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Abstract: The World Health Organization included Cryptococcus neoformans and Cryp-
tococcus gattii in its priority fungal pathogen list due to their high mortality rates and
frequent treatment failures. These facts have driven research toward the discovery of
new compounds for the treatment of cryptococcosis. In this study, we investigated the
therapeutic potential of two complexes, [Cu(phendione)3](ClO4)2·4H2O (Cu-phendione)
and [Ag(phendione)2]ClO4 (Ag-phendione), against drug-resistant clinical isolates of C.
gattii and C. neoformans. Both complexes demonstrated anti-Cryptococcus activity, with
Cu-phendione exhibiting minimum inhibitory concentration (MIC) values of 6.25 µM for
C. gattii and 3.125 µM for C. neoformans, while Ag-phendione showed an MIC of 1.56 µM
for both Cryptococcus species. Notably, both Cu-phendione and Ag-phendione complexes
exhibited enhanced antifungal activity against reference strains of C. neoformans and C.
gattii. In silico analysis identified both complexes as highly promising, exhibiting good oral
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bioavailability, high gastrointestinal absorption, and moderate skin permeability. More-
over, neither complex demonstrated toxicity toward sheep erythrocytes at concentrations
up to 62.5 µM, with a selectivity index (SI) exceeding 10 for Cu-phendione and 40 for
Ag-phendione. In vivo testing using the Galleria mellonella model demonstrated that both
complexes were non-toxic, with 100% larval survival at concentrations up to 1000 µM and
SI exceeding 160 following a single administration. Interestingly, larvae exposed to Cu-
phendione at concentrations of 15.6–31.25 µM exhibited a significant increase in the density
of hemocytes, the immune cells responsible for defense in invertebrates. Furthermore,
multiple treatments with 62.5 µM of complexes caused either no larval mortality, hemocyte
alterations, or changes in silk production or coloration, indicating a lack of toxicity. These
findings suggest that Cu-phendione and Ag-phendione may serve as promising antifungal
alternatives against Cryptococcus, with minimal host toxicity.

Keywords: coordination compounds; phendione; Cryptococcus; Galleria mellonella; antifun-
gal; toxicity

1. Introduction
Social factors, including the growing population of immunocompromised and/or im-

munosuppressed individuals, combined with climate changes, have contributed to a global
rise in fungal infections, such as cryptococcosis [1,2]. In 2020, an estimated 180,000 cases of
cryptococcosis were reported globally, leading to approximately 152,000 cases of menin-
goencephalitis caused by Cryptococcus species and resulting in around 112,000 deaths
worldwide [1,3]. The primary group affected by cryptococcosis comprises patients with
acquired immunodeficiency syndrome (AIDS), who face a mortality rate of 40–60% even
with appropriate treatment [3]. Recent data show a significant rise in cryptococcal meningi-
tis cases, particularly in Europe and North America, where cases nearly doubled between
2014 and 2020 (increasing from 7400 to 12,000 cases), largely due to a growing population
of immunosuppressed individuals. Similarly, South America experienced an even sharper
increase, with cases more than doubling during the same period (from 5300 to 12,000) [1,3].
Compounding this issue, an increasing number of ostensibly healthy immunocompetent
individuals have been diagnosed with cryptococcosis in recent decades, predominantly
caused by C. gattii [4–7].

In 2022, the World Health Organization (WHO) published a treatment guideline for
cryptococcosis, recommending the use of three classes of antifungal agents: polyenes (e.g.,
amphotericin B), azoles (e.g., fluconazole), and antimetabolites (e.g., 5-flucytosine) [8].
Notably, the guideline excludes drugs like caspofungin, as the Cryptococcus genus exhibits
intrinsic resistance to the echinocandin class of antifungals [9]. The scarcity of antifungal
agents is further compounded by their limited global availability. For instance, flucytosine
is not licensed in most countries on the African continent, which bears the highest burden
of cryptococcosis cases worldwide [5,10]. The WHO guideline seeks to standardize the
treatment of Cryptococcus infections to enhance therapeutic efficacy and minimize patient
toxicity. This is particularly crucial as amphotericin B and fluconazole, despite their efficacy,
are associated with significant toxicity, which can further deteriorate the health of already
vulnerable patients [8,11,12]. However, the misuse of antifungals in both clinical settings
and agriculture has accelerated the emergence of drug-tolerant fungal isolates, leading
to an increasing number of treatment failures [13,14]. Recognizing this growing threat,
the WHO in 2022 identified the most critical fungal pathogens requiring urgent research
and intervention due to the high mortality rates, treatment challenges, and the rising
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prevalence of antifungal resistance. C. neoformans was ranked first as a “critical priority”
pathogen, while C. gattii was categorized as medium priority, ranking 16th on the list. This
underscores the urgent need to develop new and effective anti-Cryptococcus therapies [15].

Over recent decades, numerous coordination compounds (complexes) have demon-
strated substantial antifungal activity [16–19]. Among these, metal derivatives of
the ligand 1,10-phenanthroline-5,6-dione (phendione) complexed with Cu2+ or Ag+

ions—forming [Cu(phendione)3](ClO4)2·4H2O (Cu-phendione) and [Ag(phendione)2]ClO4

(Ag-phendione), respectively—have emerged as promising antifungal candidates. These
complexes exhibit potent antifungal activity against medically significant fungi, such
as various Candida species [17,20–23] and filamentous fungi, including Phialophora verru-
cosa [24,25] and the multidrug-resistant species belonging to the Scedosporium/Lomentospora
genera [18,26]. In addition to their antifungal efficacy, Cu-phendione and Ag-phendione
have shown low toxicity in various in vitro models, including pulmonary, renal, and hepatic
epithelial cells, peritoneal and pulmonary macrophages, and lung fibroblasts [17,23,25,27].
Their safety has also been demonstrated in in vivo models, such as Galleria mellonella lar-
vae [17,25,27], Swiss mice [27], and golden hamsters [28]. These findings highlight their
potential as effective and safe antifungal agents.

With these considerations in mind, we aimed to determine the minimum inhibitory
concentration (MIC) and minimum fungicidal concentration (MFC) of the complexes Cu-
phendione and Ag-phendione against six drug-resistant clinical isolates and four reference
strains of C. neoformans and C. gattii. Additionally, we assessed the in silico pharmacokinetic
properties and drug-likeness of these complexes using SwissADME software, as well as
their stability over a two-year period. Finally, we evaluated the in vitro hemolytic activity
and investigated the acute and chronic in vivo toxicity of Cu-phendione and Ag-phendione
using the G. mellonella larvae model.

