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Prochelators modulate azole activity against
Candida albicans in a metal-dependent manner
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Candida albicans is an opportunstic fungal pathogen of growing clinical concern, in part due to

antifungal drug tolerance. Here we report a thiol-activated prochelation strategy that modulates the

activity of azole antifungals against C. albicans in a manner influenced by the degree of azole stress as

well as the metal composition of the growth medium. We identify two disulfide-linked prochelators

containing aroylhydrazone (AH1-S)2 or thiosemicarbazone (IT1-S)2 structures that impact C. albicans

growth in both a standard laboratory strain and a fluconazole-resistant clinical isolate. A combination of

metal analysis and EPR spectroscopy of treated cells shows that (AH1-S)2 redistributes intracellular iron

stores by forming an intracellular iron chelator complex. We also show that (AH1-S)2 promotes copper

accumulation under otherwise non-toxic copper conditions, resulting in fungicidal activity.

Introduction

Candida albicans is a commensal fungal organism that can
cause life-threatening disease in immunocompromised indivi-
duals.1,2 Current antifungal therapies rely on a limited number
of drug classes with declining efficacy against emerging resis-
tant strains, although a few new options are in development.3–6

Among the most widely used antifungals are the azoles (Fig. 1),
a class introduced in the 1980s that remains central to clinical
management of fungal infections. Azoles disrupt the biosyn-
thetic pathway of ergosterol, the fungal analogue of cholesterol,
by axially coordinating the heme iron of lanosterol-14a-demethy-
lase, a cytochrome P450 enzyme of the Cyp51 family.7,8 This
coordination prevents O2 activation and subsequent lanosterol
demethylation, leading to accumulation of toxic sterols,
membrane instability, and fungistatic growth arrest.9

C. albicans adapts to azole stress in a number of well-documented
ways, including overexpression of the gene encoding Cyp51
(ERG11) and the upregulation of efflux pumps to decrease
intracellular drug concentration.10–14 The fungus also alters
metal homeostasis, particularly of iron and copper, in response
to antifungal pressure. Although iron depletion has been
shown to sensitize C. albicans to azoles, excess iron can promote

resistance to some antifungals.15,16 C. albicans exposed to fluco-
nazole in cell culture have been shown to increase heme uptake,
mobilize vacuolar iron stores, and alter gene expression asso-
ciated with metal homeostasis, notably of copper, iron, and
zinc.17–20 These observations underscore the intimate connection
between metal-dependent processes and antifungal susceptibility.

Considering C. albicans modulates metal homeostasis to
withstand azole stress, targeting essential metal availability could
be a potential therapeutic strategy to minimize drug tolerance and
enhance efficacy. This concept parallels innate immune defences,
wherein macrophages, monocytes, and neutrophils create iron-
deplete environments to limit pathogen growth.21 Macrophages
are noted for adopting an iron-sequestering phenotype during
infection.22,23 Additionally, macrophages accumulate and com-
partmentalize copper to promote copper toxicity against fungal

Fig. 1 Structure of antifungals and prochelators discussed in this work.
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pathogens.24 These observations suggest that synthetic chelators
and ionophores that mimic host metal regulation could serve as
adjunctive antifungal agents.

The antifungal potential of metal chelators and ionophores
has been explored since the 1960s, with studies reporting a
mixture of both synergy and antagonism between iron chela-
tors and conventional antifungals.25–34 Similarly, copper iono-
phores and copper complexes, many of which show their own
intrinsic antifungal activity, have also been shown to enhance
susceptibility to fluconazole.35–39 Conventional chelating agents,
however, can act indiscriminately to bind metals from the host as
well as the pathogen. A prochelation strategy that relies on
activation by a particular stimulus to enable metal coordination
could provide a more targeted approach. In recent years, several
prochelation strategies have been designed for potential applica-
tion against cancer, infectious diseases, and other conditions.40–45

A prochelation approach that leverages glutathione metabo-
lism may offer a promising strategy against fungal pathogens.
Evidence indicates that fungal pathogens depend on robust,
functioning glutathione metabolism for virulence, as mutants
with impaired glutathione metabolism show defects in hyphal
formation, heightened susceptibility to macrophages and
neutrophils, and attenuated virulence.46–51 Disruption of glu-
tathione metabolism has been shown to increase antifungal
susceptibility in several yeast species.50,52 Elevated levels
of glutathione observed in fluconazole-resistant strains of
C. albicans enable the fungus to counteract oxidative stress as
part of its mechanism of drug resistance.53 These considera-
tions suggest that taking advantage of high glutathione levels to
activate prodrugs could therefore provide a means of sensitiz-
ing pathogenic and drug-resistant fungi to antifungals.

