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Abstract

The challenges related to biofilm-associated infections and diseases have prompted scientists to identify the factors responsible for
the formation of biofilms and to develop strategies aimed at decreasing biofilm-formation capacity.

The present study aimed to evaluate the effect of randomly methylated cyclodextrin derivatives, at concentrations ranging from 32 nM
to 12.5 mM, on the capacity of Candida albicans to form biofilms at 37 °C over a period of 24 h.

This study provides novel insights into how randomly methylated a-cyclodextrin (RAMEA), randomly methylated S-cyclodextrin (RAMEB),
and randomly methylated y-cyclodextrin (RAMEG) can modulate C. albicans biofilm formation. Using the crystal violet assay and the
XTT reduction assay, we consistently demonstrated that RAMEA and RAMEG have a clear, concentration-dependent inhibitory effect
on both the total biofilm biomass and the metabolic activity of the cells associated with these biofilms. RAMEB exhibited a biphasic
effect: low to moderate concentrations significantly reduced biofilm formation, while higher doses unexpectedly resulted in increased
biofilm formation. Microscopic analysis revealed that elevated cyclodextrin concentrations induced hyphal formation. Optical density
measurements and a membrane permeability assay indicated that none of the cyclodextrins had a notable cytotoxic effect or damaged
the cell membrane. Moreover, elevated intracellular ROS levels were detected, suggesting a potential stress-inducing effect. These
findings enhance our understanding of the complex interactions between cyclodextrin derivatives and fungal cells, underscoring their
potential as biofilm-modulating agents.
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1 Introduction

Candida species are commonly found in the healthy
human body, including the oral cavity, gastrointestinal
tract, and urogenital organs. These opportunistic patho-
genic microorganisms exhibit remarkable adaptability.
Through their virulence factors, these otherwise harm-
less fungi can easily become pathogenic [1, 2]. In most
clinical situations, among these species, C. albicans is the
main cause of candidiasis [3, 4].

The ability of Candida albicans to undergo morpholog-
ical transitions and form biofilms is crucial to its patho-
genesis [4, 5]. Most infections caused by this pathogen are
associated with the development of biofilms on host tis-
sues or medical devices, contributing to elevated mortal-
ity rates. Although microorganisms have frequently been

studied in free-floating (planktonic) cultures or as colo-
nies grown on solid media, it is now widely accepted that
biofilms represent the preferred and most physiologically
relevant mode of growth for most microbial species [6—8].

Cells embedded in biofilms have demonstrated a high
level of tolerance to antimicrobial therapy. As a result,
C. albicans biofilms show significantly lower susceptibil-
ity to current antifungal agents compared to planktonic
cells. The cells within the biofilm differ from free-float-
ing cells in several ways. For example, certain enzymes
secreted by the cells, such as proteases, are produced in
higher quantities within biofilm-associated cells than
those in planktonic cells, leading to different protein deg-
radation patterns between the two cell types [9]. Yeast-like
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cells released from biofilms exhibit increased infectivity
and enhanced adherence to various surfaces compared to
conventional planktonic cells, facilitating the easier for-
mation of new biofilms [10].

One of the primary mechanisms that regulates biofilm
formation is quorum sensing (QS), a cell-to-cell commu-
nication system that regulates gene expression in response
to cell density. QS plays a crucial role in the development
and maintenance of C. albicans biofilms [11, 12].

Developing efficient strategies to combat biofilms that
are highly resilient and resistant presents a considerable
challenge, emphasizing the need for research focused on
preventing the formation of such biofilms [5, 7, 13, 14].

Cyclodextrins (CDs) are cyclic oligosaccharides that
have attracted great attention in recent decades due to
their unique structure and polarity. These compounds
have found broad application across diverse fields, includ-
ing pharmaceutical sciences [15—17].

Their ability to form inclusion complexes with poorly
soluble antifungal agents can enhance the drugs' aqueous
solubility, stability, and bioavailability. Moreover, CDs
may improve antifungal efficacy and offer potential advan-
tages in the treatment of fungal infections [18-24].

The use of native CDs is often limited due to certain
inherent properties; thus, chemically modified derivatives
are frequently utilized instead. Derivatization can enhance
important characteristics such as solubility, molecular
selectivity, and the stability of inclusion complexes, while
also potentially reducing toxicity [25-27]. Among the
native CDs, B-cyclodextrin (composed of seven glucose
units) is particularly poorly soluble in water. Methylation
modifies the hydrophilic—hydrophobic balance of the mol-
ecule, resulting in significantly improved water solubility
— up to several hundred times greater in the case of meth-
ylated derivatives such as randomly methylated pB-cyclo-
dextrin (RAMEB) [28, 29]. CDs have proven effective as
auxiliary agents in combination with various active com-
pounds to combat bacterial and fungal biofilms [22, 30].
Additionally, some studies suggest that CDs can directly
modulate biofilm formation, even without the presence of
co-administered bioactive substances [31-33].

In our previous research [33], we investigated the con-
centration-dependent effects of native CDs and various CD
derivatives within a range of 0.5-12.5 mM, aiming to iden-
tify mechanisms to reduce biofilm formation. Our find-
ings revealed that CDs could exert both stimulatory and
inhibitory effects on biofilm formation, depending on
their structural characteristics and applied concentrations.