2. Materials and Methods
2.1. Fungi and Growth Conditions

Six clinical isolates belonging to the Cryptococcus genus were obtained from patients
who attended the Instituto Nacional de Infectologia Evandro Chagas (INI), Fundação
Oswaldo Cruz (FIOCRUZ), and were kindly provided by Dr. Rodrigo Almeida-Paes (INI-
FIOCRUZ). To comply with ethical standards and institutional agreements between UFRJ
and FIOCRUZ, patient data were not disclosed. In this sense, the C. neoformans isolates were
designated CFP00213 (213), CFP00223 (223), and CFP00350 (350), while the C. gattii isolates
were labeled CFP00023 (23), CFP00025 (25), and CFP00027 (27). Before each experiment,
an aliquot of the culture was transferred from Sabouraud dextrose agar (2% glucose, 1%
peptone, and 0.5% yeast extract) to RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO,
USA), pH 7.2, buffered with 0.165 M MOPS (Sigma-Aldrich, St. Louis, MO, USA). RPMI
medium induces the expression of capsular polysaccharides, the primary virulence factor of
Cryptococcus cells. The cultures were incubated at 37 ◦C for 48 h to promote cell proliferation,
stimulate metabolic activation, and enhance capsular development [29]. Yeast cell counts
were determined using a Neubauer chamber.

2.2. Test Compounds

1,10-Phenanthroline-5,6-dione (phendione), [Ag(phendione)2]ClO4 (Ag-phendione),
and [Cu(phendione)3](ClO4)2·4H2O (Cu-phendione) were synthesized by Dr. Christiane
Fernandes and Luis Gabriel Wagner (Federal University of Santa Catarina, Florianópolis,
SC, Brazil) according to methods previously described in the literature [21,30]. The com-
pounds and their respective salts (AgClO4 or Cu(ClO4)2·6H2O) were dissolved in dimethyl
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sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and stored at room temperature in
the dark.

2.3. Antifungal Susceptibility Profile of Clinically Available Antifungal Agents

The susceptibility profile was evaluated using the microdilution method in RPMI
1640 medium buffered with 0.165 M MOPS, following the M27-A3 protocol for yeasts
established by the Clinical and Laboratory Standards Institute (CLSI) [31]. In 96-well
cell culture plates (BIOFIL, Boschring, Germany), RPMI was supplemented with one of
the following antifungal agents (Sigma-Aldrich, St. Louis, MO, USA): amphotericin B
(0.031–16 µg/mL), caspofungin (0.015–8 µg/mL), fluconazole (0.125–64 µg/mL), flucyto-
sine (0.125–64 µg/mL), or voriconazole (0.031–16 µg/mL). The plates were incubated at
37 ◦C for 24 h to determine the MIC, defined as the lowest concentration that visually inhib-
ited fungal growth. Each fungal isolate was classified as either wild-type or non-wild-type
for each antifungal based on the epidemiological cutoff values provided in CLSI M59 ED3,
2020 [32].

2.4. Assessment of the Potential Antifungal Activity of Test Compounds

In this series of experiments, the microdilution method described above was first
employed to determine the MIC of the test compounds, including the ligand phendione,
the simple salts silver perchlorate (AgClO4) and copper perchlorate (Cu(ClO4)2·6H2O),
and the complexes Cu-phendione and Ag-phendione, at concentrations ranging from 0.097
to 100 µM. The plates were incubated at 37 ◦C for 24 h. Following MIC determination, the
MFC was assessed by inoculating 10 µL from wells showing no visible fungal growth onto
Sabouraud dextrose agar. The MFC value was defined as the lowest concentration that
completely inhibited fungal growth after 24 h of incubation at 37 ◦C [19,33]. To further
support and strengthen the evidence of the anti-Cryptococcus activity of the Cu-phendione
and Ag-phendione complexes, we additionally performed MIC/MFC assays using well-
characterized standard reference strains: ATCC 28957, H99, T1444 (all C. neoformans), and
R265 (C. gattii) [29].

2.5. Chemical Stability of the Test Compounds

To evaluate the stability of the antifungal activity of the test complexes, the MIC assay
was repeated every six months over a two-year period using the same Ag-phendione or
Cu-phendione solution. The solutions were stored at room temperature and protected from
light to maintain their chemical integrity [33].

2.6. Prediction of Drug-Likeness and Pharmacokinetics of the Test Compounds

The prediction of drug-likeness and pharmacokinetics for the complexes was per-
formed using the online SwissADME software (http://www.swissadme.ch/, accessed
on 1 April 2025) [34]. The chemical structures of Ag-phendione and Cu-phendione were
created using Discovery Studio, v20 (Accelrys, San Diego, CA, USA). These chemical
structures were then submitted to SwissADME software to evaluate their physicochemical
properties and estimate their therapeutic potential and pharmacokinetics. Therapeutic
potential was assessed using five different rule-based filters for oral bioavailability pre-
diction: Lipinski [35], Ghose [36], Veber [37], Egan [38], and Muegge [39]. As a com-
parative control, the therapeutic potential and pharmacokinetics of amphotericin B and
fluconazole were also predicted, with their SMILES obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/, accessed on 1 April 2025). Pharmacokinetics were
evaluated by predicting the inhibition potential of cytochrome P450 isoenzymes (CYP1A2,
CYP2C19, CYP2C9, CYP2D6, and CYP3A4). Additionally, physicochemical properties,
including topological polar surface area (TPSA) and the partition coefficient between wa-

http://www.swissadme.ch/
https://pubchem.ncbi.nlm.nih.gov/
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ter and n-octanol (LogP), were calculated to estimate passive gastrointestinal absorption
(GIA), blood–brain barrier (BBB) penetration, and P-glycoprotein efflux using the BOILED-
Egg model [40]. Molecular size and lipophilicity were also calculated to predict the skin
permeability coefficient (Log Kp in cm/s).

2.7. Hemolysis Assay

To evaluate the hemolytic activity of the test compounds, the microdilution method
was performed in PBS using 96-well cell culture plates, as described by Evans et al. [41].
PBS containing the test compounds (phendione, Cu-phendione, and Ag-phendione) at
varying concentrations (1.9–62.5 µM) was added to the wells. Sheep erythrocytes (Cultilab,
Rio de Janeiro, RJ, Brazil) were diluted in PBS to a final concentration of 2% (approximately
2 × 108 erythrocytes) and added to each well. The final volume of each well was 200 µL.
A negative control (PBS and blood) and a positive control (PBS, blood, and 1% Triton
X-100) were also included. The plates were incubated at 37 ◦C for 24 h, then centrifuged at
500× g for 10 min at 4 ◦C. Following centrifugation, 100 µL of the supernatant from each
well was transferred to a new 96-well microplate, and absorbance was measured using
a microplate reader (MULTISKAN SkyHigh; Thermo Scientific, Waltham, MA, USA) at
415 nm [19]. To calculate the final results, the average absorbance of the negative control
was subtracted from the absorbance values of the other groups. The average absorbance of
the positive control was set as 100% hemolysis, and the percentage hemolysis of the other
groups was calculated accordingly. The selectivity index (SI) was determined using the
following equation:

SI = erythrocyte CC50/Cryptococcus MIC.

