyl curcuminoid Code R R1 R2 R3 References

3,5-dimethoxy-4-hydroxy-dibenzylideneacetone A H OCH3 OH OCH3 This paper
3-methoxy-4-hydroxy- dibenzylideneacetone B H OCH3 OH H Weber et al. 2005, Polaquini et al. 2021
3-hydroxy-4-methoxy- dibenzylideneacetone C H OH OCH3 H Polaquini et al. 2024
2-hydroxy-dibenzylideneacetone D OH H H H Dai et al. 2015, Shen et al. 2015
3-hydroxy-dibenzylideneacetone E H OH H H Dai et al. 2015, Shen et al. 2015, Polaquini et al.

2021, Polaquini et al. 2024
4-hydroxy-dibenzylideneacetone F H H OH H Zhou et al. 2018, Polaquini et al. 2021
2,5-dihydroxy-dibenzylideneacetone G OH H H OH Polaquini et al. 2024
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owever, their persistent application on surfaces can con-
ribute to the selection and emergence of novel resistant
trains. Consequently, innovative strategies are being explored
o develop antimicrobial biomaterials that do not rely on an-
ibiotic release (Afewerki et al. 2020).

Curcumin has shown promising potential as an antimicro-
ial product to coat materials with applications, from the
ood industry (Manohar et al. 2015) to the healthcare sec-
or, in wound dressings (Gaydhane et al. 2020) and coatings
n medical devices, such as surgical sutures, which showed
aster healing and less inflammation of the wound in a mouse
odel (Sunitha et al. 2017). Multilayer curcumin-loaded coat-

ngs have exhibited sustained release and strong antibacte-
ial effects, confirming their suitability for orthopaedic im-
lants (Virk et al. 2019). Additionally, a coating mixture
f curcumin, chlorhexidine, and silver has proven effective
or urinary catheters, demonstrating prevention and inhibi-
ion of bacterial colonization, along with lubricious proper-
ies (Modak et al. 2019). However, a silver-based coating has,
esides their broad-spectrum antimicrobial activity, concerns
bout their cytotoxicity and the potential for ion release into
urrounding tissues, which can cause collateral damage (Du-
al et al. 2019, Thapliyal et al. 2025). Other coatings like
hitosan-based coatings, offer a good biocompatibility and
ntrinsic antifungal activity, though their mechanical stability
nd long-term performance may be limited under physiolog-
cal conditions (Kumari et al. 2021). Natural curcumin also
resents a limitation associated with its stability under phys-
ological conditions preventing its clinical use (Nelson et al.
017). The β-diketone moiety replacement in the curcumin by
monocarbonyl has overcome this limitation and improved

ts bioactivities (Shetty et al. 2014). The antifungal effect of
onocarbonyl curcumin analogues has been little explored.
nly a few papers describe their antifungal activity, in which

hey only searched a preliminary susceptibility assay against
lanktonic yeast cells (Nagargoje et al. 2020a, b).
Understanding the mechanisms of action of monocarbonyl

urcuminoids as antifungal agents and exploring their po-
ential as a coating on materials can lead to innovative ap-
roaches in combating Candida biofilm-associated infections.
ccording to former literature, there are no investigations fo-
used on coating surfaces with monocarbonyl curcumin ana-
ogues. Polystyrene and glass were selected as model materials
o represent extremes of hydrophobicity and hydrophilicity,
espectively. The aim of this study is to investigate if mono-
arbonyl curcuminoids can be used as a coating on the sur-
ace in order to avoid biofilm formation and pave the way for
uture investigations into how surface properties influence C.
lbicans adhesion and biofilm formation.

aterials and methods

urcumin and monocarbonyl curcuminoids

urcumin and all reagents and solvents were purchased from
erck (Kenilworth, USA). The syntheses of monoketone cur-

uminoids A−G (Table 1) were performed using the proce-
ures described by Polaquini et al. (2021, 2024). The struc-
ures of the compounds were confirmed by 1H and 13C NMR
pectral data analyses (Figs S1−S7) (Weber et al. 2005, Dai et
l. 2015, Shen et al. 2015, Zhou et al. 2018).

ungal strains, harvesting, and culture conditions

eference strains, including C. albicans ATCC 10231, Can-
ida krusei ATCC 40147 (these strains were purchased from
he American Type Culture Collection, USA), Candida auris
BS 10913 (this strain was purchased from Centraalbureau
oor Schimmelcultures, The Netherlands) and clinical isolates,
ncluding C. albicans 6293 (genital tract infection) and C. au-
is CAU 491 (systemic infection) were used for the susceptibil-
ty tests. The clinical strains were obtained from the collection
f the Laboratory of Mycology, Department of Dermatolog-
cal, Infectious, and Parasitic Diseases, São José do Rio Preto

edical School (FAMERP), São José do Rio Preto, Brazil. The
trains were grown on Sabouraud Dextrose Agar (Difco Lab-
ratories, Detroit, MI, USA), and yeast colonies from the agar
ere suspended in phosphate-buffered saline (PBS, 5 mmol