Notably, the randomly methylated derivatives exhibited
significant antifungal activity, with a marked reduction
in the biofilm-forming ability of Candida albicans. Even
the lowest tested concentration (0.5 mM) of all three ran-
domly methylated CDs examined effectively inhibited the
biofilm-forming ability of Candida albicans. This study
extends the investigation to a broader concentration range
to more thoroughly characterize the impact of CDs on bio-
film development and explore the underlying mechanisms
of inhibition. Furthermore, we investigated the effects
of randomly methylated CDs on the morphological tran-
sitions of Candida albicans, monitoring fungal growth
throughout. To explore potential causes, membrane integ-
rity studies were performed, and the production of reac-
tive oxygen species (ROS) was monitored.

2 Methods

2.1 Strain and tested cyclodextrin molecules

The tests were conducted using the C. albicans strain
DSMZ 1386 (ATCC 10231) which has been shown to
effectively form biofilms in previous studies. The strain
was maintained on solid YPD agar slants composed of
10 g/L yeast extract, 20 g/L peptone, and 20 g/L glucose.
For the testing, a single loopful of the maintained culture
was inoculated into 30 mL of sterile liquid YPD medium
and incubated at 30 °C for 16 h under continuous agitation
at 150 rpm. Under these conditions, the yeast primarily
grows in budding-yeast form.

Following incubation, cells were harvested by centrifuga-
tion at 4000 x g, washed twice with sterile phosphate-buff-
ered saline (PBS), and resuspended in RPMI-1640 medium
(Capricorn Scientific) to promote biofilm formation. The cell

density was standardized to an optical density (OD_ ) of 0.2

600
to ensure consistent cell input across assays.
The tested CD molecules (Table 1) were obtained from

CycloLab Ltd. For the experiments, the CD molecules

Table 1 Abbreviations (with the degree of substitution), average

molecular formula and molecular mass of tested CDs

Average molecular ~ Molecular

Abbreviation
formula mass

Name

Randomly
methylated
a-cyclodextrin

RAMEA (1) C._H

3sHe0-030(CHy), 1127
Randomly
methylated
p-cyclodextrin

RAMEB (12)  C,H, O, (CH,), 1303

427770-n 735

Randomly
methylated
y-cyclodextrin

RAMEG (12) C,H, O, -(CH,), 1465

487780—n T 40




were suspended in distilled water and sterilized through
autoclaving. A dilution series was then prepared, covering
a concentration range of 0.0008—50 mM.

2.2 Biofilm measurement

Biofilm formation by Candida albicans was assessed
using two complementary quantitative methods: the crys-
tal violet (CV) staining assay and the XTT tetrazolium
salt reduction assay. These methods measure total biomass
and metabolic activity, respectively.

2.2.1 Crystal violet assay

The CV assay followed a modified version of the O'Toole
method [34], as previously described [32]. In brief, 50 uL
of the sample and 150 pL of the cell suspension were pipet-
ted into sterile, flat-bottom 96-well polystyrene microplates
and incubated at 37 °C for 24 h. After incubation, the super-
natant was carefully removed, and the wells were rinsed
twice with water to eliminate loosely attached cells. To fix
the adherent biofilm, 250 pL of methanol was added to each
well and incubated for 15 min. Following this, the metha-
nol was removed, and the plates were air-dried under lam-
inar flow. Staining was performed by adding 250 pL of
0.1% (w/v) aqueous CV solution to each well, followed by a
15-min incubation. After discarding the dye, the wells were
gently washed to remove any excess stain while minimiz-
ing disruption of the biofilm. The fixed dye was then solubi-
lized using 250 pL of 30% (v/v) acetic acid. Finally, a 250 pL
aliquot of the resulting solution was transferred to a new
microplate, and absorbance was measured at 544 nm using
a Fluostar Optima plate reader (BMG Labtech, Germany).

2.2.2 XTT reduction assay
The XTT
5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide]

[2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-

assay was performed in parallel under the same culture
conditions as for the CV assay to measure the metabolic
activity of cells in the biofilm. Following biofilm devel-
opment, wells were gently washed two times with water
to remove nonadherent cells. A freshly prepared XTT-
menadione solution was used to assess metabolic activity.
XTT (Sigma-Aldrich Inc. Budapest, Hungary) was dis-
solved in sterile PBS at a concentration of 1 mg/mL, while
menadione was prepared at a concetration of 0.4 mM in
acetone. Both solutions were filter sterilized (0.22 pm) and
mixed at a 12:1 (v/v) ratio immediately before use. For the
assay, 30 pL of the XTT-menadione mixture and 250 pL
of PBS were added to each well. Plates were incubated in
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the dark at 37 °C for 1 h. Following incubation, 100 pL
of the colored formazan produced by the reduction of
XTT was transferred to a new plate, and the absorbance
was read at 450 nm using a DIALAB ELx800 microplate
reader (Dialab GmbH, Wiener Neudorf, Austria).

2.3 Growth assessment by optical density
determination

To determine potential cytotoxic effects exerted by the
applied CDs, optical density (OD) measurements were per-
formed at 630 nm. The OD was measured using a DIALAB
ELx800 ELISA microplate reader, both immediately after
setting up the plates and following the incubation periods.

2.4 Microscopic evaluation of morphological changes
After 24 h of incubation and CV staining, microscopic
analysis was performed to investigate potential morpho-
logical alterations in Candida albicans cells exposed
to CDs. Imaging was performed using a Nikon Eclipse
SI microscope, equipped with a TrueChrome 4K Pro dig-
ital camera and Mosaic™ V2.4 software (Auro-Science
Consulting Kft., Budapest, Hungary) [35]. Images were
captured at 200x magnification for a microscopic evalua-
tion of the morphological changes induced by CDs.