2.8. In Vivo Toxicity of the Test Compounds in Galleria mellonella

In this set of experiments, G. mellonella larvae weighing approximately 0.2–0.3 g and
displaying clear, uniform coloration were used. The larvae were inoculated (10 µL/larva)
using an insulin syringe (BD Ultra-Fine, Franklin Lakes, NJ, USA) at the last left proleg.
Survival was monitored by observing the larvae’s response to gentle physical stimuli
(touches) on the head and body; larvae that did not respond were considered dead. We also
assessed their coloration through visual analysis as an indicator of stress levels. Throughout
the experiments, the larvae were maintained at 37 ◦C [19,42]. Two distinct treatment
protocols were designed to evaluate the effects of the test compounds on larval survivability,
as detailed below.

2.8.1. Single Treatment (Acute Toxicity)

For the acute toxicity analysis, the test compounds were administered to the larvae in
a single inoculation at concentrations ranging from 1000 to 125 µM. Each group consisted
of 10 larvae, while the control group received only sterile PBS with 4% DMSO. Following
inoculation, the larvae were incubated at 37 ◦C and monitored every 24 h until com-
plete mortality was observed in all inoculated groups or for a maximum of 7 consecutive
days [17,19,27]. The SI was calculated using the following equation:

SI = G. mellonella CC50/Cryptococcus MIC.

2.8.2. Multiple Treatment (Chronic Toxicity)

For the chronic toxicity analysis, larvae were inoculated daily for five consecutive
days with the test complexes (Cu-phendione or Ag-phendione) at a high concentration
of 62.5 µM. Each group consisted of 10 larvae, while the control group received only
sterile PBS with 4% DMSO. Following inoculation, the larvae were incubated at 37 ◦C and
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monitored every 24 h until complete mortality was observed in all inoculated groups or for
a maximum of 7 consecutive days [17,19,27].

2.9. Hemocyte Density Analysis

The hemocyte density in the hemolymph of larvae inoculated with both complexes
was assessed to evaluate potential immunological changes in G. mellonella. Groups of
five larvae were either inoculated with Cu-phendione or Ag-phendione at concentrations
ranging from 1000 to 15.6 µM or left untreated. The control group received only PBS with 4%
DMSO. To analyze hemocyte density, a ventral caudal incision was made between the last
prolegs of each larva using a surgical scalpel, and 10 µL of hemolymph was collected. The
hemolymph was then diluted 1:100 in 990 µL of an anticoagulant buffer solution (98 mM
NaOH, 186 mM NaCl, 17 mM EDTA, and 41 mM citric acid, pH 4.5). The number of
hemocytes in each dilution was subsequently counted using a Neubauer chamber (Thermo
Fisher Scientific, Waltham, MA USA) [17,19].

2.10. Statistical Analyses

All experiments were performed in triplicate and independently repeated at least three
times to ensure reproducibility and reliability of the results. The results were analyzed
statistically by Student’s t-test or by the analysis of variance one-way ANOVA followed by
a Tukey–Kramer post-test (in comparisons between three or more groups). In the case of the
survival curve, the log-rank (Mantel–Cox) test was used to indicate statistical significance.
In all analyses, p-values of 0.05 or less were considered statistically significant. All analyses
were performed using the program GraphPad Prism version 8.0 (GraphPad Software, San
Diego, CA, USA).

3. Results
3.1. Susceptibility Profile of Cryptococcus Clinical Isolates to Conventional Antifungal Agents

Firstly, we determined the MIC of six clinical Cryptococcus isolates against conventional
antifungal agents, including amphotericin B, caspofungin, fluconazole, voriconazole, and
flucytosine (Table 1). As expected for the Cryptococcus genus, all isolates exhibited intrinsic
resistance to caspofungin, with MIC values exceeding 8 µg/mL. For amphotericin B, C.
neoformans isolate 233 displayed a notably higher MIC (>16 µg/mL), while all other Crypto-
coccus isolates had an MIC of 0.03 µg/mL. The MIC values for azoles varied considerably,
ranging from 4 µg/mL to over 64 µg/mL for fluconazole and 0.5 to 16 µg/mL for voricona-
zole. Likewise, flucytosine susceptibility showed isolate-dependent variability (Table 1).
Since the CLSI has not yet established clinical resistance breakpoints for antifungals in the
Cryptococcus genus, we applied the epidemiological cutoff values [32]. These breakpoints
define the highest MIC at which a microorganism is considered wild-type, meaning it has
no acquired resistance mechanisms. Based on this criterion, all six Cryptococcus isolates
exhibited non-wild-type resistance mechanisms for voriconazole. Additionally, C. neofor-
mans isolate 223 displayed non-wild-type resistance mechanisms for all antifungals tested.
Moreover, C. neoformans isolate 350 showed non-wild-type characteristics for flucytosine,
while C. gattii isolate 23 exhibited the same pattern for voriconazole (Table 1).

Table 1. Susceptibility profile of clinical isolates of C. neoformans and C. gattii to standard antifungals
using the CLSI M27-A3 microdilution method.

Cryptococcus
Species Isolate

MIC, [µg/mL]

Amphotericin B Caspofungin Fluconazole Flucytosine Voriconazole

C. neoformans
213 0.03 (0.03 µM) >8 (>7.30 µM) 4 (13 µM) 4 (30 µM) 0.5 (1.4 µM) *
223 >16 (>17.30 µM) * >8 (>7.30 µM) >64 (>208 µM) * 64 (495.76 µM) * 16 (45.80 µM) *
350 0.03 (0.03 µM) >8 (>7.30 µM) 8 (26.12 µM) 16 (123.94 µM) * 2 (5.72 µM) *
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Table 1. Cont.

Cryptococcus
Species Isolate

MIC, [µg/mL]

Amphotericin B Caspofungin Fluconazole Flucytosine Voriconazole

C. gattii
27 0.03 (0.03 µM) >8 (>7.30 µM) 16 (52.24 µM) 4 (30 µM) 4 (11.45 µM) *
25 0.03 (0.03 µM) >8 (>7.30 µM) 16 (52.24 µM) 4 (30 µM) 2 (5.72 µM) *
23 0.03 (0.03 µM) >8 (>7.30 µM) 32 (104.48 µM) * 0.125 (0.96 µM) 4 (11.45 µM) *

* Isolates with non-wild-type characteristics—characterized by an MIC exceeding the threshold defined by the
epidemiological cutoff values [32].

