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ABSTRACT This study comprehensively assessed the activity of manogepix (MNGX), 
ibrexafungerp (IBF), amphotericin B (AMB), rezafungin (RZF), and caspofungin (CAS) 
against planktonic cells and mature biofilms of Candida spp.—reference and clinical 
strains using the Calgary biofilm device. Mature-phase biofilms of C. albicans, C. auris 
(clades I, II, III, IV), and C. parapsilosis were exposed to a range of drug concentrations 
(0.12–128 µg/mL). Minimum Inhibitory Concentration (MIC) values for planktonic cells 
were ≤2 µg/mL for all strains; however, biofilm-associated MICs, minimum biocidal 
concentration (MBC), minimum biofilm eradication (MBEC), and minimum biofilm 
damaging concentration (MBDC) were significantly higher (2–4,119 times). Geometric 
mean (GM) of MBEC values indicated that MNGX had the highest antifungal activity 
within Candida species, with a GM-MBEC of 5.9 µg/mL. Despite its overall potency, 
MNGX was less effective against C. auris biofilms from clade IV strains, where IBF 
showed superior activity. While not the most potent agent overall, AMB induced 
the smallest fold-change increases (2- to 32-fold) in biofilm-associated states data 
compared to planktonic MICs. Conversely, CAS exhibited the lowest activity against 
Candida spp. biofilms. The eradication of C. auris and C. parapsilosis biofilms required 
substantially higher concentrations than C. albicans, with some agents, such as RZF and 
CAS, necessitating up to 42-fold increases in dosage. In conclusion, our in vitro model 
highlights the antibiofilm activity of novel antifungals against major Candida species, 
revealing significant differences in efficacy among species. MNGX demonstrated the 
highest activity, underscoring its potential as a promising candidate for the treatment of 
biofilm-related infections.

KEYWORDS Candida biofilms, antibiofilm activity, novel antifungals, Calgary biofilm 
device

F ungal biofilms are complex communities of microbial cells that attach to abiotic or 
biotic surfaces and are encased in a self-produced polymeric extracellular matrix 

(ECM). The ECM is primarily composed of polysaccharides, proteins, nucleic acids, and 
lipids, which collectively provide mechanical stability, mediate adhesion to surfaces, and 
form a cohesive, three-dimensional polymer network that interconnects and immobilizes 
biofilm cells (1). Unlike their planktonic counterparts, biofilm-associated cells adopt 
a sessile lifestyle, which confers emergent properties such as increased resistance to 
antimicrobial agents (degree varies by species and antifungal with biofilms withstand­
ing up to 1,000× higher concentrations of antifungals compared to planktonic cells), 
protection against host immune defenses, and enhanced survival in hostile environ­
ments (2). These characteristics significantly complicate the treatment of biofilm-associ-
ated infections, often resulting in persistent or recurrent diseases that are particularly 
challenging to manage (3–5). One critical example is Candida spp. bloodstream infection 
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associated with catheter use, which is a major cause of morbidity and mortality, 
particularly in patients with prolonged intensive care unit (ICU) stays (6, 7).

Among fungal pathogens able to form biofilms, Candida spp. are of critical con­
cern (4). Their pathogenicity is compounded by its ability to establish biofilms on a 
wide range of surfaces, including medical devices such as urinary and vascular cathe­
ters, prosthetic joints, and cardiac valves. Planktonic cells released from biofilms may 
temporarily respond to treatment; however, the biofilm itself typically remains intact, 
necessitating device removal to achieve resolution (8, 9).

The structural and biochemical diversity of biofilms among Candida spp. further 
exacerbates the difficulty of treating biofilm-related infections (10). For instance, mature 
biofilms formed by C. albicans (the most extensively studied species) are highly 
heterogeneous, incorporating yeast, hyphal, and pseudohyphal elements, all embedded 
within the ECM (11). In contrast, C. glabrata (Nakaseomyces glabratus) biofilms lack 
hyphal forms and consist of compact layers of yeast cells with an ECM of varying 
complexity. C. tropicalis biofilms exhibit extensive hyphal formation and budding, while 
C. parapsilosis biofilms are characterized by tightly packed yeast clusters and pseudohy­
phae with minimal ECM (compared to other species, the amount of ECM in C. parapsilosis 
biofilm is low and contains mainly carbohydrates with low protein content) (12). C. 
auris (Candidozyma auris) presents unique challenges in biofilm formation (C. auris does 
not form hyphae and pseudohyphae, but under certain special cultivation conditions, 
it is able to grow into a pseudohyphae-like form), but the detailed characterization 
of its biofilm structure and ECM composition remains an active area of research (13). 
Dominguez et al. previously described that the ECM of C. auris is rich in mannan-glucan 
polysaccharides and demonstrated that their hydrolysis reduces drug tolerance similar to 
other Candida spp. (14). A comprehensive review of biofilm features of Candida spp. was 
recently published (see reference 12).