2.5 Measurement of ROS production

ROS were detected using 2',7'-dichlorofluorescin diacetate
(DCFDA) (Sigma-Aldrich Inc., Budapest, Hungary), fol-
lowing a measurement of fluorescence based on a previ-
ously described protocol [36] with modifications. Briefly,
the cells were exposed to different concentrations of
CDs at 37 °C for 24 h in YPD. The cells were then har-
vested by centrifugation, washed twice, and resuspended
in PBS. Subsequently, 150 pL of the cell suspension was
transferred to a black flat-bottom 96-well microplate, and
20 puL of 20 uM DCFDA was added to the wells, followed
by 30-min incubation. The fluorescence intensity (with
excitation and emission of 485 and 520 nm), which directly
indicates ROS levels, was measured with a Fluostar Optima
(BMG Labtech, Germany) microplate reader.

2.6 Membrane permeability assay with EtBr

The membrane permeability assay was performed accord-
ing to a previously published protocol with modifica-
tions [37]. An overnight culture of C. albicans was washed
twice with PBS and diluted to OD600 = 0.8 in PBS, which
contained 10 uM ethidium bromide (EtBr, Sigma-Aldrich
Inc. Budapest, Hungary) and 5 mM glucose. Subsequently,
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1.5 ml of the fungal suspension was incubated with 0.5 mL
of the tested CDs or control for 60 min at 30 °C, 400 RPM.
To prepare the heat-killed cells, the sample was incubated
at 80 °C for 10 min. Then, 100 puL of the samples were
transferred into a 96-well black microplate and fluores-
cence was measured with Fluostar Optima fluorometer
with the excitation and emission wavelengths set to 544
and 590 nm, respectively. The slit width was 10 nm.

2.7 Statistical analysis
All experimental data were statistically evaluated by anal-
ysis of variance (ANOVA) using Statistica 13.1 software
(TIBCO Software, Inc., Palo Alto, USA) [38] to assess sig-
nificant differences between treatments. Pairwise compar-
isons between different CD concentrations were conducted
using Fisher's least significant difference (LSD) test, or
alternatively, the Newman—Keuls procedure was applied
when the criteria of variance homogeneity were not ful-
filled. Columns annotated with the same letter do not differ
significantly at the p < 0.05 significance level. All statistical
tests were performed with a confidence level set at p <0.05.

A dose-response analysis was conducted by Origin® 2018
(OriginLab, Northampton, MA, USA), employing a sig-
moidal fit dose-response function to determine effective con-
centrations for biofilm inhibition. To determine these effec-
tive concentration values (EC), sigmoidal curves were fitted
to the inhibition percentage values calculated from the mea-
surement data compared to the control.

The concentrations of the examined CDs that result
in 20% and 50% inhibition of the observed endpoint are
denoted by EC20 and EC50, respectively.

3 Results
The aim of this study was to evaluate the effect of ran-
domly methylated CD derivatives on biofilm formation.
To achieve this, two complementary methods were used:
the CV staining technique, which quantifies total biofilm
biomass, and the XTT reduction assay, which assesses
the metabolic activity of cells embedded in the biofilm.
The graphs presented illustrate relative biofilm formation,
calculated as the ratio of the OD measured at 544 nm after
CV staining to the OD measured at 630 nm before staining
in the treated wells was divided by the same ratio obtained
for the untreated control wells.

Fig. 1 illustrates the impact of randomly methylated
a-CD (RAMEA) within the concentration range of 32 nM
to 12.5 mM.
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Fig. 1 Effect of increasing concentration of RAMEA on biofilm
formation after 24 h of incubation: results obtained using (a) the CV
staining method are presented on the top, whereas (b) data derived from
the XTT reduction assay are shown on the bottom. Values sharing the
same letter do not differ significantly from each other at p < 0.05.

Both assays revealed that RAMEA exerted a concen-
tration-dependent inhibitory effect on biofilm formation,
when compared with the untreated control. As indicated
by the identical letters above the bars, the lower concen-
trations up to 16 nM did not cause significant changes in
either biomass or metabolic activity (p > 0.05). However,
at higher concentrations, a significant decrease in both
total biomass and metabolic activity is observed. At the
highest tested concentrations, the inhibition exceeded
90% in the CV assay and reached approximately 70%
in the XTT assay, clearly demonstrating the strong bio-
film-suppressive potential of RAMEA at elevated doses.
Inthe case of RAMEB (Fig. 2), a similar concentration-de-
pendent biofilm inhibition was observed up to a concen-
tration of 0.5 mM. Below this threshold, both the total and
the metabolic activity decreased in a concentration-depen-
dent manner compared to the untreated control. However,
at concentrations higher than 0.5 mM, this trend was
reversed. Notably, the biofilm biomass began to increase
again, and at the highest tested concentration of 12.5 mM,
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formation after 24 h of incubation: results obtained using (a) the CV
staining method are presented on the top, whereas (b) data derived from
the XTT reduction assay are shown on the bottom. Values sharing the
same letter do not differ significantly from each other at p < 0.05.

the CV assay revealed an approximately 80% increase in
biofilm biomass relative to the control.