This work set out to test the hypothesis that thiol-activated
prochelators could improve azole activity against the opportu-
nistic fungal pathogen C. albicans. The collection of prochela-
tors investigated (Fig. 1) are disulfide-linked dimers that form
tridentate chelators with (S,N,S) or (S,N,O) donor atoms upon
activation by intracellular thiol reductants, notably glutathione.54

They have been shown to induce cytotoxicity of ovarian and breast
cancer cell lines by sequestering intracellular iron in low-spin,
octahedral complexes that are inactive with respect to catalyzing
formation of reactive oxygen species (ROS).55–57 Furthermore,
prochelators of this family were found to enhance the iron-
sequestering phenotype of primary human macrophages.58 Given
the important role of essential metals in fungal pathogenesis and
antifungal drug response, we evaluated the activity of these
disulfide-linked prochelators against C. albicans, both alone and
in combination with FDA-approved azole antifungals, as a func-
tion of iron, copper, manganese, and zinc availability in the
growth medium. Using a combination of two-dimensional growth
assays and spectrometric and spectroscopic techniques, this work
identifies the prochelator (AH1-S)2 as an agent that modulates
fluconazole activity against C. albicans in a metal-dependent
manner. Our results support a mechanism in which activation
of the prochelator alters iron availability via intracellular for-
mation of an iron–chelator complex, thereby sensitizing C. albicans
to azole stress.

Results
Thiol-activated prochelators transiently suppress C. albicans
growth

We evaluated the antifungal activity of four disulfide-based
prochelators built on aroylhydrazone or thiosemicarbazone
frameworks (Fig. 1), which have previously been investigated
as anticancer agents.54–56,59 Wild-type C. albicans strain SC5314
was grown in MOPS-buffered synthetic defined (SD) medium in
the presence of increasing concentrations of each compound
(Fig. 2A). Neither (TC1-S)2 nor (244mTC-S)2 inhibited fungal
growth at concentrations up to 25 mM, a limit at which these
compounds were only sparingly soluble. In contrast, both (AH1-S)2

and (IT1-S)2 inhibited growth in a concentration-dependent man-
ner over 24 h (Fig. 2A). Comparable growth inhibition was observed
for the fluconazole-resistant clinical isolate Y172 (Fig. 2B), indicat-
ing that the activity of these prochelators is not limited to azole-
susceptible strains. By 48 h, both SC5314 and Y172 largely recov-
ered growth to near-control levels (Fig. 2A), suggesting that the
growth inhibition induced by these prochelators is transient and
followed by adaptive recovery.

Given that imine CQN linkages in the prochelators tested
can be hydrolytically susceptible under some conditions,60 we
assessed the stability of the active compounds to validate their
speciation in the cell culture medium used for antifungal
evaluation. UV–visible spectroscopy revealed that (IT1-S)2 remains

Fig. 2 (A) Effect of prochelators (AH1-S)2, (IT1-S)2, (244mTC-S)2, and
(TC1-S)2 on growth of C. albicans strain SC5314. (AH1-S)2 and (IT1-S)2
decrease growth at 24 h while (244mTC-S)2 and (TC1-S)2 are inactive at
the concentrations tested. At 48 h, cells have recovered growth. (B) (AH1-
S)2 and (IT1-S)2 decrease growth at 24 h of C. albicans Y172, a fluconazole-
resistant clinical isolate. Cell growth in SD medium was measured by
OD600. (n = 2–5 biological replicates each of n = 1–3 technical replicates).
Error bars represent Standard Error of Mean (SEM). Welch ANOVA p-value
o 0.0001, Dunnett’s T3 multiple comparison p-value = 0.032 (*), 0.0021
(**) or o 0.0001 (****).
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spectroscopically stable in SD (Fig. 3A), whereas (AH1-S)2 exhibits
marked time-dependent spectral changes, with a decrease in
absorbance near 350 nm accompanied by a new feature emerging
at 300 nm over 8 h (Fig. 3B). This behavior was not observed in
MOPS buffer alone (Fig. S1), nor replicated by spectra of the
putative hydrazone hydrolysis products (Fig. S2). Spectral changes
induced by the reductants dithiothreitol or glutathione do not
match those observed in SD but do confirm efficient thiol-
triggered activation of (AH1-S)2 to form the reduced chelator
AH1 (Fig. S2). These results indicate that neither hydrolysis nor
reduction explains the observations in SD, suggesting that com-
ponents of the growth medium contribute to the instability of
(AH1-S)2. Systematic analysis of individual components in SD
medium (Table S1) revealed a light-dependent interaction
between (AH1-S)2 and riboflavin as the source of the spectral
changes (Fig. 3C and Fig. S3–S6). The unidentified photoproducts
themselves did not inhibit growth (Fig. S7). To minimize compli-
cations due to the potential reactivity, subsequent cellular experi-
ments with (AH1-S)2 were therefore conducted under reduced-
light conditions.