Considering the importance and the threat that biofilm formation represents, the 
development of drugs capable of penetrating biofilm structures and overcoming 
intrinsic tolerance mechanisms is needed. Among the emerging therapies, rezafungin 
(RZF), ibrexafungerp (IBF), and manogepix (MGPX) have shown promise against a range 
of fungal pathogens including some that are often resistant to currently available classes 
of antifungal treatments (15). However, their efficacy against Candida spp. biofilms 
remains poorly explored (16–19). To address this gap, the Calgary biofilm device (CBD) 
offers a robust and reproducible platform for evaluating biofilm formation and antifungal 
susceptibility (20). It consists of two parts: a top lid with 96 pegs (coated or uncoated) 
that form a transferable solid phase and a bottom standard 96-well microtiter plate. The 
pegs of the lid are designed to fit into the wells of the plate, enabling the growth of 
96 individual biofilms on the pegs (Fig. 1). This commercially available in vitro system, 
known as the MBEC Assay System (Innovotech, Canada), is widely used for biofilm-
related studies (20, 21). It facilitates experiments assessing biofilm susceptibility and 
determining the minimum biofilm eradication concentration (MBEC) following exposure 
to antibiotics and toxic chemicals (22, 23). In this study, we utilize the CBD device for the 
first time to compare the anti-biofilm activity of RZF, IBF, MGPX, amphotericin B (AMB), 
and caspofungin (CAS) against mature C. albicans, C. auris, and C. parapsilosis biofilms.

RESULTS

The formation of biofilms by Candida species was evaluated using hydroxyapatite-coated 
and uncoated pegs in the Calgary device. The yeasts were able to form biofilms within 
24 h only on the hydroxyapatite-coated plates. Consequently, all biofilm-related data 
were obtained from the hydroxyapatite-coated plates. After 24 h of incubation, no 
noticeable/significant differences in biofilm formation capacity were observed among 
the strains (well-documented biofilm producers) (Fig. S1).

The MIC values for planktonic cells, as well as the MBC, MBEC, and MBDC values 
for each species and antifungal tested, are presented in Table 1. For all Candida spp. 
strains tested, MIC values for AMB, CAS, IBF, MGPX, and RZF were equal to or lower than 
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2 µg/mL. Differences in the activity of these molecules were observed. Consistently, RZF 
and MNGX exhibited the highest activity against the different strains of C. albicans. A 
similar pattern was observed for the reference strains of C. auris regardless of the clade. 
However, in the clinical strains of C. auris and all C. parapsilosis strains, MNGX and IBF 
were the most effective. Conversely, the antifungals with the lowest activity (i.e., highest 
MICs) were AMB for C. albicans and C. auris, and RZF for C. parapsilosis.

Considering the activity of antifungals in eradicating mature Candida spp. biofilms, 
MNGX generally demonstrates the highest antibiofilm activity, being the most potent 
antifungal in 8 out of 13 strains. Interestingly, in the biofilm of the reference strain C. 
auris DSM 105990 (belonging to clade IV, South America), as well as in the biofilms 
of the Colombian C. auris clinical strains, MNGX was not the most powerful agent 
(MBEC, ≥64 µg/mL).

When geometric mean (GM) values were considered, MNGX exhibited the highest 
antifungal activity across all three Candida species, with a GM MBEC value of 5.9 µg/mL. 
Similarly, MNGX demonstrated superior antibiofilm activity, with the lowest MBC, MBEC, 
and MBDC values for both C. albicans and C. parapsilosis. However, for C. auris, the lowest 
MBC value was observed with AMB, while the lowest MBEC and MBDC values were 
achieved with IBF (Table 2).

Conversely, under the MBC criterion, CAS appears to be the least effective antifungal 
against C. albicans and C. auris cells shed from the biofilm, while RZF is the least effective 
against C. parapsilosis. Regarding the MBEC, CAS appears to be the least effective against 
mature C. auris and C. parapsilosis biofilms, while AMB is the least effective against C. 
albicans biofilms. For the MBDC, CAS is the least effective at inhibiting the metabolic 
activity of Candida spp. biofilms for C. albicans and C. parapsilosis, while RZF is the least 
effective against C. parapsilosis. In summary, MNGX demonstrated the highest activity 

FIG 1 Representative example of Candida biofilm formation on the Calgary Biofilm Device and plates used for determining MBC, MBEC, and MBDC. At the top, 

a schematic representation of biofilm formation on the MBEC Assay device is shown. Biofilm formation is observed as a yellow layer on each peg, while white 

pegs correspond to negative controls. At the bottom, in the challenge plate, released biofilm cells appear turbid in wells with growth, whereas translucent wells 

indicate no growth. The spot assay shows fungal growth on Sabouraud Dextrose Agar (SDA) after 24 hours of inoculation (5 µL from each well of the recovery 

plate). Within the black rectangles, hydroxyapatite powder is visible in the agar; this should not be confused with yeast growth. Finally, the MBDC recovery plate 

with Alamar Blue reveals metabolic activity, with blue indicating metabolic inactivity and pink indicating metabolic activity.
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TABLE 1 MIC values for planktonic cells and MBC, MBEC, and MBDC values for biofilm-associated states 
across Candida species and antifungalsa