The unexpected biofilm-promoting effect observed
at high RAMEB concentrations suggests that there may
be a threshold concentration above which the compound
induces cellular responses that favor biofilm formation
instead of suppression. In the case of randomly methylated
y-cyclodextrin (RAMEG) (Fig. 3), the most pronounced
inhibitory effect on biofilm formation was also noted at
a concentration of 0.5 mM. This resulted in a reduction
of approximately 84% in the CV assay and 68% in the
XTT assay compared to the control.

At concentrations higher than 0.5 mM, a slight increase
in biofilm formation was detected However, even at the
highest concentration tested (12.5 mM), the level of biofilm
remained significantly lower than those of the untreated
control. This indicates that RAMEG consistently exerts a
strong anti-biofilm effect across all tested concentrations.

To evaluate the potential cytotoxic effects of the applied
CDs, we measured changes in OD. The results, summarized
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Fig. 3 Effect of increasing concentration of RAMEG on biofilm
formation after 24 h of incubation: results obtained using (a) the CV
staining method are presented on the top, whereas (b) data derived from
the XTT reduction assay are shown on the bottom. Values sharing the

same letter do not differ significantly from each other at p < 0.05.

in Table S1, show that the OD fluctuated by no more than
11% across all treatments. This suggests that the observed
inhibition of biofilm formation was not accompanied by a
significant reduction in microbial growth.

Based on the statistically determined EC,  and EC, val-
ues in Table 2, the efficiency order of CDs regarding their
inhibitory capacity on biofilms is as follows:

RAMEA < RAMEG < RAMEB (1)
Table 2 Effective concentrations causing 20% and 50% inhibition

of biofilm formation capacity (EC,, EC, ) and the lowest observed
inhibitory concentration (LOIC) for RAMEA, RAMEB, RAMEG

EC,, EC,, and LOIC values [uM]
Biofilm formation capacity Biofilm viability —
— CV staining XTT reduction
< m Q < m Q
m m m m o) m
= = = = = =
< < < < < <
~ ~ ~ ~ ~ ~
EC,, 8.6 0.8 4.0 17.3 1.8 7.0
EC 28.3 3.2 15.3 73.9 8.4 36.2

LOIC 4.0 0.8 0.8 0.8 0.8 0.8
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LOIC refers to the lowest observed inhibitory concen-
tration of CDs, which results in significant inhibition of
biofilm formation as determined by ANOVA.

To evaluate the impact of randomly methylated CDs on
fungal morphology, we captured microscopic images pre-
sented in Fig. 4. The images clearly illustrate that in sam-
ples where biofilm formation was reduced due to CD treat-
ment, there was also a marked decrease in the number of
visible cells. Higher concentrations of CD resulted in more
hyphal structures, indicating that elevated CD levels may
promote hyphal development.

In this study, we studied how the tested CDs affect the
generation of ROS in Candida albicans cells. ROS are
highly reactive and short-lived molecules, which makes
their direct detection challenging. To estimate the level of
ROS produced in this experiment, we used DCFDA, a fluo-
rescent probe. An increase in fluorescence indicates overall
oxidative activity, although it does not specify which reac-
tive species are present. Based on this principle, we inter-
preted the fluorescence intensity (relative to control), shown
in Fig. 5, to assess how the randomly methylated CDs influ-
ence intracellular ROS levels under the tested conditions.

The results indicate that all three tested CD deriva-
tives led to a significant increase in intracellular ROS lev-
els. Notably, RAMEG induced the highest ROS produc-
tion; at the maximum tested concentration of 12.5 mM,
the ROS level rose by approximately 140% compared
to the untreated control.

3.0
2.5
2.0

be
15 ab
1.0
0.5
0.0

Control 05 25 125 05 125 125
RAMEA [mM] RAMEB [mM] RAMEG [mM]

Relative fluorescence
ROS production
o

Fig. 5 ROS measured in Candida albicans cells using the DCFDA assay.
Values sharing the same letter do not differ significantly from each

other at p < 0.05.

demonstrated a clear concentration-dependent trend, sug-
gesting that higher concentrations of RAMEG are associ-
ated with greater oxidative stress within the fungal cells.

The effect on membrane integrity was also assessed
using a membrane permeability assay (see Fig. SI).
The results revealed that cells treated with randomly meth-
ylated CDs did not exhibit increased fluorescence signals
compared to the untreated control, suggesting that these
treatments did not result in a higher proportion of cells
with damaged membranes.

4 Discussion

This study provides new insights into the potential of ran-
domly methylated CD derivatives (RAMEA, RAMEB, and
RAMEG) to modulate the formation of biofilms in Candida
albicans. Two commonly used methods for evaluating bio-
film formation in Candida species are the XTT assay, which
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Fig. 4 Biofilm formation of Candida albicans after staining with CV, observed with a Nikon Eclipse SI microscope at 200x magnification



measures cell viability, and the CV staining technique,
which quantifies total biofilm biomass [34, 39]. Both meth-
ods were employed in this study. The results consistently
demonstrate that RAMEA and RAMEG exert a concentra-
tion-dependent inhibitory effect on both total biofilm bio-
mass and metabolic activity, with the strongest inhibition
observed at higher doses. In contrast, RAMEB displayed
different behavior: while low to moderate concentrations
effectively reduced biofilm formation, higher doses unex-
pectedly stimulated biomass accumulation, suggesting a
concentration threshold beyond which the compound may
promote biofilm growth. The outcomes of the XTT and CV
assays were consistent with each other with no major dis-
crepancies observed, indicating that the cells within the bio-
film remained viable. This aligns with previous studies [40],
which reported a significant correlation between the results
of these two methods, but we can also find studies where
poor agreement was shown in Candida species [39].