−1 K2HPO4, 5 mM KH2PO4, and 0.15 M NaCl, pH 7.0) to
concentration of 3 × 106 yeasts ml−1, as determined in a
ürker-Türk counting chamber.
To prepare yeast suspensions for the adhesion and atomic

orce microscopy experiments, one colony from the agar plate
as transferred into 10 ml yeast nitrogen base (YNB, Difco
aboratories, Detroit, MI, USA) and grown for 24 h at 30◦C.
his pre-culture was inoculated in 190 ml YNB (1:20), and the
ain culture was grown for 16 h at 30◦C. Yeast was harvested
y centrifugation for 5 min at 4000 × g and resuspended in
0 ml PBS, this was repeated three times to remove all traces

art/lxaf155_ufig1.eps
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf155#supplementary-data
https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf155#supplementary-data


Effect of curcumin analogue on C. albicans biofilm 3

m
(
r
w
a

h
p
m
u
o
s
a
s
M
a
a

T
a

T
u
p
(
(
m
w
c
G
s
d
d
a
c
e
c

M
U
1
s
t
s

A
s

T
a
s
(
(
m
t
w
c
M
u
w
f
a
m
y

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/136/7/lxaf155/8172004 by U
niversidade Estadual Paulista (U

N
ESP) user on 24 June 2026
of growth medium. Finally, yeast was resuspended in PBS to a
concentration of 3 × 106 ml−1.

Susceptibility assay to determine the most active
curcuminoids

To select the most active curcuminoid, the susceptibility pro-
file 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 × 103 ml−1 in RPMI-
1640 medium (Rosen Park Media Institute, Sigma-Aldrich,
St. Louis, MO, USA), and 100 μl of the yeast suspension
was added to a 96 wells polystyrene plate containing 100 μl
RPMI-1640 medium with different concentrations of the cur-
cuminoids (500−7.8 μg ml−1). RPMI-1640 medium was the
negative control, and yeast 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 concen-
tration with no visible growth. To determine MFC, an aliquot
of 10 μl 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 curcum-
inoid 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 because these materials are easy and conve-
nient to use. They are stable over time, non-toxic, transpar-
ent, which has the advantage of live imaging by microscopy,
easy to manufacture, and have low production cost. In addi-
tion, polystyrene has a similar hydrophobicity and roughness
with polymeric materials used for medical devices, such as sil-
icone rubber used for catheters and voice prostheses. Sterile
12, 48, and 96-well polystyrene flat-bottom microtiter plates
were purchased from CELLSTAR® (Greiner Bio-One, Frick-
enhausen, Germany), and microscope glass slides from Epre-
dia (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−1 in
YNB + DMSO (10%). For coating the polystyrene well plates,
100 μl of the curcuminoid solution was added to each well in
a 96 wells plate, 400 μl for 48 wells plate, and 800 μl for
12 wells plate. Glass slides (25 × 75 mm) were exposed to
5 ml of the curcuminoid solution, and the smaller glass slides
(15 × 15 mm) to 800 μl of the curcuminoid solution. The
glass disks (8 mm in diameter) were exposed to 400 μl of the
curcuminoid solution. All surfaces were exposed for 24 h at
25 ◦C, followed by thorough washing with PBS buffer to re-
move 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
easured on an Agilent Cary 600 series FTIR spectrometer
Agilent Technologies, St. Clara, CA, USA). FTIR spectra were
ecorded over the wavenumber range of 4000 and 400 cm−1

ith a resolution of 4 cm−1, and 32 scans were measured and
veraged.

Water contact angles were measured to determine the
ydrophilicity of the curcuminoid-coated and uncoated
olystyrene and glass slides. Water contact angle measure-
ents were carried out using the sessile drop technique with
ltrapure water. Ultrapure water droplets of 2 μl were placed
n the surfaces and observed using an Olympus BX-41 micro-
cope objective lens. The images were digitally captured using
1.4-megapixel CCD camera, and the contact angle was mea-

ured with an image analysis software program (MATLAB,
athWorks, Natick, MA, USA). The reported water contact

ngles are means of five measurements performed on different
reas of each sample surface in three separate experiments.

he influence of curcuminoid coating on C.
lbicans adhesion in a parallel plate flow chamber

he adhesion of C. albicans ATCC 10231 was monitored on
ncoated and curcuminoid D coated glass slides on the bottom
late of a parallel plate flow chamber, as described previously
Busscher and Van Der Mei 2006). The adhesion of C. albicans
106 cells ml−1) in PBS was observed with a phase-contrast
icroscope (Olympus BH-2) equipped with a 10 × ultra-long
orking distance objective (Olympus ULWD-CD Plan 40 PL),

onnected to a CCD-MXRi camera (Basler A101F, Basler AG,
ermany). After 4 h of flowing (share rate of 15 s−1) the yeast

uspension through the flow chamber, images were taken at 10
ifferent locations on each sample. The yeast suspension was
rained to determine the adhesion strength of the yeasts using
n air-liquid interface over the adhering yeast, and the flow
hamber was filled again with PBS to take images at 10 differ-
nt locations. The number of adhering yeasts obtained on the
urcuminoid coating was compared to the uncoated glass.