Together, these results indicate that disulfide-based proche-
lators capable of thiol activation can perturb C. albicans growth,
but that sustained antifungal efficacy likely requires combi-
nation with additional stressors. These observations motivated
subsequent studies examining the interplay of (AH1-S)2 and
(IT1-S)2 with azole antifungals and conditions of differential
metal availability.

Prochelators modulate C. albicans growth under azole stress

Because transient inhibition by (AH1-S)2 and (IT1-S)2 suggested
adaptive stress responses at play, we next examined how these
prochelators influence stress induced by azoles, a drug class
that specifically targets an iron-dependent enzyme and disrupts
metal homeostasis. Under our culture conditions, the fungi-
static nature of azoles was evident at 48 h by the presence of
trailing growth, defined as persistent growth in the presence of
drug (Fig. 4). To assess the combinatorial effects, we performed
two-dimensional broth microdilutions (checkerboards) in SD
medium, varying prochelator concentrations (0–25 mM) against
a range of azole concentrations selected to induce trailing
growth at 48 h (fluconazole, 0–8 mM; voriconazole, 0–0.5 mM;
clotrimazole, 0–0.5 mM; econazole, 0–5 mM; Fig. S8). Growth was
assessed at 48 h to capture both inhibitory and adaptive
responses.

Both (AH1-S)2 and (IT1-S)2 modulated the growth of
C. albicans SC5314 in the presence of all four azoles tested,
with outcomes dependent on the degree of azole stress (Fig. 4).
At higher azole concentrations, co-treatment with either pro-
chelator at concentrations above 6 mM completely suppressed
trailing growth at 48 h, consistent with enhanced antifungal
efficacy. In contrast, when paired with lower azole concentra-
tions, the prochelators sometimes promoted growth relative to
azole treatment alone, indicating that prochelator activity can

Fig. 3 UV-Vis spectra of (A) (IT1-S)2 and (B) (AH1-S)2 in SD medium,
showing differences in their stability over time (15 mM prochelator, ambient
light conditions). (C) Spectra of (AH1-S)2 in MOPS buffer with riboflavin (5.3
mM) are stable over 8 h in the dark, but show a new peak at 300 nm from
ambient light exposure.

Fig. 4 Left column (A) (AH1-S)2 and right column (B) (IT1-S)2 modulate
growth inhibitory effect of azoles against C. albicans SC5314 (SD medium,
48 h, n = 2–4 biological replicates of n = 1–3 technical replicates).
Experiments with (AH1-S)2 were performed with at least one biological
replicate under minimal light exposure.

RSC Chemical Biology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 1
2:

26
:1

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cb00073h


RSC Chem. Biol. © 2026 The Author(s). Published by the Royal Society of Chemistry

either potentiate or attenuate azole stress depending on the
context. This concentration-dependent behaviour was also
observed in the fluconazole-resistant clinical isolate Y172.
Although higher drug concentrations were required to achieve
inhibition in this strain, combined treatment with fluconazole
and either prochelator fully suppressed growth at the upper
concentration range (Fig. S9), demonstrating that the modula-
tory effects of these prochelators extend to azole-resistant
strains.