  (μg/ml)

Strain Drug MIC MBC MBC50 MBEC MBEC50 MBDC
C. albicans ATCC 90028 RZF <0.008 16 0.5 0.25 0.25 0.12

MNGX 0.008 <0.12 <0.12 0.25 0.12 0.12
IBF 0.03 32 8 1 0.5 0.5
AMB 0.5 16 4 32 2 8
CAS <0.016 >128 2 32 16 64

C. albicans SC5314 RZF <0.008 <0.12 <0.12 4 2 0.25
MNGX <0.008 <0.12 <0.12 1 0.25 0.25
IBF 0.03 <0.12 <0.12 4 2 32
AMB 0.5 1 0.5 8 4 8
CAS 0.016 0.5 0.25 16 8 1

C. albicans ATCC 10231 RZF <0.008 >128 2 32 1 1
MNGX <0.008 0.5 0.12 1 0.25 <0.12
IBF 0.03 128 0.25 8 0.12 <0.12
AMB 0.25 8 2 8 0.25 0.12
CAS <0.016 64 8 1 0.25 0.5

C. auris (I) DSM 105992 RZF 0.016 >128 2 2 1 2
MNGX 0.008 <0.12 <0.12 0.5 0.12 0.12
IBF 0.12 32 8 2 0.5 0.12
AMB 0.5 4 2 4 4 1
CAS 0.5 >128 8 8 4 32

C. auris (II) DSM 21092 RZF 0.016 >128 2 2 1 2
MNGX 0.008 <0.12 <0.12 0.5 0.12 0.12
IBF 0.12 32 8 2 0.5 0.12
AMB 1 4 2 4 4 1
CAS 0.5 >128 8 8 4 32

C. auris (III) DSM 105988 RZF 0.03 >128 >128 >128 1 128
MNGX 0.016 64 0.5 16 0.5 128
IBF 0.25 128 64 32 2 32
AMB 0.5 32 16 64 8 32
CAS 1 >128 >128 >128 8 128

C. auris (IV) DSM 105990 RZF 0.06 >128 2 64 8 128
MNGX 0.016 >128 >128 >128 32 128
IBF 0.25 128 32 16 2 4
AMB 1 64 32 4 2 2
CAS 0.5 >128 >128 >128 16 128

C. auris A (IV) RZF 0.5 >128 128 >128 32 16
MNGX 0.016 >128 0.12 >128 0.5 32
IBF 0.03 64 16 64 0.5 32
AMB 2 16 8 64 16 16
CAS 0.12 >128 >128 >128 1 32

C. auris C (IV) RZF 0.25 >128 >128 64 1 16
MNGX 0.016 128 0.12 64 0.5 0.5
IBF 0.03 32 8 32 32 0.5
AMB 1 16 4 32 16 2
CAS 0.25 >128 >128 >128 >128 32

C. parapsilosis ATCC 22019 RZF 0.5 >128 16 >128 >128 >128
MNGX 0.008 <0.12 <0.12 16 4 4
IBF 0.12 64 32 8 2 1
AMB 1 8 4 16 2 1
CAS 0.5 >128 >128 >128 >128 >128

(Continued on next page)
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among the five molecules evaluated, whereas CAS was the least potent molecule against 
Candida spp. biofilms.

Although MNGX was the most active agent, AMB induced the smallest fold-change 
increase (2- to 32-fold) when comparing MBC, MBEC, and MBDC to MIC. Conversely, the 
largest increases were observed with CAS in C. albicans; with RZF (MBC) and MNGX 
(MBEC and MBDC) in C. auris; and with IBF (MBC, MBDC) and MNGX (MBEC) in C. 
parapsilosis (Table 2). As expected, the highest values were observed when MBC was 
compared to the MICs of planktonic cells (MBCs are generally higher than MICs because 
they assess cells that, although planktonic, have a higher level of tolerance to the 
antifungal due to their prior association with a biofilm and the use of experimental 
conditions with higher inoculum), followed by MBEC and MBDC values, regardless of the 

TABLE 1 MIC values for planktonic cells and MBC, MBEC, and MBDC values for biofilm-associated states 
across Candida species and antifungalsa (Continued)

  (μg/ml)

C. parapsilosis B RZF 1 >128 16 16 1 1
MNGX 0.008 1 0.12 0.25 0.12 0.25
IBF 0.016 32 16 0.5 0.5 0.5
AMB 0.12 8 2 0.5 0.5 0.5
CAS 0.25 128 16 >128 2 2

C. parapsilosis H RZF 1 128 32 >128 32 64
MNGX 0.06 0.5 0.25 8 2 0.25
IBF 0.12 64 32 32 8 64
AMB 0.5 8 4 8 8 8
CAS 0.5 64 16 >128 32 16

C. parapsilosis k RZF 1 >128 64 >128 64 64
MNGX 0.008 2 0.5 2 0.5 0.5
IBF 0.016 64 32 1 0.5 0.5
AMB 1 32 64 1 0.5 1
CAS 1 128 32 >128 2 32

aWithin the brackets, the clade is depicted.