Image analysis was done using software based on the
atlab Image Processing Toolkit (The MathWorks, MA,

SA). Live images were acquired after the summation of
5 consecutive images (time interval 1 s) to enhance the
ignal-to-noise ratio and to eradicate flowing yeast from
he analysis. The experiments were done in triplicate with
eparately cultured yeasts.

dhesion strength of yeasts on curcuminoid-coated
urfaces using atomic force microscopy

he adhesion forces of C. albicans ATCC 10231 on uncoated
nd curcuminoid D coated polystyrene and glass were mea-
ured using atomic force microscopy, as described previously
Carniello et al. 2020). Before each measurement, cantilevers
Bruker, Billerica, MA, USA) were calibrated using the ther-
al tuning method, and spring constants were always close to

he producer’s specification of 0.06 N m−1. The yeast probe
as prepared by immobilizing a yeast cell to an NP-0 tipless

antilever coated with poly-L-lysine (Sigma-Aldrich, St. Louis,
O, USA) using electrostatic interaction. Yeast probes were

sed immediately after the preparation. All adhesion forces
ere performed in PBS at room temperature under a loading

orce of 5 nN and at three randomly chosen spots on uncoated
nd curcuminoid-coated polystyrene and glass. The experi-
ents were performed in duplicate with separately cultured

easts.
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he influence of curcuminoid coating on hyphal
evelopment of C. albicans

he hyphal development was performed on uncoated
nd coated polystyrene 12 wells plate and glass slides
15 × 15 mm). In each well with or without glass slides and
ith or without a curcuminoid D coating, 800 μl C. albicans

104 cells ml−1) in YNB were added and incubated for 3.5 h
ith shaking (80 rpm) at 37◦C. After 3.5 h, the hyphal de-
elopment was analysed using an inverted microscope (Rebel,
BLTEW31) equipped with an iPad Pro 2 MP CMOS colour
amera. Three pictures of each well were taken in each exper-
ment. The experiment was performed in triplicate with sepa-
ately cultured yeasts.

he efficacy of curcuminoid coating on biofilm
ormation

he biofilm formation was performed on uncoated and coated
olystyrene 48 wells plate and glass disks (8 mm in diame-
er). In each well with or without a glass disk and with or
ithout a curcuminoid coating, 400 μl C. albicans (106 cells
l−1) in PBS was added and incubated at 37◦C under shak-

ng at 80 rpm for 2 h. After 2 h, the PBS was removed, and
00 μl of Sabouraud Dextrose Broth was added to the wells.
he plate was incubated under the same conditions for 48 h.
he culture medium was refreshed after 24 h. After 48 h, the
rowth medium was removed, and the biofilm was washed
arefully twice with 400 μl PBS to remove non-attached cells,
nd the glass disks were removed from the 48-well plate and
ransferred to a clean well. To the wells with or without a
lass disk 400 μl of PBS was added. The plate was sealed with
arafilm and sonicated for 5 min to detach the biofilm from
he polystyrene and glass disk surfaces. After sonication, the
iofilm was suspended using a pipette. Sequential dilutions
ere performed, and three 10 μl aliquots from each well were
lated on Sabouraud Dextrose Agar and incubated at 30◦C
or 24 h, after which the colony forming units (CFUs) were
ounted. The experiment was performed in triplicate with sep-
rately cultured yeasts.

In order to evaluate the therapeutic effect of curcuminoid
, 100 μl of C. albicans (106 cells ml−1) in PBS was added

n each well of a polystyrene 96 wells plate and incubated at
7◦C under shaking at 80 rpm for 2 h. After 2 h, the PBS was
emoved, and 100 μl of Sabouraud Dextrose broth was added
o the wells. The plate was incubated under the same condi-
ions for 48 h, and the culture medium was refreshed after
4 h. After 48 h and removal of the culture medium, curcumi-
oid D diluted in Sabourand Dextrose broth and 10% DMSO,
as added into the wells with the biofilm at different concen-

rations (0, 31.2, 62.5, 156, and 312 μg ml−1) and incubated
nder the same conditions for 24 h. After incubation, the
rowth medium was removed, and the biofilms were washed
ith PBS to remove non-adhered cells. The metabolic activity
f the biofilms was determined with 3-(4,5-dimethylthiazol-
-yl)-2,5-diphenyl tetrazolium bromide (MTT), a yellow dye,
hich is reduced by cellular enzymes to the blue formazan.
riefly, 100 μl of MTT solution (1 mg ml−1 in PBS) was added
o each well of a 96 wells plate with a biofilm and incubated at
7◦C for 4 h, protected from light. After 4 h, the MTT solution
as removed, and the plates were air dried, and 100 μl of 2-
ropanol was added to dissolve the MTT-formazan product.
00 μl of the propanol-solubilized product was transferred to
new 96-well plate, and the optical density was measured at
70 nm on a microplate reader. All data were expressed rela-
ive to biofilms exposed to only growth medium.