3.2. Impact of Test Compounds on Fungal Viability

The MIC of the ligand phendione, its complexes Cu-phendione and Ag-phendione,
and their respective salts (Cu(ClO4)2·6H2O and AgClO4) was determined using the microdi-
lution method. Phendione alone exhibited an MIC of 12.5 µM against all six Cryptococcus
isolates. Both Cu-phendione and Ag-phendione demonstrated greater antifungal activity
than the phendione ligand alone. Cu-phendione exhibited an MIC of 6.25 µM for all C. gattii
isolates and 3.125 µM for all C. neoformans isolates. Ag-phendione displayed the highest
antifungal potency, with an MIC of 1.56 µM against all Cryptococcus isolates. Additionally,
the copper salt Cu(ClO4)2·6H2O showed no antifungal activity at any tested concentration,
whereas the silver salt (AgClO4) exhibited an MIC of 1.56 µM (Table 2). Subsequently,
the MFC of the test compounds was determined. Phendione exhibited an MFC ranging
from 100 µM to >100 µM (Table 2). Cu-phendione showed an MFC of 12.5 µM against C.
gattii isolates and 50 µM against C. neoformans isolates. Ag-phendione demonstrated potent
fungicidal activity, with an MFC of 12.5 µM for all C. gattii isolates and 25 µM for all C.
neoformans isolates. In contrast, the silver salt displayed an MFC of 12.5 µM against all C.
gattii isolates but exceeded 100 µM for all C. neoformans isolates (Table 2).

Table 2. Susceptibility profile of clinical isolates of C. neoformans and C. gattii to Cu-phendione and
Ag-phendione complexes, their respective salts, and the phendione ligand, determined using the
CLSI M27-A3 [31] microdilution method.

Cryptococcus
Species Isolate

MIC/MFC, [µM]

Phendione Cu-Phendione Ag-Phendione AgClO4 Cu(ClO4)2.6H2O

C. neoformans
213 12.5/>100 3.125/50 1.56/25 1.56/>100 >100/ND
223 12.5/100 3.125/50 1.56/25 1.56/>100 >100/ND
350 12.5/100 3.125/50 1.56/25 1.56/>100 >100/ND

C. gattii
27 12.5/>100 6.25/12.5 1.56/12.5 1.56/12.5 >100/ND
25 12.5/100 6.25/12.5 1.56/12.5 1.56/12.5 >100/ND
23 12.5/>100 6.25/12.5 1.56/12.5 1.56/12.5 >100/ND

ND, non-determined.

MIC assays were also conducted using well-characterized reference strains of C. neo-
formans (ATCC 28957, H99, and T1444) and C. gattii (R265), which are widely employed
in antifungal susceptibility studies. Notably, both Cu-phendione and Ag-phendione com-
plexes exhibited greater antifungal activity against all reference strains (Table 3) compared
to the clinical isolates tested (Table 2). These findings not only reinforce the antifungal
potential of the complexes, but also add robustness and broader relevance to their activ-
ity spectrum against Cryptococcus species. This enhanced activity against standardized
strains suggests consistent efficacy and supports further exploration of these compounds
as promising antifungal agents.
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Table 3. Susceptibility profile of reference strains of C. neoformans and C. gattii to Cu-phendione and
Ag-phendione complexes determined using the CLSI M27-A3 [31] microdilution method.

Cryptococcus Species Isolate
MIC, [µM]

Cu-Phendione Ag-Phendione

C. neoformans
ATCC 28957 1.56 0.19

H99 0.78 0.78
T1444 0.78 0.78

C. gattii R265 0.19 0.19

3.3. Assessment of the Stability of Antifungal Activity in the Evaluated Complexes

In order to evaluate the long-term stability of the biological activity of the complexes,
the MIC assay was repeated every six months over a two-year period using the same
solution, which was stored at room temperature and protected from light. The results
demonstrated that both Cu-phendione and Ag-phendione exhibited excellent chemical
stability, as their antifungal activity remained consistent over time. No variation in MIC
values was observed against either C. neoformans or C. gattii, indicating that the complexes
retained their ability to inhibit fungal growth throughout the study period (730 days).

3.4. Prediction of Drug-Likeness and Pharmacokinetics of Test Complexes

The SwissADME software evaluates key pharmacokinetic parameters—absorption,
distribution, metabolism, and excretion (ADME)—to identify factors that may impede
a compound’s ability to reach its biological target [34]. In this context, drug-likeness
was assessed using five rule-based filters, where minimal or no violations are preferred.
Ag-phendione exhibited a single violation of Lipinski’s rule of five due to its molecular
weight exceeding 500 Da [35]. Likewise, it breached the Ghose filter because its molecular
weight surpasses the 480 Da threshold [36]. In contrast, Ag-phendione fully complies with
both the Veber and Egan filters, showing no violations [37,38]. However, the compound
triggered one violation under the Muegge filter, attributed to the presence of more than
seven aromatic rings [39] (Table 4). Cu-phendione exhibited two violations of Lipinski’s
rule of five, attributed to its molecular weight exceeding 500 Da and the presence of more
than 10 nitrogen and oxygen (N or O) atoms [35]. Similarly, the Ghose filter flagged two
violations: a molecular weight above 480 Da and a molar refractivity exceeding 130 [36].
While Cu-phendione met the criteria of the Veber filter [37], it violated the Egan filter due
to a topological polar surface area (TPSA) greater than 131.6 [38]. Additionally, the Muegge
filter identified two violations: molecular weight surpassing 600 Da and the presence of
more than seven aromatic rings [39] (Table 4).

Table 4. Drug-likeness assessment of Cu-phendione, Ag-phendione, amphotericin B, and fluconazole
based on rule violations across multiple filters (Lipinski, Ghose, Veber, Egan, and Muegge).

Filters
Number of Violations

Ag-Phendione Cu-Phendione Amphotericin B Fluconazole

Lipinski 1 2 3 0
Ghose 1 2 3 0
Veber 0 0 1 0
Egan 0 1 1 0

Muegge 1 2 4 0

For comparison, standard antifungals were also evaluated. Fluconazole exhibited no
violations across any of the drug-likeness filters. In contrast, amphotericin B showed extensive
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non-compliance, with a total of 12 violations across multiple filters. Specifically: (i) Lipinski’s
rule flagged three violations—molecular weight exceeding 500 Da, more than ten nitrogen
and oxygen (N or O) atoms, and over five hydroxyl (OH) or amine (NH3) groups [35];
(ii) the Ghose filter identified three violations—molecular weight greater than 480 Da, molar
refractivity exceeding 130, and more than 70 atoms (excluding hydrogens) [36]; (iii) both the
Veber and Egan filters flagged one violation each, due to the polar surface area exceeding
140 Å2 [37,38]; and (iv) the Muegge filter detected four violations—molecular weight over
600 Da, polar surface area above 150 Å2, more than ten hydrogen bond acceptors, and more
than five hydrogen bond donors [39] (Table 4).

Based on these findings, both complexes exhibited specific filter violations, indicating
potential challenges to their oral bioavailability. Cu-phendione showed a slightly higher
number of violations compared to Ag-phendione, suggesting that its molecular properties
may impose greater limitations as a drug candidate. Nevertheless, both complexes demon-
strated fewer violations than amphotericin B, reflecting a comparatively more favorable
drug-likeness profile.