Microscopic images confirmed these findings, show-
ing a reduced number of cells where biofilm was inhib-
ited. A notable finding was that CDs induced more pro-
nounced hyphae formation than the control group at
nearly all tested concentrations. The underlying mecha-
nism for this result remains to be elucidated, but it may be
related to the influence of CDs on the availability of signal
molecules that influence biofilm formation. Additionally,
the outcome may also be affected by potential interac-
tions between CDs and medium components, leading to
changes in nutrient availability.

Overall, these results indicate that randomly methylated
CDs can interfere with the development of C. albicans bio-
films and morphological transitions, although their effects
are strongly dependent on chemical structure and concen-
tration. Understanding these interactions could help in
developing new strategies to control biofilm-related infec-
tions and improve antifungal treatments in the future.

Polymorphism, or the ability to undergo morphological
transitions, is crucial for their adaptation to different envi-
ronmental conditions. The ability to switch between yeast,
hyphal, and pseudohyphal forms is fundamental to the viru-
lence ofthe species, contributing to both survival and pathoge-
nicity within the host. This transition is influenced by several
factors, including temperature, pH, carbon dioxide concen-
tration, and the presence of mammalian serum [41-43].
Several studies have shown that strains unable to form
hyphae cause significantly milder symptoms, further sup-
porting the role of polymorphism and biofilm formation in
the pathogenesis of chronic or recurrent infections [44, 45].
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It was also demonstrated that the randomly methylated
CDs did not cause notable cytotoxic effects, as evidenced
by OD measurements. Studies examining the effect of
cavity size and substitution patterns on the cytotoxicity of
CDs revealed that methyl-substituted CDs displayed simi-
lar cytotoxicity to their native counterparts [39].

To further investigate the effects of randomly methylated
CDs on Candida albicans, we examined additional endpoints
to elucidate potential underlying mechanisms. In our mem-
brane integrity assays using EtBr, we observed no increase
in fluorescence signal in CD-treated cells compared to the
control group, indicating that membrane permeability was
not notably altered by the CDs. However, the data suggested
that all three types of CDs slightly slowed cell growth, as
evidenced by the lower fluorescence signals compared to
untreated controls. This indicates that there was a lower con-
centration of dead cells in these systems. This finding is fur-
ther supported by the heat-killed control samples included
in the assay, which show that the fluorescence intensity cor-
relates directly with total cell count. Similarly, lower signals
were detected in samples treated with CDs.

Additionally, we assessed the impact of randomly
methylated CDs on intracellular ROS levels. Our results
revealed a significant increase in ROS levels after 24 h
treatment. This increase indicates that randomly methyl-
ated CDs induce cellular stress in Candida albicans. While
our membrane integrity assays did not reveal significant
changes in membrane permeability, it is plausible that these
CDs alter the composition and fluidity of the plasma mem-
brane or disturb the cell wall structure. Such modifications
could interfere with nutrient and ion transport, potentially
disrupting metabolic homeostasis and leading to oxidative
stress within the cells. C. albicans is known to respond
to various environmental challenges, including cell wall
damage and exposure to antifungal agents, by increasing
ROS production [46]. Therefore, the elevated ROS levels
detected in our experiments suggest that, in addition to
directly inhibiting biofilm formation, randomly methyl-
ated CDs may compromise cellular homeostasis through
the induction of oxidative stress mechanisms.

5 Conclusion

Although the underlying mechanisms are still partly
unexplored, our results clearly illustrate that randomly
methylated CD derivatives are capable of influencing
Candida albicans biofilm formation and can affect its
morphological transitions. These cyclic oligosaccha-
rides possess exceptional properties, as demonstrated by
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their ability to reduce the infectivity of Candida albicans
through the induction of cytotoxic effects and their impact
on biofilm formation. This clearly opens up new directions
for the research and development of antifungal agents.

Acknowledgement
The project presented in this article is supported by
the Richter Gedeon Excellence Ph.D. Scholarship of

References

[11 Calderone, R. A., Fonzi, W. A. "Virulence factors of Candida albi-
cans", Trends in Microbiology, 9(7), pp. 327-335, 2001.
https://doi.org/10.1016/S0966-842X(01)02094-7

[2] Talapko, J., Juzbasi¢, M., Matijevi¢, T., Pustijanac, E., Beki¢, S.,
Kotris, L., Skrlec, 1. "Candida albicans—the virulence factors and
clinical manifestations of infection", Journal of Fungi, 7(2), 79, 2021.
https://doi.org/10.3390/j0f7020079

[3] Pappas, P. G., Lionakis, M. S., Arendrup, M. C., Ostrosky-
Zeichner, L., Kullberg, B. J. "Invasive candidiasis", Nature
Reviews Disease Primers, 4(1), 18026, 2018.
https://doi.org/10.1038/nrdp.2018.26

[4] Nobile, C.J.,Johnson, A. D. "Candida albicans biofilms and human
disease", Annual Review of Microbiology, 69(1), pp. 71-92, 2015.
https://doi.org/10.1146/annurev-micro-091014-104330

[5] Atriwal, T., Azeem, K., Husain, F. M., Hussain, A., Khan, M. N.,
Alajmi, M. F., Abid, M. "Mechanistic understanding of Candida
albicans biofilm formation and approaches for its inhibition",
Frontiers in Microbiology, 12, 638609, 2021.
https://doi.org/10.3389/fmicb.2021.638609