Confocal laser scanning microscopy (CLSM, Leica) was
sed to visualize 48 h biofilms of C. albicans ATCC 10231
rown on curcuminoid coated and uncoated polystyrene and
lass surfaces. After 48 h, biofilms were washed with PBS
nd stained with the LIVE/DEAD™ Yeast Viability Kit (In-
itrogen, ThermoFisher Scientific, The Netherlands). The Kit
as provided with two stains: FUN-1 and Calcofluor White
2R. Upon excitation, FUN-1 shows green fluorescent mem-

rane structures and red fluorescent metabolically active in-
ravacuolar structures, and Calcofluor white stains cell walls
lue fluorescent. Staining was done according to the manufac-
urer’s instructions, after which excess stain was removed by
ashing two times with PBS, and biofilms were immersed in
ml PBS. CLSM images were collected using a Leica TCS SP2
LSM with a 40x water objective using 580 nm excitation
nd emission filter settings of 365–510 (blue, cell wall), 510–
60 nm (green, membrane), and 560–610 nm (red, metaboli-
ally active intravacuolar structures). Images were taken over
he depth of a biofilm in sequential z-intervals of 2 μm. Subse-
uently, the stacks of images acquired were colour-coded and
uantitatively analysed using fully open-source and free soft-
are (Fiji/ImageJ).

nalysis of the influence of curcuminoid coatings
n the gene expression of C. albicans biofilms

he gene expression analyses were performed at different
tages of biofilm formation after 2 h and 48 h biofilm growth
nd after hyphal development in order to evaluate the in-
erference of the curcuminoid D coating with the genes re-
ponsible for adhesion, aggregation, and hyphal development
f C. albicans. The genes analysed were: ALS1 (agglutinin-
ike sequence 1), ALS3 (agglutinin-like sequence 3), ALS5
agglutinin-like sequence 5), and HWP1 (hyphal cell wall pro-
ein 1), and ACT1 (Actin 1) was used as the household gene.

The different stages of biofilm formed on coated and un-
oated polystyrene surfaces were suspended in PBS prepared
n ultrapure water (DNA/RNA free) and subjected to cen-
rifugation for 2 min at 12 000 × g, and the supernatant
as discarded from the pellet. RNA was extracted from the

easts using the RiboPure RNA Purification Kit, Yeast (In-
itrogen, Thermo Fisher Scientific, Groningen, The Nether-
ands) according to the manufacturer’s instructions. Traces of
enomic DNA were removed using the DNA-free kit (Invitro-
en, Thermo Fisher Scientific, Groningen, The Netherlands).
he amount and quality of extracted RNA were based on

he 260/280-nm ratio measured using the NanoDrop ND-
000 (NanoDrop Technologies LLC, Thermo Fisher Scientific,
ilmington, DE, USA). A mixture of 200 ng RNA, 4 μl 5 × iS-

ript reaction mixture, and 1 μl iScript reverse transcriptase, in
total volume of 20 μl (iScript; Bio-Rad, Hercules, CA), was
sed for cDNA synthesis according to the manufacturer’s in-
tructions. Real-time reverse transcription-quantitative PCR
RT-qPCR) was performed in a 384-well plate (HSP-3905;
io-Rad Laboratories, Foster City, CA, USA) with the primer
ets for the selected genes (see Table S1 in the supplementary
aterial). The following thermal conditions were used for all
T-qPCRs: 95◦C for 3 min and 40 cycles of 95◦C for 15 s and
0◦C for 45 s.
The absolute Ct values from all the RT-qPCR assays

ere used to calculate the expression ratios of the genes in

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxaf155#supplementary-data
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C. albicans cells formed on curcuminoid-coated glass and
polystyrene surfaces compared to uncoated counterparts. The
values obtained were normalized using the household ACT1
(encoding beta-actin) gene as a reference. The data were ex-
pressed in relation to the gene expression of the positive con-
trol (biofilms formed on uncoated surfaces). Gene expression
was assessed in triplicate experiments with separately grown
cultures.