The pharmacokinetic profiles and drug-likeness of Ag-phendione, Cu-phendione, am-
photericin B, and fluconazole were also evaluated based on key parameters, including
gastrointestinal absorption (GIA), blood–brain barrier (BBB) permeability, P-glycoprotein
(P-gp) substrate potential, and inhibition of major cytochrome P450 (CYP) isoenzymes.
Skin permeability was also assessed using the logarithm of the skin permeability coefficient
(Log Kp). A detailed summary of these pharmacokinetic properties and drug suitability for
each compound is presented in Table 5.

Table 5. Pharmacokinetic evaluation of Cu-phendione, Ag-phendione, amphotericin B and flucona-
zole: CYP450 inhibition, absorption, distribution, and skin permeability.

Pharmacokinetic Parameters
Test Compounds

Ag-Phendione Cu-Phendione Amphotericin B Fluconazole

Inhibition of CYP1A2 Yes No No No
Inhibition of CYP2C19 Yes No No Yes
Inhibition of CYP2C9 Yes No No No
Inhibition of CYP2D6 No No No No
Inhibition of CYP3A4 No No No No

Gastrointestinal absorption High High Low High
Blood-brain barrier permeability No No No No

P-glycoprotein substrate Yes Yes Yes Yes
Log Kp (cm/s) −7.97 −8.21 −11.94 −7.92

Ag-phendione demonstrates high GIA, indicating good potential for oral uptake.
However, it is not predicted to cross the BBB, suggesting limited central nervous system
(CNS) penetration. As a P-gp substrate, Ag-phendione may be subject to efflux from
various tissues, which could reduce systemic bioavailability but may also mitigate the risk
of neurotoxicity. In terms of cytochrome P450 interactions, Ag-phendione inhibits CYP1A2,
CYP2C19, and CYP2C9, while showing no inhibitory effect on CYP2D6 or CYP3A4. Given
the critical roles of CYP1A2, CYP2C19, and CYP2C9 in drug metabolism [43], these interac-
tions warrant careful consideration during drug development. Additionally, Ag-phendione
exhibits a Log Kp of −7.97 cm/s, indicating moderate skin permeability and potential
suitability for transdermal delivery (Table 5).

Cu-phendione shares several pharmacokinetic properties with Ag-phendione, includ-
ing high GIA and limited ability to cross the BBB, suggesting minimal CNS penetration.
Like Ag-phendione, it is identified as a P-gp substrate, indicating potential efflux from
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tissues that could affect systemic bioavailability. However, Cu-phendione differs in its
interaction with cytochrome P450 enzymes; it does not inhibit CYP1A2, CYP2C19, CYP2C9,
CYP2D6, or CYP3A4, suggesting a lower risk of metabolic drug–drug interactions. Ad-
ditionally, Cu-phendione presents a Log Kp of −8.21 cm/s, reflecting skin permeability
comparable to Ag-phendione and supporting its potential for transdermal administration
(Table 5).

Amphotericin B showed no inhibitory activity against the major cytochrome P450
isoenzymes—CYP1A2, CYP2C19, CYP2C9, CYP2D6, or CYP3A4—suggesting a high
metabolic clearance potential. It was also identified as a P-gp substrate. Despite this, am-
photericin B exhibited low GIA, no ability to cross the BBB, and a Log Kp of −11.94 cm/s,
indicating lower skin permeability compared to both Ag-phendione and Cu-phendione.
In contrast, fluconazole displayed selective inhibition of CYP2C19, while showing no in-
hibitory effect on CYP1A2, CYP2C9, CYP2D6, or CYP3A4. Fluconazole was also classified
as a P-gp substrate. Notably, it demonstrated high GIA and a Log Kp of −7.92 cm/s, indi-
cating better skin permeability than the test complexes. Similar to the other compounds,
fluconazole was not predicted to permeate the BBB based on SwissADME analysis (Table 5).

3.5. Hemolysis Assay

To evaluate the potential toxicity of the test complexes, we assessed the hemolytic
activity of Cu-phendione and Ag-phendione using a spectrophotometric assay. The results
indicated that neither complex exhibited significant hemolytic activity (Figure 1), even at
concentrations up to 10 times higher than their respective MIC values.

Figure 1. Evaluation of the hemolytic activity of Cu-phendione (A) and Ag-phendione (B) complexes.
Erythrocytes (2%) were incubated for 24 h at 37 ◦C in the absence or presence of varying concentrations
(1.9–62.5 µM) of the test complexes. Hemolysis was quantified as a percentage, with 1% Triton X-100
serving as the positive control (100% hemolysis) and PBS as the negative control (0% hemolysis).
Absorbance was measured at 415 nm using an ELISA reader. The hemolysis percentage was calculated
by first subtracting the mean absorbance of the negative control from all other absorbance values. The
mean absorbance of the positive control was then set as 100% hemolysis, and the relative hemolysis of
the test samples was determined accordingly. Data are presented as the mean ± standard deviation
of three independent experiments, each performed in triplicate.

Based on these results, we calculated the SI values. Since the compounds did not
induce hemolysis at the tested concentrations, we assumed the CC50 to be higher than the
highest concentration tested (>62.5 µM). Consequently, Cu-phendione demonstrated an
SI > 10 for C. gattii and SI > 20 for C. neoformans, while Ag-phendione exhibited an SI > 40
for both fungal species (Table 6).
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Table 6. Selectivity index of Cu-phendione and Ag-phendione based on CC50 and MIC values against
C. gattii and C. neoformans.

Cryptococcus Species
Cu-Phendione Ag-Phendione

Erythrocytes G. mellonella Larvae Erythrocytes G. mellonella Larvae

C. gattii >10 >160 >40 >641
C. neoformans >20 >320 >40 >641

3.6. In Vivo Toxicity of Test Complexes in G. mellonella
3.6.1. Acute Toxicity (Single Dose Treatment)

In this experimental setup, the acute in vivo toxicity of the Cu-phendione and Ag-
phendione complexes was evaluated using the G. mellonella larvae model, alongside the
phendione ligand and their respective salts, AgClO4 and Cu(ClO4)2·6H2O. As shown in
Figure 2A, none of the tested compounds—phendione, Cu-phendione, Ag-phendione, or
simple copper salt—exhibited toxicity at any concentration, with 100% larval survival
observed across all groups. However, the silver salt displayed dose-dependent toxicity,
causing 50% mortality at the highest tested concentration (1000 µM) and 20% mortality
at 500 µM and 250 µM (Figure 2B). Importantly, larvae inoculated with the complexes
displayed no visible changes in melanization or silk/cocoon production, which are two
physiological markers commonly used to assess stress responses in this model. These
observations suggest that the tested complexes do not trigger sub-lethal stress reactions,
further supporting their low-toxicity profile [44].

 

A B

Figure 2. The graphics illustrate the acute toxicity profile of G. mellonella larvae inoculated with
phendione ligand, Cu-phendione, Ag-phendione, Cu(ClO4)2.6H2O (all sharing the same survival
curve as shown in graphic (A)), and AgClO4 (B) at concentrations ranging from 1000 µM to 125 µM.
As a control, larvae were inoculated with a PBS + 4% DMSO solution (PBS). The larvae (ten per
group) were inoculated with 10 µM of the respective solution using an insulin syringe in the last left
proleg and maintained at 37 ◦C under daily monitoring for a 21-day period.