To determine whether the activated chelator is responsible
for the observed effects, (AH1-S)2 was pre-reduced with gluta-
thione to generate AH1 in situ prior to treatment. This activated
chelator similarly inhibited trailing growth in the presence of
fluconazole (Fig. S10). In contrast, neither the products of
hydrazone hydrolysis nor the unidentified degradation product
formed during the light-dependent reaction between (AH1-S)2

and riboflavin inhibited trailing growth (Fig. S10). These results
indicate that the thiol-activated chelator AH1 is the species
responsible for modulating antifungal activity. Ambient light
exposure occasionally diminished the ability of (AH1-S)2 to
inhibit growth in the presence of fluconazole, consistent with
accelerated degradation of the active compounds under these
conditions (Fig. S10). Nonetheless, growth modulation by
(AH1-S)2 was observed under both dark conditions and ambient
light exposure (Fig. S10), indicating that the underlying bio-
logical effect is robust.

Taken together, these findings demonstrate that (AH1-S)2

acts as a modulator of azole stress. The presence of the
activated chelator can either sensitize C. albicans to azoles or
confer a growth advantage, depending on the extent of azole
challenge.

Metal availability shapes prochelator activity

To determine how the availability of essential d-block bio-
metals influences the impact of the prochelators on C. albicans
growth and susceptibility to azole stress, cells were grown in
SD selectively deficient in iron, copper, manganese, or zinc,
followed by metal add-back to concentrations ranging from
deficient (0 mM), to sufficient (defined by metal-replete SD,
Table S1), to excess (50 mM iron, zinc, or manganese, or 40 mM
copper). Cells were treated with 15 mM prochelator, 8 mM
fluconazole, or the combination, and growth was monitored
for 48 h. Neither iron nor manganese availability significantly
altered fungal growth under these treatment conditions, even
when iron concentrations exceeded the prochelator concen-
tration fourfold (Fig. 5A and B). These findings indicate that
supplementation with iron or manganese does not restore
growth inhibited under combined fluconazole and prochelator
stress, nor does it markedly influence prochelator activity in the
absence of azole.

In contrast, zinc availability had a pronounced effect on C.
albicans growth. Under both zinc-deficient and excess conditions,
growth was reduced relative to zinc-replete media (Fig. 5C).
Treatment with (AH1-S)2 accentuated this trend, suggesting
that zinc homeostasis influences the activity of this prochelator
(Fig. 5C). This zinc-dependent effect was less pronounced for

(IT1-S)2, highlighting a divergence in how the two compounds
interact with cellular metals (Fig. 5C).

Copper availability also modulated fungal growth and pro-
chelator activity. C. albicans tolerated copper supplementation
up to 10 mM, whereas higher concentrations were toxic under
these conditions (Fig. 5D). Consistent with prior reports, non-
toxic copper supplementation potentiated the antifungal activ-
ity of fluconazole by suppressing trailing growth (Fig. 5D).17,36

Strikingly, the presence of copper also significantly enhanced
the antifungal activity of (AH1-S)2, with as little as 2.5 mM copper
being sufficient to completely inhibit growth in the presence of
the prochelator (Fig. 5D). In contrast, (IT1-S)2 appeared to confer a
slight protective effect against copper.

In addition to enhancing growth inhibition, copper supple-
mentation converted (AH1-S)2 treatment, either alone or in
combination with fluconazole, from fungistatic to fungicidal, as
assessed by post-treatment spotting assays (Fig. 5E). This copper-

Fig. 5 (A)–(D) Metals were added into SD medium made without the
designated metal to give a concentration that ranged from deficient to
excess. Under these conditions, C. albicans SC5314 were not treated (NT,
black bars, circles) or treated with 8 mM fluconazole (purple bars, squares),
15 mM (AH1-S)2 (pink bars, triangles), (IT1-S)2 (light blue, triangles),
or combined 15 mM prochelator plus 8 mM fluconazole (green triangles
or dark blue rhombus). Growth was measured by OD600 after 48 h and
normalized relative to non-treated cells. (E) Cidality assays on YPD agar
plates after 48 h. Non-toxic levels of copper convert (AH1-S)2 from
fungistatic to fungicidal. The images above are representative of at least
n = 2 biological replicates of n = 1–3 technical replicates. Error bars
represent SEM.
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dependent shift in outcome was not observed for (IT1-S)2, further
underscoring mechanistic differences between the two prochela-
tors (Fig. S11).

Collectively, these results demonstrate that the activity of
(AH1-S)2 against C. albicans is influenced by extracellular metal
availability, particularly zinc and copper, whereas iron and
manganese have minimal impact under the conditions tested.
These findings indicate that (AH1-S)2 modulates fungal growth
through metal-dependent mechanisms, motivating further
investigation into how this prochelator perturbs intracellular
metal handling under azole stress.