[6] Davey, M. E., O'toole, G. A. "Microbial biofilms: from ecology
to molecular genetics", Microbiology and Molecular Biology
Reviews, 64(4), pp. 847-867, 2000.
https://doi.org/10.1128/ MMBR.64.4.847-867.2000

[7] Pereira, R., dos Santos Fontenelle, R. O., De Brito, E. H. S.,
De Morais, S. M. "Biofilm of Candida albicans: formation, reg-
ulation and resistance", Journal of Applied Microbiology, 131(1),
pp. 11-22, 2021.
https://doi.org/10.1111/jam.14949

[8] Blankenship, J. R., Mitchell, A. P. "How to build a biofilm: a
fungal perspective", Current Opinion in Microbiology, 9(6),
pp. 588-594, 2006.
https://doi.org/10.1016/j.mib.2006.10.003

[9] Winter, M. B., Salcedo, E. C., Lohse, M. B., Hartooni, N., Gulati, M.,
Sanchez, H., ..., Nobile, C. J. "Global identification of biofilm-spe-
cific proteolysis in Candida albicans", MBio, 7(5), 01514-16, 2016.
https://doi.org/10.1128/mBio.01514-16

[10] Uppuluri, P., Chaturvedi, A. K., Srinivasan, A., Banerjee, M.,
Ramasubramaniam, A. K., Kohler, J. R., ..., Lopez-Ribot, J. L.
"Dispersion as an important step in the Candida albicans biofilm
developmental cycle", PLoS Pathogens, 6(3), 1000828, 2010.
https://doi.org/10.1371/journal.ppat.1000828

[11] Ramage, G., Saville, S. P., Wickes, B. L., Lopez-Ribot, J. L.
"Inhibition of Candida albicans biofilm formation by farne-
sol, a quorum-sensing molecule", Applied and Environmental
Microbiology, 68(11), pp. 5459-5463, 2002.
https://doi.org/10.1128/AEM.68.11.5459-5463.2002

Richter Gedeon Talentum Foundation (H-1103 Budapest,
Gyomroi str. 19-21, Hungary) and the Ministry of Culture
and Innovation of Hungary from the Hungarian National
Research, Development and Innovation Fund (TKP2021-
EGA). A sincere thank you to Emese Vaszita for providing
language editing for this paper.

[12] Albuquerque, P., Casadevall, A. "Quorum sensing in fungi—a
review", Medical Mycology, 50(4), pp. 337-345, 2012.
https://doi.org/10.3109/13693786.2011.652201

[13] Tsui, C., Kong, E. F., Jabra-Rizk, M. A. "Pathogenesis of Candida
albicans biofilm", FEMS Pathogens and Disease, 74(4), ftw018, 2016.
https://doi.org/10.1093/femspd/ftw018

[14] Tobudic, S., Kratzer, C., Lassnigg, A., Presterl, E. "Antifungal
susceptibility of Candida albicans in biofilms", Mycoses, 55(3),
pp. 199-204, 2012.
https://doi.org/10.1111/1.1439-0507.2011.02076.x

[15] Crini, G., Fourmentin, S., Fenyvesi, E., Torri, G., Fourmentin, M.,
Morin-Crini, N. "Cyclodextrins, from molecules to applications",
Environmental Chemistry Letters, 16, pp. 1361-1375, 2018.
https://doi.org/10.1007/s10311-018-0763-2

[16] Dhiman, P., Bhatia, M. "Pharmaceutical applications of cyclodex-
trins and their derivatives", Journal of Inclusion Phenomena and
Macrocyclic Chemistry, 98(3), pp. 171-186, 2020.
https://doi.org/10.1007/s10847-020-01029-3

[17] Puskas, 1., Szente, L., Szécs, L., Fenyvesi, E. "Recent list of
cyclodextrin-containing drug products", Periodica Polytechnica
Chemical Engineering, 67(1), pp. 11-17, 2023.
https://doi.org/10.3311/PPch.21222

[18] Ding, Y., Xu,S., Ding, C., Zhang, Z., Xu, Z. "Randomly Methylated
B-CyclodextrinInclusion Complex with Ketoconazole: Preparation,
Characterization, and Improvement of Pharmacological Profiles",
Molecules, 29(9), 1915, 2024.
https://doi.org/10.3390/molecules29091915

[19] Soe, H. M. S. H., Maw, P. D., Loftsson, T., Jansook, P. "A current
overview of cyclodextrin-based nanocarriers for enhanced anti-
fungal delivery", Pharmaceuticals, 15(12), 1447, 2022.
https://doi.org/10.3390/ph15121447

[20] Neoh, T. L., Tanimoto, T., Ikefuji, S., Yoshii, H., Furuta, T.
"Improvement of antifungal activity of 10-undecyn-1-ol by inclu-
sion complexation with cyclodextrin derivatives", Journal of
Agricultural and Food Chemistry, 56(10), pp. 3699-3705, 2008.
https://doi.org/10.1021/jf0731898