The SI for the toxicity of the complexes in G. mellonella larvae was also calculated,
assuming a CC50 value greater than 1000 µM for both complexes. Under these conditions,
Cu-phendione exhibited an SI greater than 160 against C. gattii and greater than 320 against
C. neoformans. In comparison, Ag-phendione displayed an SI exceeding 641 for both fungal
species (Table 6).

3.6.2. Chronic Toxicity (Multiple Dose Treatment)

Chronic toxicity was further evaluated by daily inoculating G. mellonella larvae with
Cu-phendione and Ag-phendione at 62.5 µM for five consecutive days. Larval survival
was monitored over a seven-day period, confirming that both complexes were non-toxic,
even under prolonged exposure. Additionally, no alterations were observed in key stress
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indicators, such as melanization or cocoon formation (Figure 3). These results underscore
the resilience of G. mellonella larvae and reinforce their suitability as a model for assessing
the chronic effects of low-toxicity compounds.

Figure 3. Galleria mellonella larvae after five days of daily inoculation with PBS + 4% DMSO (A),
62.5 µM Cu-phendione (B), or 62.5 µM Ag-phendione (C), maintained at 37 ◦C throughout the
experiment. All larvae exhibited a light coloration, as well as normal weight and size, indicating a
healthy physiological status.

3.7. Hemocyte Density Analysis

To further explore the in vivo effects of the test complexes on a multicellular organism,
hemocyte density, which is the primary immune cells of G. mellonella, was assessed follow-
ing a single inoculation of either Cu-phendione or Ag-phendione. After 24 h, larvae treated
with the highest concentration of Cu-phendione (1000 µM) showed a significant reduction
in total hemocyte count (Figure 4A). Interestingly, lower Cu-phendione concentrations,
specifically 31.25 µM (p = 0.0011) and 15.625 µM (p < 0.0001), resulted in a significant
increase in hemocyte density compared to PBS-inoculated controls. No notable changes
in hemocyte levels were observed at the other tested concentrations of Cu-phendione. In
contrast, Ag-phendione treatment did not significantly affect hemocyte density at any
concentration tested (Figure 4B).

Figure 4. Hemocyte density assay of Galleria mellonella larvae, inoculated or not with 10 µL of the
complexes Cu-phendione (A) or Ag-phendione (B) (at concentrations ranging from 1000 µM to
15,625 µM). As a control, we used non-inoculated larvae (untouch) or larvae inoculated with 10 µL of
a PBS + 4% DMSO solution (PBS). The larvae (five per group) were inoculated using an insulin syringe
in the last left proleg and maintained at 37 ◦C. Hemolymph collection (10 µL per larva) was performed
24 h after inoculation using a surgical scalpel, diluted in 990 µL of anticoagulant buffer (as described
in the methodology), and hemocytes were counted using a Neubauer chamber. Symbols indicate
a p-value between between 0.009 and 0.0009 (**) and< 0.0001 (****) (one-way ANOVA, Dunnett’s
multiple comparison test), denoting the significance of differences in hemocyte counts obtained using
a Neubauer chamber from larvae subjected to different treatments. Results are presented as the mean
± standard deviation of three independent duplicates, with each counted twice.
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Hemocyte density was also evaluated in larvae subjected to daily inoculations of
62.5 µM Cu-phendione or Ag-phendione for five consecutive days. Chronic exposure
to either complex did not result in significant changes in hemocyte density compared to
PBS-inoculated controls (Figure 5).

PBS Cu-phendione Ag-phendione

Figure 5. Hemocyte density (at a concentration of 107 cells) from hemolymph samples collected
daily over five days (1, 2, 3, 4, and 5) from Galleria mellonella larvae inoculated daily (from day 0
to day 4) with 10 µL containing 62.5 µM of Cu-phendione or Ag-phendione, or with a PBS + 4%
DMSO solution (PBS). The larvae were maintained at 37 ◦C and monitored daily throughout the
entire experiment (until day 5). The hemolymph was collected (10 µL per larva) using a surgical
scalpel, diluted in 990 µL of anticoagulant buffer (as described in the methodology), and hemocytes
were counted using a Neubauer chamber.

4. Discussion
The limited efficacy and high toxicity of current antifungal agents highlight the ur-

gent need for novel therapeutics, particularly against cryptococcosis [1,15,45]. Our pre-
vious studies have demonstrated the potent antifungal properties of Cu-phendione and
Ag-phendione complexes against both filamentous fungi, including Phialophora verrucosa,
Scedosporium apiospermum, Scedosporium minutisporum, Scedosporium aurantiacum, and Lomen-
tospora prolificans [18,24–26], as well as yeast-like fungi such as Candida albicans, Clavispora
lusitaniae (formerly Candida lusitaniae), Candida tropicalis, Meyerozyma guilliermondii (formerly
Candida guilliermondii), Kluyveromyces marxianus (formerly Candida kefyr), Pichia kudriavze-
vii (formerly Candida krusei), Candida dubliniensis, Debarymyces hansenii (formerly Candida
famata), Nakaseomyces glabratus (formerly Candida glabrata), Candida parapsilosis, Candida
haemulonii, Candida haemulonii var. vulnera, and Candida duobushaemulonii [17,20–23]. These
findings position metal-based compounds as promising candidates for antifungal drug
development. In this study, Cu-phendione and Ag-phendione also exhibited potent activity
against drug-resistant Cryptococcus clinical isolates, including C. neoformans and C. gattii,
which display non-wild-type phenotypes and resistance to amphotericin B, fluconazole,
voriconazole, and flucytosine.

A comparative analysis of the antifungal activity of the complexes and the ligand
phendione revealed that Ag-phendione exhibited the strongest anti-Cryptococcus activity
(in both MIC and MFC parameters), followed by Cu-phendione, with phendione being
the least effective. This activity trend (Ag-phendione > Cu-phendione > phendione) was
consistent with previous findings against other fungi, such as Candida spp. [20,22] and P.
verrucosa [24]. Notably, while the copper salt showed no anti-Cryptococcus activity, the silver
salt exhibited an MIC comparable to that of Ag-phendione. A similar trend was observed
against other clinically relevant yeast species, including Candida and phylogenetically
related genera [20,22,23]. However, despite its well-documented antifungal properties,
silver salt is known for its toxicity in humans and other mammals [46–48], limiting its
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use primarily to topical applications [46,48,49]. Given its potent antimicrobial activity,
researchers have explored the synthesis of silver-based coordination compounds to enhance
therapeutic potential while mitigating toxicity concerns [50–52].