TABLE 2 Geometric mean (GM) values of MIC, MBC, MBEC, and MBDC and fold changes of MBC, MBEC, and MBDC relative to MIC for each antifungal and 
Candida speciesa

Specie Drug GM GM GM GM MBC MBEC
Fold change

MBDC
Fold changeMIC MBC MBEC MBDC Fold change

C. albicans RZF 0.01 7.89 3.17 0.31 789 317 31
C. auris 0.06 256 32 16 4,119 515 257
C. parapsilosis 0.84 215 128 32 256 152 38.1
C. albicans MNGX 0.01 0.19 0.63 0.15 19 63 15
C. auris 0.01 14.1 14.3 3.9 1,107 1,122 311
C. parapsilosis 0.01 0.59 2.83 0.59 44.5 214 44.9
C. albicans IBF 0.03 7.89 3.17 1.24 263 106 41.4
C. auris 0.1 57 12.7 1.76 591 132 18.2
C. parapsilosis 0.04 53.8 3.36 2 1,228 76.8 45.6
C. albicans AMB 0.4 5.04 12.7 1.97 12.7 32 4.97
C. auris 0.89 13.9 14.3 3.56 15.6 16 4
C. parapsilosis 0.49 11.3 2.83 1.41 22.9 5.71 2.86
C. albicans CAS 0.02 20.16 8 3.17 1,260 500 198
C. auris 0.39 256 80.6 50.8 649 205 129
C. parapsilosis 0.5 128 256 22.6 256 512 45.3
aGM: geometric mean. MIC: Minimum Inhibitory Concentration, the lowest antifungal concentration that inhibits visible growth of planktonic cells (50% for RZF, MNGX, IBF, 
CAS). MBC: Minimum Biocidal Concentration, the lowest concentration of an antifungal agent that eradicates ≥99% of the population of both planktonic-embedded cells 
and dispersed cells shed from the biofilm. MBEC: Minimum Biofilm Eradication Concentration, the lowest antifungal concentration needed to eradicate pre-formed biofilms. 
MBDC: Minimum Biofilm Damaging Concentration, the antifungal concentration that inhibits the metabolic activity of biofilm-associated cells. The bolded fold change 
values (MBC, MBEC, and MBDC relative to MIC) represent the highest fold changes.
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species or antifungal agent. Similar patterns were observed for all three species. The MBC 
and MBEC values were relatively close to each other, unlike the MBDC, which were lower. 
Since the MBDC reflects a metabolic observation taken over a short period, these results 
are consistent and expected (Fig. 2).

The statistical analysis revealed notable differences when the MIC values were 
compared with the concentrations obtained for MBC, MBEC, and MBDC (representing 
biofilm-associated states) for different Candida species and antifungal agents (Table 3). 
Statistical differences reflect the increased difficulty of eradicating/inhibiting biofilms, 
evidenced by reduced antifungal activity (fold-change) changes compared to planktonic 
cells (MIC). For C. albicans, CAS showed a statistically significant difference between MIC 
and MBC (P = 0.0238), reflecting a marked increase in the concentration required to 
eradicate cells shed from the biofilm compared to planktonic cells.

For C. auris, RZF demonstrated highly significant differences between MIC and MBC 
(P < 0.0001) and between MIC and MBEC (P = 0.0084), indicating a substantial increase 
in concentration required to target biofilm-related states. Similarly, MNGX exhibited 
significant differences between MIC and MBC (P = 0.0034) and MIC and MBEC (P = 
0.0166). CAS displayed the largest fold changes, with highly significant differences 
observed between MIC and both MBC and MBEC (P < 0.0001 for both), highlighting 
its reduced efficacy against C. auris biofilms.

For C. parapsilosis, RZF showed highly significant differences for MIC vs MBC and MIC 
vs MBEC (P < 0.0001 for both), and a significant difference for MIC vs MBDC (P = 0.0306). 
CAS also demonstrated notable differences, with a significant increase for MIC vs MBC (P 
= 0.0007) and a highly significant increase for MIC vs MBEC (P < 0.0001).