Evaluation of the cytotoxicity of
curcuminoid-coated polystyrene surfaces on
human cells

Human gingival fibroblast (HGF-1 CRL-2014; ATCC, USA)
and human oral keratinocytes (HOK, CellSystems, Germany)
were used for cytotoxicity evaluation. HGF-1 cells were
grown in Dulbecco’s Modified Eagle’s Medium containing
4.5 g l−1 glucose (DMEM-HG; Gibco, USA) supplemented
with 10% foetal bovine serum (FBS; Gibco, USA), and HOK
cells were grown in keratinocyte growth medium complete
(CellSystems, Germany), and both cells were grown in a
humidified incubator at 37◦C with 5% CO2. After growth
till 70–90% confluency, cells were trypsinized for harvest-
ing using centrifugation, adjusted to a final concentration of
2.5 × 104 cells ml−1, and 100 μl was seeded to each well
of a 96 well plate pre-coated with curcuminoid, and un-
coated wells were used as control. After 24 h of exposure
to curcuminoid-coated surface, cell viability was evaluated by
XTT assay (Thermo Fisher Scientific, USA) using the manufac-
turer guidelines. Briefly, 50 μl of activated XTT reagent was
added to the well and incubated for another 2 h (37◦C, 5%
CO2). Absorbances were measured by a plate reader with dual
wavelengths at 450 nm and at 660 nm as reference. Uncoated
wells were used as controls for measuring the cell viability,
and wells with only culture media and activated XTT reagent
were used as blank controls.

Statistical analysis

Statistical analysis was performed using GraphPad Prism Soft-
ware (version 8.2 for Windows, La Jolla, California, USA).
Data are the mean of three biologically independent experi-
ments ± standard deviation (SD). Statistically significant dif-
ferences between the experimental groups were determined by
one-way analysis of variance (ANOVA) or Student’s t-test. A
P-value of ≤ .05 was considered statistically significant.

Results

MIC and MFC of curcuminoids

The anti-Candida activities of curcumin and unsymmetrical
monocarbonyl analogues (Curcuminoids A-G) were evaluated
against six Candida strains (Table 2). Out of seven curcumin
analogues, six compounds inhibited the growth of at least
one Candida strain at concentrations below 250 μg ml−1 (Ta-
ble 2). The hydroxyl group position was particularly relevant
for fungitoxicity, compounds with hydroxyl groups at the car-
bons 2′ (D) and 3′ (C) exhibited higher anti-Candida activity
compared to their regioisomer at carbon 4′ (F) position. This
pattern was also observed in methoxylated-hydroxylated cur-
cuminoids, 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
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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 corresponding to the uncoated surfaces appears lighter (grey), while the spectrum for the
curcuminoid-coated surfaces appears darker (orange). These lines may partially overlap. The coloured regions correspond to special bands in
curcuminoid D. .
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train at concentrations below 250 μg ml−1. Curcuminoid D
ad the lowest MIC and MFC values from all curcuminoid
erivatives investigated. Based on these results, curcuminoid
was selected for further experiments.

haracterization of the curcuminoids coated
urfaces

he chemical structure of curcuminoid D coated on
olystyrene and glass surfaces was determined using FT-IR
pectroscopy (Fig. 1).
s

The FTIR spectrum of curcuminoid D (Fig. 1a) showed a
road band between 3500 and 3200 cm−1 indicative of the
-H stretching (grey band) in the phenol group; the region be-

ween 3100 and 3000 cm−1 was attributed to C-H stretching
yellow band) in the aromatic ring; the region between 1750
nd 1650 cm−1 for the conjugated C = O stretching (orange
and); between 1600 and 1400 cm−1 the C = C stretching (red
and) of the aromatic ring; between 1300 and 1200 cm−1 the
-O stretching (green band); and between 900 and 675 cm−1

he C-H bending (blue band) in the aromatic ring. This FTIR
pectrum confirmed the chemical structure of curcuminoid D.

art/lxaf155_f1.eps
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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 unfilled bars are the uncoated surfaces, and
the filled bars 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 ≤ .01.
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The FTIR spectrum of coated and uncoated polystyrene
(Fig. 1b) demonstrated several prominent peaks characteristic
of the polymer structure, including sharp peaks corresponding
to the aromatic C-H stretching vibrations (3080−3020 cm−1),
the aliphatic C-H stretching region (2920−2850 cm−1), peaks
associated with the aromatic ring C = C bonds (1600 and
1493 cm−1), aromatic C-H bonds (1452 cm−1), bending vi-
brations of the aliphatic C-H bonds from the ethyl groups
(1375 cm−1), and sharp peaks in the region of aromatic
C-H out-of-plane bending (760−690 cm−1). The spectrum
of coated and uncoated glass exhibited two broad bands
(Fig. 1c), the Si-O-Si stretching region (1100−1000 cm−1) and
around 800 cm−1 the Si-O stretching, which are the charac-
teristic features of silica-based glass. Additionally, small peaks
present in the coated samples at 1750−1650 cm−1 (orange
band), at 1600−1400 cm−1 (red band), and 1300−1200 cm−1

(green band) indicate the presence of the curcuminoid D coat-
ing 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 hy-
drophobic (from 0 to 51 ± 11 degrees), while the hydrophobic
polystyrene did not change (from 90 ± 1 to 87 ± 3 degrees).