The literature reports that complexes of gold [16], copper [53,54], vanadium [54],
cobalt [55], iridium [56], ruthenium [57,58], rhodium [57], zinc, palladium [59], manganese,
nickel [53], bismuth [60], and silver [61] have been synthesized and tested against Cryptococcus.
A comparative analysis of these complexes revealed that Cu-phendione exhibited a lower
MIC value than 44 of the 47 reported compounds, with the exception of one cobalt-based
and two gold-based phosphine-linked compounds [16,55]. Similarly, only two compounds
demonstrated activity comparable to Ag-phendione: a cobalt-based complex ([Co(di-acetyl
thiosemicarbazone)(4-(dimethylamino)pyridine)2]NO3) [55] and a gold-based complex (Bis-
[1,2-bis[(2S,5S)-2,5-dimethylphospholano]benzene]gold(I)) [16]. Additionally, another gold-
based compound (Bis-[1,2-bis[(2R,5R)-2,5-dimethylphospholano]benzene]gold(I)) exhibited
even greater activity than Ag-phendione [16]. Although Au+-phosphine formulations are more
effective than Cu-phendione and Ag-phendione, with MIC values around 0.6–1.2 µM [16],
the latter compounds offer a more cost-effective alternative, making them a viable option for
potential commercial development.

Given the potent anti-Cryptococcus activity of Ag-phendione and Cu-phendione, we
assessed their therapeutic and pharmacokinetic potential. Ag-phendione violated three
rules based on the applied filters but remained within acceptable limits across all five
criteria [34]. In contrast, Cu-phendione violated seven rules under the same evaluation.
However, both complexes showed significantly fewer violations compared to amphotericin
B, which exhibited 12 violations and exceeded the permissible limits for all five filters.
Despite its widespread clinical use against fungal infections [62], amphotericin B presented
nine more violations than Ag-phendione and five more than Cu-phendione. Thus, while
both metal-based complexes have some rule violations, they remain promising antifungal
candidates with better pharmacokinetic profiles than amphotericin B.

Both Ag-phendione and Cu-phendione exhibit moderate skin permeability, high
gastrointestinal absorption (GIA), and no permeability through the blood–brain barrier
(BBB), while also serving as substrates for P-glycoprotein. These properties suggest their
potential for transdermal administration, depending on skin conditions and formulation, or
oral administration due to the efficient absorption in the gastrointestinal tract. Additionally,
their systemic distribution and excretion through various tissues may help reduce treatment
toxicity [63,64]. However, while P-glycoprotein efflux may lower toxicity, it could also limit
bioavailability in certain tissues [63,64]. If further studies confirm that Cu-phendione and
Ag-phendione do not cross the BBB, their therapeutic potential for cryptococcal meningitis
may be limited [65,66]. Notably, although amphotericin B and fluconazole are the primary
antifungals for cryptococcal meningitis [8], Swiss ADME software also predicts they lack
BBB permeability. This discrepancy arises because BBB integrity is compromised during
cryptococcal meningitis, allowing antifungal agents to penetrate the meninges [67,68]. Thus,
while in silico analysis suggests that Cu-phendione and Ag-phendione do not cross the BBB,
future in vivo studies may reveal their potential efficacy in treating cryptococcal meningitis.

Cu-phendione and Ag-phendione exhibit distinct inhibitory effects on cytochrome
P450 isoenzymes. Theoretical analysis suggests that Cu-phendione does not inhibit
CYP1A2, CYP2C19, CYP2C9, CYP2D6, or CYP3A4, indicating a lower risk of drug–drug in-
teractions involving these enzymes. In contrast, Ag-phendione inhibits CYP1A2, CYP2C19,
and CYP2C9 but does not affect CYP2D6 or CYP3A4. Since CYP3A4 metabolizes approxi-
mately 50% of marketed drugs and is predominantly expressed in hepatocytes [69,70], the
activity of CYP2D6 and CYP3A4 may be sufficient for Ag-phendione metabolism. While
isoenzyme inhibition can slow Ag-phendione metabolism and excretion, potentially leading
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to toxicity, it may also enhance drug accumulation and prolong therapeutic exposure [63,70].
Notably, Cu-phendione and Ag-phendione exhibit absorption levels comparable to flucona-
zole and higher than amphotericin B, with metabolism and excretion profiles similar to both
conventional antifungals. If rapid metabolism and excretion limit their therapeutic poten-
tial, nanocarrier strategies such as liposomes, micelles, or micelle-encapsulated liposomes
could offer an effective solution. Lipid-based nanocarriers improve drug stability and
bioavailability while reducing host toxicity, ultimately enhancing therapeutic efficacy [71].

Once a drug enters the bloodstream, it may interact with various blood components,
potentially causing adverse effects such as erythrocyte lysis, the destruction of red blood
cells, which can lead to anemia. Therefore, evaluating the hemolytic potential of any
candidate drug intended for systemic use is essential [72–74]. To assess the toxicity of
Cu-phendione and Ag-phendione, we measured their hemolytic activity in vitro using
sheep erythrocytes as a model. Our results showed that neither compound induced
hemolysis at the tested concentrations (up to 62.5 µM), indicating a favorable safety profile.
However, while sheep erythrocytes are commonly used in in vitro assays, they exhibit
structural differences [75] and distinct responses to oxidative stress [76] compared to
human erythrocytes. Despite these differences, this model serves as a valuable preliminary
screening tool for estimating cytotoxicity in mammalian red blood cells. Nonetheless,
further toxicity assays using human erythrocytes are necessary to confirm these findings.

To reduce the use of mammals in in vivo assays, G. mellonella has emerged as a simple
and promising alternative. This model offers several advantages, including easy handling
without the need for specialized infrastructure, low maintenance costs compared to mam-
malian models, and an innate immune system similar to that of mammals. Additionally,
G. mellonella larvae can thrive at 37 ◦C, do not require ethical committee approval, and
have a rapid reproductive cycle, allowing for high-throughput experimentation and simul-
taneous evaluation of multiple systems [77,78]. For these reasons, G. mellonella has been
widely used as a preliminary in vivo model to assess the toxicity and efficacy of novel drug
treatments [77–79].

The toxicity of other 1,10-phenanthroline- and phendione-based compounds has been
evaluated in G. mellonella. Gandra et al. [17] reported that several compounds, including
{[Cu(3,6,9-trioxaundecanedioic acid)(1,10-phenanthroline)2]3H2O·EtOH}n, [Mn(phthalic
acid)(1,10-phenanthroline)(H2O)2], and [Ag(1,10-phenanthroline)2]ClO4, exhibited no toxi-
city in G. mellonella larvae within 72 h when inoculated at concentrations up to 500 µg/mL.
However, at 750 µg/mL, some compounds, such as {[Cu(3,6,9-trioxaundecanedioic
acid)(1,10-phenanthroline)2]3H2O·EtOH}n, [Mn(phthalic acid)(1,10-phenanthroline)(H2O)2],
and {[Mn(1,10-phenanthroline)2(H2O)2]}2(isophthalic acid)2(1,10-phenanthroline)·12H2O,
induced mortality rates of 60%, 40%, and 13%, respectively [17]. The remaining compounds
tested showed no toxicity at this concentration. Notably, Cu-phendione and Ag-phendione
exhibited at least 160-fold higher fungal selectivity than their MIC values against Crypto-
coccus clinical isolates, underscoring their potential as promising antifungal candidates to
address the global shortage of effective treatments.