[21] Moraes, G. S., Tozetto, N. M., Pedroso, T. A. A., de Mattos, M.
A., Urban, A. M., Paludo, K. S., ..., Urban, V. M. "Anti-Candida
activity and in vitro toxicity screening of antifungals complexed
with B-cyclodextrin”, Journal of Applied Toxicology, 44(5),
pp. 747755, 2024.
https://doi.org/10.1002/jat.4575


https://doi.org/10.1016/S0966-842X(01)02094-7
https://doi.org/10.3390/jof7020079
https://doi.org/10.1038/nrdp.2018.26
https://doi.org/10.1146/annurev-micro-091014-104330
https://doi.org/10.3389/fmicb.2021.638609
https://doi.org/10.1128/MMBR.64.4.847-867.2000
https://doi.org/10.1111/jam.14949
https://doi.org/10.1016/j.mib.2006.10.003
https://doi.org/10.1128/mBio.01514-16
https://doi.org/10.1371/journal.ppat.1000828
https://doi.org/10.1128/AEM.68.11.5459-5463.2002
https://doi.org/10.3109/13693786.2011.652201
https://doi.org/10.1093/femspd/ftw018
https://doi.org/10.1111/j.1439-0507.2011.02076.x
https://doi.org/10.1007/s10311-018-0763-2
https://doi.org/10.1007/s10847-020-01029-3
https://doi.org/10.3311/PPch.21222
https://doi.org/10.3390/molecules29091915
https://doi.org/10.3390/ph15121447
https://doi.org/10.1021/jf0731898
https://doi.org/10.1002/jat.4575

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

Teodoro, G. R., Gontijo, A. V. L., Borges, A. C., Tanaka, M. H.,
Lima, G. D. M. G., Salvador, M. J., Koga-Ito, C. Y. "Gallic acid/
hydroxypropyl-g-cyclodextrin complex: Improving solubility for
application on in vitro/in vivo Candida albicans biofilms", PLoS
One, 12(7), e0181199, 2017.
https://doi.org/10.1371/journal.pone.0181199

Macaev, F., Boldescu, V., Geronikaki, A., Sucman, N. "Recent
advances in the use of cyclodextrins in antifungal formulations",
Current Topics in Medicinal Chemistry, 13(21), pp. 2677-2683, 2013.
https://doi.org/10.2174/15680266113136660194

Mishra, P., Gupta, P., Srivastava, A. K., Poluri, K. M., Prasad, R.
"Eucalyptol/f-cyclodextrin inclusion complex loaded gellan/PVA
nanofibers as antifungal drug delivery system", International
Journal of Pharmaceutics, 609, 121163, 2021.
https://doi.org/10.1016/j.ijpharm.2021.121163

Szente, L., Szejtli, J. "Highly soluble cyclodextrin derivatives:
chemistry, properties, and trends in development", Advanced Drug
Delivery Reviews, 36(1), pp. 17-28, 1999.
https://doi.org/10.1016/S0169-409X(98)00092-1

Aiassa, V., Garnero, C., Zoppi, A., Longhi, M. R. "Cyclodextrins
and their derivatives as drug stability modifiers", Pharmaceuticals,
16(8), 1074, 2023.

https://doi.org/10.3390/ph16081074

Szente, L., Singhal, A., Domokos, A., Song, B. "Cyclodextrins:
Assessing the impact of cavity size, occupancy, and substitutions
on cytotoxicity and cholesterol homeostasis", Molecules, 23(5),
1228, 2018.

https://doi.org/10.3390/molecules23051228

Loftsson, T., Duchene, D. "Cyclodextrins and their pharmaceutical
applications", International Journal of Pharmaceutics, 329(1-2),
pp. 1-11, 2007.

https://doi.org/10.1016/j.ijpharm.2006.10.044

Cui, Y., Wang, C., Mao, J., Yu, Y. "A facile and practical approach
to randomly methylated B-cyclodextrin”, Journal of Chemical
Technology & Biotechnology, 85(2), pp. 248251, 2010.
https://doi.org/10.1002/jctb.2295

Kumar, L., Bisen, M., Harjai, K., Chhibber, S., Azizov, S.,
Lalhlenmawia, H., Kumar, D. "Advances in nanotechnology for
biofilm inhibition", ACS omega, 8(24), pp. 21391-21409, 2023.
https://doi.org/10.1021/acsomega.3¢02239

Berkl, Z., Fekete-Kertész, 1., Buda, K., Vaszita, E., Fenyvesi, E.,
Szente, L., Molnar, M. "Effect of cyclodextrins on the biofilm for-
mation capacity of Pseudomonas aeruginosa PAOL", Molecules,
27(11), 3603, 2022.

https://doi.org/10.3390/molecules27113603

Marton, R., Margl, M., Toth, L. K., Fenyvesi, E., Szente, L.,
Molnar, M. "The Impact of Cyclodextrins on the Physiology
of Candida boidinii: Exploring New Opportunities in the
Cyclodextrin Application", Molecules, 29(15), 3698, 2024.
https://doi.org/10.3390/molecules29153698

Marton, R., Hermann, H., Kiss V. T., Fenyvesi, E., Szente, L.,
Molnar, M. "Cyclodextrins in Action: Modulating Candida albi-
cans Biofilm Formation and Morphology", Biotechnology Reports,
47,e00912, 2025.

https://doi.org/10.1016/j.btre.2025.¢00912

[34]

[35]

[36]

[37]

[38]

[39]

(40]

[41]

(42]

(43]

(44]

[45]

[46]

Marton et al. | 9
Period. Polytech. Chem. Eng.