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 (Fig. 2) indicated that the curcum-
inoid D coating on polystyrene caused a significant 2-fold de-
crease in the adhesion force of C. albicans after 2 s in contact
with the surface compared with uncoated polystyrene. The ad-
hesion force on polystyrene was 3-fold higher than on glass,
but for the curcuminoid D coated polystyrene and glass, the
adhesion forces became very similar.
andida albicans adhesion on the
urcuminoid-coated glass in a parallel plate flow
hamber

he adhesion of C. albicans on curcuminoid D coated and un-
oated glass slides was evaluated in a parallel plate flow cham-
er. The cell adhesion on the curcuminoid-coated glass was
educed by 66% before an air-liquid interface and by 86% af-
er an air-liquid interface when compared to the control (un-
oated glass) (Fig. 3).

ffect of the curcuminoid D coating on C. albicans
yphal development

urcuminoid D coating on polystyrene and glass slides in-
ibited the hyphal development of C. albicans, reducing hy-
hal length by 65% and 86%, respectively (Fig. 4). Longer
yphae were observed on polystyrene surfaces than on glass.
n polystyrene, the average hyphal length was 75 μm, com-
ared to 27 μm on the curcuminoid coated polystyrene, and
n glass, the average hyphal length was 50 μm and 7 μm on
oated glass.

valuation of curcuminoid coating on C. albicans
iofilm formation

LSM images and CFU counting (Fig. 5) indicated that cur-
uminoid D coating on polystyrene significantly inhibited the
8 h biofilm formation of C. albicans; however, it did not af-
ect the biofilm formation on glass.

The curcuminoid D coating inhibited the formation of the
ell membrane and the cell wall showing a decrease in green
uorescence by 38% and blue fluorescence by 40% when
ompared to the uncoated polystyrene. 3% NaOCl was used
s positive control, and the treatment reduced the metabolic
ctivity and the cell membrane by 100%, and the cell wall
y 45% when compared to biofilm on uncoated polystyrene
positive control) (Fig. 5b). Furthermore, the curcuminoid D
oating on polystyrene resulted in a 3-fold decrease in CFUs of
he 48-h biofilm compared to uncoated polystyrene (Fig. 5c),
hile there was no effect on glass. The CFUs on coated
olystyrene and glass became similar.
The metabolic activity of a 48-h-old biofilm of C. albicans

TCC 10231 on polystyrene was exposed to 0, 31.2, 62.5,
56, and 312 μg ml−1 curcuminoid D in growth medium for
4 h (Fig. 6). The viability of the 48 h biofilm was reduced as
he concentration increased at 312 μg ml−1 (20 × MIC), the
iability decreased 63%.

otal RNA isolation and real-time PCR

he results obtained from real-time PCR (Fig. 7) suggested
hat the curcuminoid D coating on polystyrene downregu-
ated genes associated with biofilm formation of C. albicans.
n the analysis of gene expression under hyphal development
onditions, the gene HWP1 (hyphal wall protein 1) was sig-
ificantly downregulated on coated surfaces, with a 15-fold
eduction compared to uncoated surfaces. During the initial
h biofilm formation on curcuminoid-coated surfaces, genes

rom the ALS family, responsible for the adhesins, as ALS3
agglutinin-like sequence 3), ALS5 (agglutinin-like sequence
), and HWP1 were significantly downregulated by 20-fold, 3-
old, and 13-fold, respectively, when compared with uncoated
urfaces. Notably, at the 48 h biofilm, ALS1 expression was
ignificantly upregulated on coated surfaces, showing a 5-fold

art/lxaf155_f2.eps
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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 (c, d). Data represent 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 is indicated with asterisks, ∗∗∗∗P ≤ .0001.

Figure 4. Effect of curcuminoid D coating on polystyrene (a, b) and glass (c, d) on the development of the hyphal length of C. albicans ATCC 10231. Data
represent 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 is indicated with asterisks, ∗∗∗P ≤ .001 and ∗∗∗∗ P ≤ .0001.
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ncrease compared to uncoated surfaces. These findings in-
icate that the coating significantly inhibits gene expression
ssential for initial fungal biofilm development and adhesion
hile potentially enhancing genes involved in later stages of
iofilm maturation.
 t
ytotoxicity of curcuminoid-coated surfaces

he viability of HGF-1 and HOK cells was not significantly af-
ected by exposure to curcuminoid-coated surfaces compared
o uncoated controls. The curcuminoid was slightly toxic to
he more sensitive primary HOK cells but still above the 70%

art/lxaf155_f3.eps
art/lxaf155_f4.eps
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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. 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 (3%) exposure for 30 s was used as a positive control. (b) Quantitative
fluorescence intensity of the CLSM images in panel a. (c) Effect of curcuminoid D coating on 48 h biofilm formation of C. albicans ATCC 10231
expressed by CFU per cm2. Data represents means ± SD of three independent experiments.
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viability, which is in accordance with ISO 10993-5 standards
(Fig. 8).