When comparing MBC, MBEC, and MBDC, significant differences emerged, particu­
larly for the echinocandin drugs RZF and CAS. For C. auris, RZF exhibited significant 
differences between MBC and MBEC values (P = 0.0003) and between MBC and MBDC (P 
< 0.0001). This indicates a substantial increase in the concentration needed to elimi­
nate mature biofilms and reduce metabolic activity. CAS displayed highly significant 
differences between MBC vs MBEC and MBC vs MBDC (P < 0.0001 for both), along with 

FIG 2 Overall effect of antifungals on planktonic and biofilm-associated cells: base-10 logarithm transformed geometric means of MIC, MBC, MBEC, and MBDC 

for each Candida species.
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a significant difference between MBEC vs MBDC (P = 0.013), suggesting a consistent 
escalation in required concentrations across biofilm states.

In C. parapsilosis, RZF showed significant differences between MBC vs MBEC (P = 
0.0048) and MBEC vs MBDC (P = 0.0403), while CAS demonstrated significant differences 
between MBC vs MBEC (P = 0.0167) and highly significant differences between MBEC vs 
MBDC (P < 0.0001). These findings indicate that the transition from eradicating cells shed 
from biofilms to targeting mature biofilms and inhibiting metabolic activity requires 
significantly different concentrations of echinocandin drugs.

DISCUSSION

Biofilms represent a significant challenge in both clinical and environmental settings 
due to their inherent resilience and ability to tolerate hostile conditions (24, 25). From 
an environmental perspective, biofilms contribute to microbial persistence on various 
surfaces, playing a role in contamination and the spread of pathogens (6, 26). Therefore, 
the development and evaluation of molecules with significant antibiofilm activity is 
crucial.

In this study, AMB, CAS, IBF, MGPX, and RZF demonstrated good activity against the 
planktonic cells of Candida spp. However, all strains showed higher biofilm-associated 
MICs (MBC, MBEC, and MBDC) for nearly all five agents, with values ranging from 2 
to 4,119 times greater than those observed for planktonic cells. Among the tested 
antifungals, MNGX displayed the highest anti-biofilm activity, positioning it as the most 
potent agent of those tested.

MNGX, the active moiety of the prodrug fosmanogepix (formerly APX001), has 
emerged as a promising drug due to its broad-spectrum activity and unique mechanism 
of action targeting the fungal Gwt1 enzyme. By inhibiting Gwt1, MNGX blocks inositol 
acylation during the synthesis of glycosylphosphatidylinositol (GPI)-anchored fungal 
cell wall proteins, which are crucial for maintaining cell wall integrity and key fungal 
processes (e.g., adhesins, whose role in cell-cell adhesion and biofilm formation is well 
established) (15, 18, 27). By disrupting GPI anchor biosynthesis, MNGX prevents the 
proper localisation and function of cell surface proteins essential for biofilm establish­
ment. Specifically, in C. albicans, MNGX inhibits hyphal growth and reduces adherence to 
host tissues or abiotic surfaces, both of which are pivotal in biofilm development (18). 
This provides a compelling explanation for the superior activity of MNGX against mature 
biofilms. Nevertheless, its limited activity against biofilms of C. auris strains of the South 
American clade is noteworthy and cannot be easily explained. The reduced susceptibility 
of clade IV biofilms to MNGX may be linked to clade-specific genomic variations. Studies 

TABLE 3 Shifts in antifungal activity between planktonic and biofilm forms of Candidaa

Specie Drug Comparison P value Comparison P value

C. albicans CAS MIC vs MBC 0.0238 *
C. auris RZF MIC vs MBC <0.0001 **** MBC vs MBEC 0.0003 ***

MIC vs MBEC 0.0084 ** MBC vs MBDC <0.0001 ****
MNGX MIC vs MBC 0.0034 **

MIC vs MBEC 0.0166 *
CAS MIC vs MBC <0.0001 **** MBC vs MBDC <0.0001 ****

MIC vs MBEC <0.0001 **** MBEC vs MBDC 0.013 *
C. parapsilosis RZF MIC vs MBC <0.0001 **** MBC vs MBDC 0.0048 **

MIC vs MBEC <0.0001 **** MBEC vs MBDC 0.0403 *
MIC vs MBDC 0.0306 *

CAS MIC vs MBC 0.0007 *** MBC vs MBEC 0.0167 *
MIC vs MBEC <0.0001 **** MBEC vs MBDC <0.0001 ****

aTwo-way analysis of variance (ANOVA) and post-hoc comparisons with Dunnett’s multiple comparison tests [P < 
0.03 (*); P < 0.0021 (**); P < 0.0002 (***); P < 0.0001 (****)]. Observed statistical differences among MIC, MBC, MBEC, 
and MBDC are attributed to greater shifts in antifungal activity displayed by certain antifungals when transitioning 
from planktonic cells to biofilms.
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comparing global C. auris isolates have highlighted clade-specific differences in drug 
resistance and the underlying mechanisms, including the evolution of cell wall proteins 
that influence antifungal susceptibility and host interactions (28, 29). Recently, Hirayama 
et al. demonstrated that TAC1b mutations in C. auris decrease MNGX susceptibility owing 
to increased CDR1 expression (30). These findings suggest that Clade IV strains may 
possess multiple adaptations that enhance biofilm response to MNGX. However, further 
research with a broader range of isolates is needed to confirm these observations and 
clarify the mechanisms driving these clade-specific differences.