(AH1-S)2 redistributes intracellular iron, manganese and
copper under fluconazole stress

To further define how (AH1-S)2 modulates metal handling in
C. albicans, we quantified bulk cellular metal content after
treatment by using inductively-plasma-coupled mass spectro-
metry (ICP-MS). For sufficient material for analysis, cells were
grown in large cultures in nutrient-rich YPD medium and
treated with fluconazole, (AH1-S)2, or a combination of both
for 90 min or 6 h. Given the pronounced copper-dependent
effects observed in SD medium, we additionally examined the
impact of copper supplementation alone and in combination
with (AH1-S)2.

Across all treatment conditions, total cell-associated metal
content generally decreased between 90 min and 6 h (Table S2).
Although zinc levels were not impacted by the treatment
condition at either timepoint, iron and manganese levels were
significantly changed by fluconazole and (AH1-S)2 after 6 h
compared to non-treated cells (Fig. 6). At 6 h, fluconazole-
treated cells retained approximately twofold more iron than
non-treated controls, consistent with previous reports linking
azole stress to iron accumulation (Fig. 6A).17 Treatment with
(AH1-S)2 alone reduced cellular iron content by B50%. Notably,
combined treatment with (AH1-S)2 and fluconazole restored
iron levels to those of untreated cells, indicating that the
prochelator counteracts fluconazole-induced iron retention.
Copper supplementation also increased iron accumulation,
with combined copper and (AH1-S)2 treatment producing a
1.7-fold increase of cellular iron relative to non-treated cells
(Fig. 6A). These data are consistent with the known dependency
of copper on iron uptake.

Similar to iron, the cellular manganese content approxi-
mately doubled after 6 h incubation with fluconazole alone
but remained comparable to untreated controls for all other
conditions (Fig. 6B). The fluconazole-induced retention of iron
and manganese correlated with reduced growth at 6 h relative
to untreated cells for this condition, whereas the combination
treatment showed growth recovery comparable to untreated
cells (Fig. S12). This outcome mirrors the growth behavior in
checkerboard assays under concentrations of high prochelator
and low azole (Fig. 4), suggesting that modulation of metal
retention contributes to context-dependent growth responses.

Copper levels were markedly affected by (AH1-S)2. At 90 min,
copper-supplemented cells accumulated B2-fold more copper
than untreated controls, while (AH1-S)2 further augmented

copper accumulation by B8.5 fold (Fig. 6D). By 6 h, copper
levels remained significantly elevated under all copper-supple-
mented conditions, with (AH1-S)2 further enhancing accumula-
tion. These results indicate that (AH1-S)2 strongly promotes
copper uptake and retention in these cells.

Taken together, the ICP-MS data indicate that (AH1-S)2

counteracts fluconazole-induced retention of iron and manga-
nese while simultaneously promoting copper accumulation.
These findings provide a mechanistic basis for the metal-
dependent growth phenotypes observed in SD medium and
suggest that (AH1-S)2 alters intracellular metal balance
rather than simply depleting total cellular iron. This conclu-
sion motivated subsequent spectroscopic studies to probe
iron speciation and directly assess the impact of (AH1-S)2 on
the labile iron pool.

(AH1-S)2 depletes the labile iron pool through intracellular
Fe(III) complex formation

Although ICP-MS provides quantitative information on bulk
cellular metal content, it does not distinguish between oxida-
tion states or intracellular speciation. In yeast, intracellular
iron is distributed among cytosolic, vacuolar, and protein-
bound pools. The cytosol is predominantly reducing and there-
fore enriched in iron(II), whereas the vacuolar or labile iron pool
contains high-spin iron(III), which gives rise to a characteristic
electron paramagnetic resonance (EPR) signal at g E 4.3.17,61–63

To probe this pool directly, we performed X-band continuous-

Fig. 6 Levels of (A) iron, (B) manganese, (C) zinc, and (D) copper in
C. albicans SC5314 after 90 min and 6 h of treatment with 15 mM (AH1-S)2,
10 mM fluconazole, 10 mM copper, or a combination. Data are plotted as fold
change relative to the respective metal concentration for non-treated cells
(represented by dashed line). Error bars represent SEM; n = 2–3 biological
replicates with multiple technical replicates; at least one biological replicate
performed under minimal light conditions. Welch’s ANOVA p-value = 0.0001,
Dunnett’s T3 p-value = 0.0438 (*), 0.0075 (**), and 0.0001 (***).
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wave EPR spectroscopy at 77 K on whole C. albicans cells treated
with (AH1-S)2, fluconazole, or the combination over 6 h (Fig. 7).