Discussion

In this study, we developed and evaluated the use of a mono-
carbonyl curcuminoid as a coating to inhibit biofilm forma-
tion 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 species, with MFC values ranging from 15.6
to 125 μg ml−1. The observed differences in MIC and MFC
alues among C. albicans strains likely stem from inher-
nt, strain-specific characteristics. Differences in genetic back-
round can influence gene expression and regulatory mech-
nisms, resulting in variable antifungal susceptibility and re-
istance. A study showed that genetically distinct C. albicans
trains exposed to fluconazole developed diverse adaptive re-
ponses, including variations in drug tolerance and genome
ize, underscoring the critical role of genetic background in
haping resistance profiles (McTaggart et al. 2020).

The presence of a hydroxyl group at the 2′ position in cur-
uminoid D significantly enhanced its anti-Candida activity,
xceeding other structural modifications and curcumin (Ta-
le 2). Previous studies reported MIC values for curcumin

art/lxaf155_f5.eps
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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.
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anging from 100 to 2000 μg ml−1 against planktonic C. al-
icans (Alalwan et al. 2017, Shahzad et al. 2014), which is
imilar as our results (Table 2), except for curcuminoid D,
hich had a lower MIC.
Adhesion force measurements demonstrated that curcumi-

oid D coatings on polystyrene surfaces significantly reduced
. albicans adhesion force compared to uncoated surfaces and
ecame similar as the adhesion force on coated glass (Fig. 2).
hile water contact angle measurements showed that cur-

uminoid D increased the hydrophobicity of glass but had no
ffect on polystyrene, the significant difference in wettability
etween the two coated surfaces suggests that the reduction in
igure 7. Gene expression of C. albicans ATCC 10231 biofilm during different st
iofilm on uncoated and curcuminoid-coated polystyrene. ALS1, ALS3, and ALS
ll data are represented relative to fold changes compared to ACT1 housekeep
lled bar to the curcuminoid-coated surfaces. The standard bar error represents
dhesion force is due to direct interaction of the coating with
. albicans, rather than being influenced by the wettability of

he surfaces.
Curcuminoid D disrupts C. albicans cell membrane and cell

all, weakening the structural components essential for ad-
esion, as evidenced by a decreased adhesion force and re-
uced adhesion under flow conditions (Fig. 3). This disrup-
ion also impairs biofilm formation, as indicated by the signif-
cant reduction in CFUs of the 48-h biofilm. CLSM results fur-
her support this, showing that curcuminoid D coating signif-
cantly inhibited the formation of the cell membrane and cell
all (Fig. 5). Despite structural differences between curcumi-
oid D and curcumin (Lee and Lee 2014), we can draw com-
arisons with curcumin and other curcuminoids that target
imilar pathways. Curcumin and monocarbonyl curcuminoid
ave been shown to disrupt fungal cell membranes by interfer-
ng with ergosterol (Lee and Lee 2014, Polaquini et al. 2024).

olecular docking studies on quinoline-based monocarbonyl
urcumin analogues further support this mechanism, demon-
trating that these molecules bind within the active site of 14α-
emethylase (Nagargoje et al. 2020a). Specifically, hydrogen
onding between the carbonyl group of the curcuminoid and
he tyrosine of the enzyme, along with π–π stacking interac-
ions between the benzene rings of the curcuminoid and histi-
ine residues. This interaction inhibits 14α-demethylase from
onverting lanosterol into ergosterol, thereby impairing ergos-
erol synthesis and destabilizing the fungal membrane (Nagar-
oje et al. 2020a). Regarding the cell wall, curcumin’s disrup-
ive activity in C. albicans has been linked to its interference
ith the calcineurin signalling pathway (Kumar et al. 2014).
Another investigated mechanism was the ability of curcum-

noid D to inhibit the transition from yeast-form to hyphal-
ages of biofilm formation of C. albicans hyphal development, 2 and 48 h
5 genes: agglutinin-like sequence; HWP1 gene: hyphae cell wall protein.

ing gene. The unfilled bar corresponds to the uncoated surfaces and the
the mean of three replicates.
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Figure 8. Viability of human gingival fibroblast (HGF-1) and human oral keratinocytes (HOK) on curcuminoid-coated polystyrene surfaces. The standard
bar error represents the mean of three replicates.
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form, an important virulence factor and essential for adhe-
sion and a critical step in biofilm formation. Curcuminoid
D effectively inhibited this morphological transition on both
glass and polystyrene surfaces (Fig. 4). Notably, a variability
in hyphal length was observed on the uncoated polystyrene
surface, which may be attributed to a different growth phase
of the hyphae (Berman 2006) or the microscale heterogene-
ity inherent to polystyrene substrates (Rosado-Galindo and
Domenech 2020). Microscale variations in topography can
influence local adhesion, nutrient availability, and microenvi-
ronmental conditions, ultimately affecting cell differentiation
and elongation (Rosado-Galindo and Domenech 2020). Fur-
thermore, without a coating to modulate surface properties,
cells may interact with the substrate in a less uniform manner.