Some antifungals not only inhibit pathogens but also enhance the antimicrobial
response through immunomodulation. For example, amphotericin B promotes a pro-
inflammatory response, aiding pathogen elimination [80]. Similarly, certain compounds
can increase hemocyte density—the immune cells of G. mellonella—either by recruiting
cells or stimulating their proliferation and activation, suggesting a pro-inflammatory im-
munomodulatory effect [17,81,82]. Conversely, a reduction in hemocyte density may
indicate a toxic effect [17,81]. To investigate a potential pro-inflammatory effect, we
analyzed hemocyte density in larvae 24 h after acute or chronic inoculation with Cu-
phendione or Ag-phendione. Acute Ag-phendione inoculation did not alter hemocyte
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density. However, Cu-phendione exhibited a significant increase, consistent with find-
ings by Gandra et al. [17], who observed a similar effect in larvae inoculated with
750 µg/mL of manganese-based complexes with 1,10-phenanthroline. Additionally,
Gandra et al. [17] demonstrated that certain 1,10-phenanthroline- or phendione-based
complexes modulate the immune response in G. mellonella, including [Mn2(isophthalic
acid)2(1,10-phenanthroline)3]·4H2O, [Mn(terephthalic acid)(1,10-phenanthroline)2]·5H2O,
{[Mn(3,6,9-trioxoundecanedioic acid)(1,10-phenanthroline)2]·3H2O·EtOH}n, and [Ag(1,10-
phenanthroline)2]ClO4. These compounds increased RNA levels encoding antimicrobial
peptides such as transferrin and inducible metalloproteinase inhibitor protein (IMPI), while
[Mn(terephthalic acid)(phen)2]·5H2O upregulated Gallerimycin expression and [Ag(1,10-
phenanthroline)2]ClO4 increased Galiomycin expression. Notably, some antifungals with
strong antifungal activity, like Ag-phendione, do not increase hemocyte density, a pattern
also observed with caspofungin [81].

To better simulate clinical treatment, we implemented a daily inoculation strategy
in G. mellonella larvae, allowing us to evaluate the toxicity of chronic treatment with Cu-
phendione and Ag-phendione complexes. Remarkably, the larvae exhibited 100% survival
following daily inoculations of Cu-phendione or Ag-phendione at concentrations of 62.5 µM
for up to five days, the maximum duration of the experiment. We also monitored hemocyte
density daily, with no significant differences observed compared to the control group. These
results indicate that Cu-phendione and Ag-phendione have extremely low toxicity in the G.
mellonella model, whether administered as a single dose or through daily dosing. The daily
chronic inoculation strategy more closely replicates therapeutic regimens used in clinical
practice, offering a more accurate assessment of the biological and antimicrobial activities of
these complexes while maintaining drug bioavailability at a predefined concentration. This
approach contrasts with acute inoculation strategies [83,84]. Moreover, this new approach,
using an invertebrate model, supports the application of the 3Rs principle (replacement,
reduction, and refinement), promoting more efficient use of mammals when necessary [85].
Interestingly, to the best of our knowledge, this is the first reported use of daily treatment in
G. mellonella for testing the toxicity of new drugs. This novel approach further underscores
the potential of G. mellonella as a reliable model for evaluating the safety and efficacy of
emerging drug candidates. By mimicking chronic treatment regimens more closely than
traditional acute dosing methods, this model provides a valuable platform for assessing
long-term drug effects and toxicity in a manner that better reflects clinical conditions.

The exceptionally low toxicity of Cu-phendione and Ag-phendione observed in our
in vitro (hemolytic activity) and in vivo (acute and chronic toxicity in G. mellonella) assays
is consistent with previous studies in mouse and hamster models [27,28]. In mice, acute
toxicity testing revealed 100% tolerance to inoculations of up to 45 mg/kg of Cu-phendione
and 150 mg/kg of Ag-phendione. For the chronic toxicity assessment, mice received
daily doses of 45 mg/kg of the compounds for five consecutive days, followed by an
additional seven days of observation. Throughout this period, no deaths or behavioral,
dietary, or body weight changes were noted. At the study’s conclusion, blood samples were
collected for analysis of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) activities—common markers of liver stress. No significant differences were observed
between the control and treated groups [27]. In hamsters, administration of 1 mg/kg of
Cu-phendione or Ag-phendione, five times per week for nine weeks, similarly resulted
in no deaths or changes in behavior, diet, or body weight. Upon completion of the study,
blood samples were collected to evaluate renal and hepatic function by measuring urea,
creatinine, AST, ALT, and alkaline phosphatase levels. Again, no differences were observed
between the control and treated groups [28]. These consistent findings across multiple
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in vivo models further support the safety profile of Cu-phendione and Ag-phendione and
highlight their promising potential for therapeutic use.

Previous studies have demonstrated that the antifungal activity of Cu-phendione and
Ag-phendione in various fungal genera is linked to the disruption of plasma membrane
integrity and mitochondrial dysfunction [20,21]. These effects lead to fungal DNA cleav-
age [21] and are accompanied by various morphological alterations and/or changes in
the expression of surface molecules on treated cells [20,21,26]. Collectively, these findings
suggest that the mechanisms of action of these complexes may differ from those of con-
ventional antifungals currently used in clinical practice, thereby offering a wider range of
therapeutic targets. Consequently, future studies investigating the potential of combining
these complexes with traditional antifungal therapies could provide valuable insights into
novel treatment strategies.

5. Conclusions
The present study demonstrated the promising antifungal activity of the Cu-phendione

and Ag-phendione complexes against C. neoformans and C. gattii, including potent efficacy
against clinical isolates exhibiting reduced susceptibility to amphotericin B and/or flucona-
zole. Additionally, in silico analysis using the Swiss ADME software revealed that both
complexes exhibit good oral bioavailability and can be readily metabolized and excreted
by the organism. Their low toxicity was supported by in vitro and in vivo assays, showing
that neither compound induces hemolysis in sheep erythrocytes (in vitro) at concentrations
of at least 10× MIC, nor do they cause death in G. mellonella larvae or reduce their hemocyte
density, whether in acute or continuous treatment. These findings highlight the potential of
these complexes as alternative therapeutic agents in the face of emerging global antifungal
resistance crisis. However, we emphasize that further investigations are essential. Future
studies should include a larger and more diverse panel of clinical isolates with varying
antifungal susceptibility profiles to robustly confirm and extend these preliminary results.
Additionally, in-depth analyses of the underlying mechanisms of action and in vivo efficacy
are warranted to fully establish the clinical relevance of these complexes.
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