AMB, while not the most potent antifungal overall, induced the smallest fold-change 
increases (2- to 32-fold) when comparing MBC, MBEC, and MBDC to MIC. This obser­
vation suggests that AMB’s activity is less impacted by the protective biofilm matrix, 
consistent with findings by Chatzimoschou et al., who reported that AMB deoxycho­
late exhibited stable efficacy against mature C. auris biofilms despite requiring higher 
concentrations than in planktonic states (31). Melo et al. reported that C. albicans, 
C. tropicalis, C. orthopsilosis, and C. metapsilosis exhibit higher susceptibility to AMB 
compared to C. parapsilosis (32). However, in our study, AMB effectively eradicated C. 
parapsilosis biofilms at lower doses (MBEC values) than those required for C. albicans. 
Similarly, Kuhn et al. observed that AMB was effective against C. albicans biofilms at low 
doses (≤8 µg/mL) (33).

In this study, IBF (SCY-078) demonstrated good efficacy against Candida spp. biofilms 
(GM 3–12 µg/mL), corroborating the findings of Larkin et al., who highlighted its 
broad-spectrum activity and efficacy against both planktonic and biofilm-associated C. 
auris (4 µg/mL) (34). Similarly, Marcos-Zambrano et al. reported that IBF was active in vitro 
against preformed mature C. albicans, C. parapsilosis, and C. tropicalis biofilms. Notably, 
C. glabrata showed the most attenuated response to IBF in both planktonic and biofilm 
forms (17).

While echinocandins have previously been shown to exhibit low biofilm MICs, 
compared to planktonic MICs in Candida spp. (19, 33, 35–38), we observed that CAS 
and RZF displayed significantly higher biofilm-associated MICs across all Candida species 
tested, particularly for CAS. Similarly, a study on C. auris reported (MBEC) values ranging 
from 100 to 3,000 times higher than those for planktonic cells, highlighting substantial 
biofilm-related resistance (31). Even though resistant strains were not included in this 
study, other research indicates that the biofilm formation of echinocandin-resistant 
strains is comparable to that of wild-type strains although resistance to echinocandins 
remains high. In that study, liposomal AMB demonstrated the highest activity against 
fks mutant Candida biofilms (39). Renátó Kovács et al. also reported that MCF and CAS 
were active against Candida spp. biofilms in vitro, with MICs ranging between 32–256 
μg/mL and 16–512 μg/mL, respectively (40). In our study, we observed species-specific 
differences: for C. albicans, the GM MBEC was relatively low (8 µg/mL), whereas it was 
notably higher for C. auris and C. parapsilosis, with GMs of 80 µg/mL and 256 µg/mL, 
respectively. Additionally, Chandra et al. found that RZF was effective against C. albicans 
biofilms at concentrations as low as 0.25 µg/mL using a catheter-associated biofilm 
model [elastomer (SE) catheter discs] (19). For RZF, we also observed similar differences 
as with CAS, with higher MBECs for C. auris and C. parapsilosis.

Differences in antifungal activity revealed that eradicating C. auris and C. parapsilo­
sis biofilms required significantly higher doses of antifungal than C. albicans. In some 
cases, these increases were substantial, with antifungals such as RZF requiring up to 42 
times higher doses for C. parapsilosis biofilms (GM MBEC of 128 µg/mL) compared to 
C. albicans (GM MBEC of 3 µg/mL). Similarly, CAS showed an increase of 13-fold for C. 
auris (GM MBEC of 80.6 µg/mL) compared to C. albicans (GM MBEC of 8.00 µg/mL), and 
up to 32 times higher for C. parapsilosis (GM MBEC of 256 µg/mL). MNGX demonstrated 
superior activity overall but still required approximately 75 times higher concentrations 
to eradicate C. auris biofilms (GM MBEC of 14.3 µg/mL) compared to C. albicans (GM 
MBEC of 0.19 µg/mL). These findings underscore the significant variation in antifungal 
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efficacy among species and highlight the increased difficulty of eradicating biofilms of C. 
auris and C. parapsilosis.

Interestingly, higher MBC values were observed compared to MBEC values. This 
could be attributed to the tolerance mechanisms and stress responses activated during 
biofilm formation and antifungal exposure. Throughout the biofilm growth cycle, 
biofilms continuously release planktonic yeast cells, which are subjected to significant 
stress, such as nutrient limitation, oxidative stress, and exposure to sublethal antifungal 
concentrations. This stress triggers adaptive responses, including the upregulation of 
efflux pumps, cell wall remodelling, and metabolic adaptations, resulting in a hetero­
geneous population with increased antifungal resistance (41). Additionally, the MBC 
parameter accounts for the eradication of both planktonic and biofilm-dispersed cells. 
This heterogeneity, combined with the protective mechanisms of biofilms, likely explains 
the higher MBC values.