The interference of curcuminoid D in the morphological
differentiation of C. albicans was confirmed by the down-
regulation of the HWP1 gene on coated surfaces (Fig. 7).
HWP1 gene encodes a hypha-specific cell wall protein that
plays a crucial role in adhesion during filamentation and is
essential for biofilm maturation (Nobile et al. 2006). Addi-
tionally, the coating suppressed the expression of ALS3 and
ALS5, two members of the agglutinin-like sequence (ALS)
gene family. ALS3 is involved in strong adhesion to epithe-
lial cells and abiotic surfaces and facilitates host cell inva-
sion (Liu and Filler 2011), whereas ALS5 is associated with
initial attachment and maintaining biofilm integrity (Atriwal
et al. 2021). These gene expression changes are consistent
with previous reports indicating that inhibition or deletion
of these genes results in diminished biofilm formation (Atri-
wal et al. 2021, Garcia et al. 2011, Liu and Filler 2011). The
combined results demonstrated that the coating effectively
impeded hyphal development, adhesion and reduced biofilm
formation.

Here, we demonstrated that curcuminoid D effectively im-
peded fungal adhesion, hyphal development, biofilm forma-
tion, reduced the metabolic activity of mature biofilms (Fig. 6)
and is not cytotoxic, making it a promising candidate for sur-
face modification.

Compared to other antifungal surface coatings, curcumi-
noid D offers several advantages. Silver-based coatings, while
ffective against yeasts, pose risks of cytotoxicity and resis-
ance due to silver ion release (Duval et al. 2019, Thapliyal
t al. 2025). Chitosan coatings, which are biocompatible and
iodegradable, often exhibit limited mechanical stability, and
he antifungal efficacy largely depends on pH, solubility, and
nvironmental degradation (Kumari et al. 2021). Additionally,
atural curcumin-based coatings rely on sustained release for-
ulations, which can cause fluctuating antifungal activity and

educed long-term effectiveness (Sohn et al. 2021).
Other studies have shown that curcumin can degrade in

24 h under various conditions as e.g. degradation of 60%
as reached in 1 h and over 90% in 4 h when exposed to

ight in phosphate buffer (pH = 7.2) (Appendino et al. 2022).
ncubating curcumin with proteins, such as in the presence
f serum or cultured cells, increased the half-life time of cur-
umin, although this increase was limited to 1−2 h (Schneider
t al. 2015). In contrast, our curcuminoid D coating demon-
trated sustained antifungal activity for at least 48 h and did
ot show cytotoxic effects on human cells. Its multifaceted
echanism of action targets key fungal components, includ-

ng membrane disruption, inhibition of adhesion-related gene
xpression, and interference with cell wall integrity, making
t a promising alternative for coating applications, offering
nhanced stability and efficacy. While the sustained activ-
ty is encouraging, it is important to note that no quantita-
ive assessment of coating leaching or long-term stability was
erformed in this study. Future studies should focus on as-
ays to evaluate coating integrity under physiological con-
itions to better understand its durability and efficacy over
ime.

This study underscores the potential of monocarbonyl cur-
uminoids as an antimicrobial coating to prevent biofilm for-
ation, offering a promising strategy for biofilm control in

linical applications, such as voice prostheses. Patients with
ilicone rubber voice prostheses often develop thick, mixed-
pecies biofilms of yeast and bacteria, which penetrate into
he silicone rubber and lead to speech difficulties and leak-
ge (Neu et al. 1993). C. albicans hyphal formation plays a
rucial role in this deterioration (Oosterhof et al. 2006, Van
eissenbruch et al. 1997), making it a key target for interven-

art/lxaf155_f8.eps
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ion. Inhibiting hyphal growth could significantly extend the
ifetime of voice prostheses and improve patient outcomes.

A limitation of this study is the predominant use of C.
lbicans ATCC 10231 as the model strain. While this well-
haracterized reference strain allows for reproducibility, it
ay not fully reflect the variability observed among clinical

solates. Such strains can differ in adhesion properties, resis-
ance profiles, and pathogenicity depending on the infection
ite and patient background. Future work will need to incor-
orate a broader panel of clinical and drug-resistant isolates
o enhance the translational clinical relevance of the findings.

onclusion

his study highlighted the potential of monocarbonyl cur-
uminoids as an antimicrobial coating. Curcuminoid D
2-hydroxy-dibenzylideneacetone) demonstrated potent anti-
andida activity, effectively inhibiting fungal adhesion, hy-
hal development, biofilm formation and no cytotoxicity
n polystyrene surfaces. Gene expression analysis confirmed
ownregulation of the key adhesion and biofilm-related genes.
lthough its efficacy on glass was limited over 48 h, the coat-

ng still reduced adhesion and hyphal development. These
ndings evidenced the role of monocarbonyl curcuminoids as
ultifaceted coatings for controlling device-associated infec-

ions and biofilm formation in clinical settings.
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