O'toole, G. A. "Microtiter dish biofilm formation assay", JOVE
Journal, 47, 2437, 2011.

https://doi.org/10.3791/2437

Tucsen Ltd. (2.4)",
Available at: https:/www.tucsen.com/mosaic-2-3-product/
[Accessed: 19 September 2024]

Shahina, Z., Ndlovu, E., Persaud, O., Sultana, T., Dahms, T. E.
"Candida albicans reactive oxygen species (ROS)-dependent lethal-

Photonics  Co. "Mosaic [software]

ity and ROS-independent hyphal and biofilm inhibition by eugenol
and citral", Microbiology Spectrum, 10(6), €¢03183-22, 2022.
https://doi.org/10.1128/spectrum.03183-22

Lee, H. S., Kim, Y. "Aucklandia lappa causes membrane per-
meation of Candida albicans", Journal of Microbiology and
Biotechnology, 30(12), 1827, 2020.
https://doi.org/10.4014/jmb.2009.09044

Cloud Software Group "TIBCO Statistica™ (13.5.0)",
Ultimate Academic Bundle, [software] Available at: https://
docs.tibco.com/products/tibco-data-science-statistica-13-5-0
[Accessed: 25 April 2025]

Marcos-Zambrano, L. J., Escribano, P., Bouza, E., Guinea, J.
"Production of biofilm by Candida and non-Candida spp. isolates
causing fungemia: comparison of biomass production and meta-
bolic activity and development of cut-off points", International
Journal of Medical Microbiology, 304(8), pp. 1192-1198, 2014.
https://doi.org/10.1016/j.ijmm.2014.08.012

Li, X., Yan, Z., Xu, J. "Quantitative variation of biofilms among
strains in natural populations of Candida albicans", Microbiology,
149(2), pp. 353-362, 2003.

https://doi.org/10.1099/mic.0.25932-0

Sudbery, P., Gow, N., Berman, J. "The distinct morphogenic
states of Candida albicans", Trends in microbiology, 12(7),
pp. 317-324, 2004.

https://doi.org/10.1016/j.tim.2004.05.008

Lo, H. J, Kohler, J. R., DiDomenico, B., Loebenberg, D.,
Cacciapuoti, A., Fink, G. R. "Nonfilamentous C. albicans mutants
are avirulent", Cell, 90(5), pp. 939-949, 1997.
https://doi.org/10.1016/S0092-8674(00)80358-X

Gow, N. A., Van De Veerdonk, F. L., Brown, A. J., Netea, M. G.
"Candida albicans morphogenesis and host defence: discriminat-
ing invasion from colonization", Nature Reviews Microbiology,
10(2), pp. 112-122, 2012.

https://doi.org/10.1038/nrmicro2711

Sherry, L., Rajendran, R., Lappin, D. F., Borghi, E., Perdoni, F.,
Falleni, M., ..., Ramage, G. "Biofilms formed by Candida albicans
bloodstream isolates display phenotypic and transcriptional het-
erogeneity that are associated with resistance and pathogenicity",
BMC Microbiology, 14, pp. 1-14, 2014.
https://doi.org/10.1186/1471-2180-14-182

Pukkila-Worley, R., Peleg, A. Y., Tampakakis, E., Mylonakis, E.
"Candida albicans hyphal formation and virulence assessed using
a Caenorhabditis elegans infection model", Eukaryotic Cell, 8(11),
pp. 1750-1758. 2009.

https://doi.org/10.1128/EC.00163-09

Gonzalez-Jimenez, 1., Perlin, D. S., Shor, E. "Reactive oxidant spe-
cies induced by antifungal drugs: identity, origins, functions, and
connection to stress-induced cell death", Frontiers in Cellular and
Infection Microbiology, 13, 1276406, 2023.
https://doi.org/10.3389/fcimb.2023.1276406


https://doi.org/10.1371/journal.pone.0181199
https://doi.org/10.2174/15680266113136660194
https://doi.org/10.1016/j.ijpharm.2021.121163
https://doi.org/10.1016/S0169-409X(98)00092-1
https://doi.org/10.3390/ph16081074
https://doi.org/10.3390/molecules23051228
https://doi.org/10.1016/j.ijpharm.2006.10.044
https://doi.org/10.1002/jctb.2295
https://doi.org/10.1021/acsomega.3c02239
https://doi.org/10.3390/molecules27113603
https://doi.org/10.3390/molecules29153698
https://doi.org/10.1016/j.btre.2025.e00912
https://doi.org/10.3791/2437
https://www.tucsen.com/mosaic-2-3-product/ 
https://doi.org/10.1128/spectrum.03183-22
https://doi.org/10.4014/jmb.2009.09044
https://docs.tibco.com/products/tibco-data-science-statistica-13-5-0
https://docs.tibco.com/products/tibco-data-science-statistica-13-5-0
https://doi.org/10.1016/j.ijmm.2014.08.012
https://doi.org/10.1099/mic.0.25932-0
https://doi.org/10.1016/j.tim.2004.05.008
https://doi.org/10.1016/S0092-8674(00)80358-X
https://doi.org/10.1038/nrmicro2711
https://doi.org/10.1186/1471-2180-14-182
https://doi.org/10.1128/EC.00163-09
https://doi.org/10.3389/fcimb.2023.1276406

	1 Introduction
	2 Methods
	2.1 Strain and tested cyclodextrin molecules
	2.2 Biofilm measurement
	2.2.1 Crystal violet assay
	2.2.2 XTT reduction assay

	2.3 Growth assessment by optical density determination
	2.4 Microscopic evaluation of morphological changes
	2.5 Measurement of ROS production
	2.6 Membrane permeability assay with EtBr
	2.7 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Acknowledgement
	References