Some limitations should be considered in interpreting these findings. First, the study 
was limited to a few reference and clinical strains, which may not encompass the full 
spectrum of variability within Candida species. Second, the study focused on single-
agent activity, whereas combination therapies are often used for biofilm-associated 
infections (42). Future studies should explore the synergistic potential of antifungal 
combinations, both in vitro and in vivo. On the other hand, the high cost of CBD poses 
a significant barrier to accessibility, particularly in low- and middle-income countries 
(LMICs). Therefore, determining the MBC and MBDC represents a valuable alternative for 
assessing antifungal activity against biofilms.

In summary, our study provides a detailed analysis of the antibiofilm activity of 
five clinically relevant antifungal agents. MNGX emerged as the most potent antibio­
film antifungal overall although its efficacy varied depending on species and strain. 
AMB demonstrated consistent activity with minimal fold-change increases from the 
MIC, while CAS exhibited limited efficacy in some biofilm-associated states. These 
findings are consistent with and expand upon previous studies, reinforcing the need 
for optimised antifungal strategies tailored to biofilm-associated infections. Further 
research is necessary to explore the molecular mechanisms underlying species-specific 
and strain-specific variations in biofilm susceptibility to antifungal agents, particularly for 
emerging pathogens like C. auris.

MATERIALS AND METHODS

Isolates and identification

A total of 13 strains were used, including laboratory reference strains: C. albicans ATCC 
10231, C. albicans ATCC 90028, C. albicans SC5314/MYA-2876, C. auris DSM 105992 (South 
Asia—Clade I)/CDC AR-Bank 0387, C. auris DSM 21092 (East Asia—Clade II)/CBS 10913, 
C. auris DSM 105988 (South Africa—Clade III)/CDC AR-Bank 0383, C. auris DSM 105990 
(South America—Clade IV)/CDC AR-Bank 0385, C. parapsilosis ATCC 22019/CBS 604, and 
clinical strains: C. auris A (blood), C. auris C (blood), C. parapsilosis B (blood), C. parapsilosis 
H (bronchoalveolar lavage), and C. parapsilosis K (rib cage) were used. All clinical strains 
were obtained from a health institution in Bogotá, Colombia.

The strain set was preserved at −80°C (glycerol stocks). In the week of the experi­
ments, the strains were inoculated onto Sabouraud Dextrose Agar (SDA) plates and 
chromogenic media, i.e., CHROMagar Candida Plus (CHROMagar, Paris, France) followed 
by incubation at 35°C for 24–36 h. The identity of all strains was confirmed using 
the Vitek MS system (bioMérieux, Inc.), and the analysis was performed according to 
the manufacturer’s instructions. Briefly, a small portion of a single colony was directly 
spotted onto a target plate and covered with 0.5 µL formic acid (bioMérieux) and allowed 
to dry before being loaded into the Vitek MS. All strains were considered correctly 
identified with an acceptable confidence value of ≥99%.
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Antifungal susceptibility testing

Reference AFST was carried out following the CLSI-M27 4thed (43) guidelines. Antifungal 
drugs included AMB, CAS, IBF, MGPX, and RZF (0.002% tween 20-supplemented). The 
antifungal drugs were purchased from Sigma-Aldrich (France) or obtained from their 
manufacturers as standard powders. Drug-free and yeast-free controls were included, 
and microtiter plates (Thermo Scientific Nunc 96-Well, Nunclon Delta-Treated, Round 
Bottom (U) REF 10344311) were incubated at 35°C and read visually after 24 h.

The MIC endpoints for echinocandins, IBF, and MGPX were defined as the lowest drug 
concentration that caused a prominent decrease in visual growth in comparison with 
the control-well containing media only. For AMB, the MIC was defined as the lowest 
concentration at which there was full inhibition of visual growth relative to the drug-free 
control wells. C. krusei ATCC 6258 and C. parapsilosis ATCC 22019 strains were used as 
quality control strains (44). For IBF assays, the strain C. albicans ATCC 90028 was used as 
quality control (45).