Non-treated cells exhibited a strong signal with g = 4.4,
consistent with the presence of vacuolar high-spin iron(III)
(Fig. 7A). Fluconazole treatment for 6 h decreased the intensity
of this signal, consistent with previous reports (Fig. 7B).17

Treatment with (AH1-S)2 alone similarly decreased intensity
of the g = 4.4 signal over the same time frame (Fig. 7C),
indicating depletion of the labile iron pool. Concomitant with
the loss of the high-spin iron(III) signal, new rhombic EPR
features emerged with g values near 2.15, 2.10, and 2.00. These
signals match previously reported spectra for low-spin Fe(III)
complexes of AH1, which have been characterized in multiple
protonation states.56 The appearance of these signals within
45 min of treatment, and their increase with higher concentra-
tions of added prochelator (Fig. 7D and Fig. S13–S14), is
consistent with intracellular formation of a low-spin Fe(III)–
AH1 complex with a 2 : 1 ligand-to-metal stoichiometry.56

Combined treatment with fluconazole and (AH1-S)2 further
suppressed the signal at g = 4.4 compared to either treatment
alone at 6 h (Fig. 7E), indicating enhanced depletion of the

labile iron pool under dual stress. At an earlier 90 min time
point, neither fluconazole, (AH1-S)2, nor the combination signi-
ficantly altered the intensity of the g = 4.4 signal (Fig. S13–S15),
suggesting that redistribution or chelation of labile iron occurs
on a longer time scale.

Given the pronounced effects of copper observed in growth
assays and ICP-MS experiments, we also examined iron specia-
tion under copper-supplemented conditions. Cells treated with
copper alone did not exhibit depletion of the labile iron pool
(Fig. S15). In contrast, cells co-treated with copper and (AH1-S)2

still showed a reduction in the g = 4.4 signal (Fig. 7F), indicating
that (AH1-S)2 leads to depletion of labile iron even in the
presence of elevated copper. Although formation of intracellu-
lar Fe(III)–AH1 complexes remains likely under these condi-
tions, the signal is not as clearly defined and the presence of
Cu–AH1 species cannot be ruled out (Fig. 7F).

Taken together, the EPR data demonstrate that (AH1-S)2

depletes the labile iron(III) pool in C. albicans through for-
mation of intracellular iron–chelator complexes. When consid-
ered alongside the ICP-MS results, these findings indicate that
(AH1-S)2 does not simply diminish total cellular iron content
but rather redistributes bioavailable pools of iron while counter-
acting fluconazole-induced iron retention. This iron-dependent
perturbation provides a mechanistic basis for the variable growth
phenotypes observed under azole stress.

(AH1-S)2 shows context-dependent effects in macrophage co-
culture

Because (AH1-S)2 targets metal-dependent vulnerabilities that
are likely to be influenced by host-mediated metal processing,
we next evaluated its antifungal activity in a co-culture model of
C. albicans with macrophage-like cells. C. albicans SC5314 were
grown either alone (mono-culture) or in the presence of J774A.1
murine macrophage-like cells (co-culture) and treated with
(AH1-S)2, fluconazole, or a combination of both. Treatment
efficacy was evaluated by quantifying colony forming units
(CFU) of C. albicans and assessing macrophage cytotoxicity
via a lactate dehydrogenase (LDH) release assay.

In co-culture, the presence of activated macrophages alone
reduced C. albicans CFUs to approximately 43% relative to
fungal mono-cultures grown under the same DMEM condi-
tions (Fig. 8A), consistent with macrophage-mediated restric-
tion of fungal growth. Addition of a low concentration of
1.5 mM (AH1-S)2 further decreased CFUs, suggesting that the
prochelator can enhance antifungal pressure under these
conditions. However, increasing the concentration of (AH1-
S)2 to 25 mM caused CFUs to rebound to levels above the no-
treatment condition. This biphasic response mirrors trends
observed in mono-cultures of C. albicans grown in DMEM,
where low concentrations of (AH1-S)2 inhibited growth while
higher concentrations promoted growth (Fig. S16–S17). These
outcomes differ from those observed in SD medium, in which
increasing (AH1-S)2 concentration correlated with progres-
sively greater growth inhibition (Fig. 3), underscoring the
strong influence of media composition on prochelator activity
and fungal response.