In vitro antibiofilm susceptibility test against established biofilms

Candida spp. strains were streaked onto SDA plates from glycerol stocks 3–5 days prior 
to the assay and incubated at 37°C. Colonies were then subcultured onto fresh SDA 
plates to ensure viability and consistency. To prepare the inoculum, cells from the second 
streak were harvested and adjusted to a 0.5 McFarland standard (~1 × 10⁶ cells/mL) 
in RPMI 1640 medium (Sigma-Aldrich) with morpholinepropanesulfonic acid (MOPS, 
Sigma-Aldrich) and 2% glucose (Sigma-Aldrich). The inoculum was introduced into the 
96-well plate of the MBEC Assay Biofilm Inoculator (Innovotech, Canada). Two plates 
were prepared: one for assessing biofilm formation capacity and the other for evaluating 
the antibiofilm activity of antifungal agents. A volume of 150 µL was pipetted into each 
well, including designated negative control wells (A12–D12) and positive control wells 
(E12–H12). The volume of inoculum was calibrated to ensure uniform biofilm formation 
on the pegs that would be fully immersed in the subsequent antimicrobial challenge 
plate. The peg lids, both uncoated and hydroxyapatite-coated (facilitates biofilm growth 
by fastidious microorganisms, including Candida spp.) REF SKU: 19141, were placed onto 
the microtitre plate bases, ensuring proper alignment (e.g., peg A1 with well A1). The 
assembled devices were incubated at 37°C in a humidified incubator on a platform 
shaker set to 110 rpm for 24 h to promote biofilm formation. Following incubation, a 
rinsed plate was prepared by filling each well of a new sterile 96-well plate with 200 µL 
of sterile saline. The MBEC Assay lid with biofilm growth was transferred to the rinse plate 
and gently submerged for 10 s to remove planktonic cells.

To determinate biofilm formation capacity of each strain, the MBEC Assay lid (after 
rinsing) was transferred to a recovery plate containing 150 µL of the RPMI + MOPS 
+ GLU 2% medium per well and allowed to equilibrate for 30 min. To detach the 
biofilms, the recovery plate was subjected to sonication for 30 min at high frequency. 
Following sonication, 10 µL of 700 µM resazurin (Sigma–Aldrich) was added to each 
well and incubated at 37°C for 4 h. The biofilm was quantified indirectly by measuring 
the fluorescent water-soluble resorufin product which is generated when resazurin 
is reduced through metabolic activity associated with respiration. Fluorescence was 
measured at an excitation wavelength of 560 nm and an emission wavelength of 590 nm. 
The results were expressed in arbitrary fluorescence units (AU) (46).

For the second plate, after rinsing, the lid was transferred to a challenge plate 
containing antifungal agents AMB, CAS, IBF, MGPX, and RZF at concentrations ranging 
from 0.12 to 128 µg/mL in twofold dilutions. The plate was then incubated for an 
additional 24 h at 37°C with constant agitation.

Minimum biocidal concentration

The challenge plate was visually inspected to determine the MBC and the MBC₅₀. The 
MBC represents the lowest concentration of an antifungal agent that eradicates ≥99% 
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of the population of both planktonic-embedded cells and dispersed cells shed from the 
biofilm, as evidenced by visibly clear wells following the chosen contact time. The MBC₅₀ 
is defined as the concentration at which yeast growth is reduced by 50% compared to 
the untreated control based on visual assessment (47).

Minimum biofilm eradication concentration

The MBEC Assay lid (after a rinsing) was then transferred to a recovery plate containing 
150 µL of the RPMI + MOPS + GLU 2% medium per well and allowed to equilibrate for 
30 min. To detach the biofilms, the recovery plate was placed in a sonicator for 30 min 
at high frequency. For this step, the plate was placed on a stainless-steel tray inside the 
sonicator (water up to half the height of the plate), covered with Parafilm and aluminium 
foil to avoid contamination. After sonication, biofilm viability was confirmed by plating 
5 µL from each well onto SDA plates, which were incubated at 37°C for 24 h. The MBEC 
was defined as the lowest antifungal concentration at which no growth was observed 
on agar plates (48). The MBEC50 values were calculated by performing colony-forming 
unit (CFU) counts. The CFU counts were compared to the growth control (biofilm without 
antifungal treatment), and the MBEC50 was defined as the lowest antifungal concentra­
tion that reduced biofilm growth by 50% compared to the control.

Minimum biofilm damaging concentration

To determine the MBDC, 20 µL of AlamarBlue (20×) Reagent (Sigma-Aldrich, France)
was added to each well of the recovery plate and incubated for 4 h (with some 
strains requiring extended incubation). Biofilm metabolic activity was assessed indirectly 
by measuring fluorescence using a plate reader with excitation/emission settings of 
560/590 nm. Metabolically active cells reduce resazurin (blue) to resorufin (pink). The 
MBDC was defined as the lowest antifungal concentration that caused damage or 
inhibited the metabolic activity of Candida spp. biofilms, resulting in the absence of 
a color change (blue wells) and no detectable fluorescence signal. Unlike the MIC, which 
applies to planktonic cells, the MBDC reflects the impact of antifungal agents on cells 
within a developed biofilm, assuming that most of these cells are already compromised 
(49, 50).

Data analysis

All experiments were performed in triplicate. For statistical analysis, high off-scale values 
were converted to the next highest concentration, and low off-scale results were left 
unchanged. Two-way analysis of variance (ANOVA) and post-hoc comparisons with 
Dunnett’s multiple comparison tests were used to evaluate the significance of differen-
ces. Statistical significance was defined as [P < 0.03 (*); P  <  0.0021 (**); P  <  0.0002 (***); P 
<  0.0001 (****)]. Analysis was carried out using the GraphPad Prism software (v10).
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