Fig. 7 (A) EPR-detectable labile iron gives a signal at g = 4.4 in non-
treated (NT) cells. The intensity of g = 4.4 signal is attenuated upon
treatment with (B) fluconazole or (C) (AH1-S)2. (AH1-S)2 treated cells also
show a rhombic signal at the g = 2.15 – 2.0 region. (D) The intensity of the
signals at g = 4.4 and 2.15–2.0 as a function of [(AH1-S)2]. (E) (AH1-S)2 and
fluconazole combination attenuates the signal at g = 4.4 to a greater
degree than fluconazole alone. (F) In the presence of 10 mM copper, (AH1-
S)2 still attenuates EPR-detectable labile iron (g = 4.4) compared to the NT
control. Dashed line represents the intensity of signal at g = 4.4 for NT
cells. EPR data collected at 77 K. Data shown for 6 h incubations; for
additional timepoints and concentrations, see Fig. S13–S15.
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In contrast to the context dependent effects observed for
(AH1-S)2, fluconazole treatment (2 mM) was highly effective
in co-culture, resulting in a B99% reduction in fungal CFUs,
with no additional reduction observed upon co-treatment with
(AH1-S)2 (Fig. 8A and C). The reduced fungal burden under
fluconazole treatment correlated with decreased release of LDH
by the macrophages, indicating reduced macrophage damage
under these conditions (Fig. 8B). Treatment in co-culture with
(AH1-S)2 alone did not significantly alter macrophage LDH
activity relative to untreated co-culture controls. However,
exposure of macrophages in mono-culture to (AH1-S)2 concen-
trations above 12.5 mM resulted in elevated LDH release (Fig. S16),
indicative of compromised macrophage membrane integrity.
These findings suggest that higher concentrations of (AH1-S)2

exert cytotoxic effects on macrophages, which may indirectly
contribute to the enhanced fungal growth observed at elevated
prochelator concentrations in co-culture.

Taken together, these results indicate that while low con-
centrations of (AH1-S)2 can modestly reduce fungal burden in
the presence of macrophages, higher concentrations provide a
growth advantage to C. albicans, potentially through adverse
effects on macrophage viability.

Conclusions

This study demonstrates that a thiol-activated prochelation
strategy can enhance antifungal activity by exploiting metal-
dependent vulnerabilities in C. albicans. Our findings reveal
that select prochelators modulate fungal growth under azole

stress in a metal-dependent manner, with outcomes influenced
by both the specific prochelator, the degree of azole stress, and
media composition. Notably, (AH1-S)2 prevents bulk iron accu-
mulation under fluconazole exposure by reducing labile iron
through intracellular iron–chelator complex formation. Beyond
its direct effect on iron, (AH1-S)2 promotes copper accumula-
tion under otherwise non-toxic copper conditions, a phenom-
enon that contributes to fungicidal activity. An important
question for future investigation is whether this phenotypic
response reflects direct complex formation between copper and
the prochelator or chelator, or instead arises from indirect
effects of copper availability.

The activity of (AH1-S)2 is noticeably influenced by its
environmental context. In the Synthetic Defined fungal media,
copper and zinc availability shape growth outcomes, whereas
iron and manganese supplementation have minimal impact
under the conditions tested. In contrast, co-culture experi-
ments reveal that host-pathogen interactions impose additional
constraints: while low concentrations of (AH1-S)2 modestly
reduce fungal burden in the presence of macrophages, higher
concentrations compromise macrophage viability and nullify
antifungal benefit. These results highlight a loss of fungal
selectivity at elevated prochelator concentrations, suggesting
that targeted fungal selectivity could improve outcomes. Future
work will focus on improving fungal specificity and elucidating
the mechanistic basis of copper accumulation and cidality to
fully harness this approach for therapeutic development.

Experimental
Yeast strains, culture media, and stock solutions

Candida albicans laboratory strain SC5314 (MYA 28776), pur-
chased from ATCC, was used for all experiments unless otherwise
noted. Candida albicans fluconazole-resistant Y172 strain is a
clinical isolate generously provided by the Alspaugh lab at Duke
University. Cells were stored at �80 1C in 15–20% glycerol. Broth
microdilution assays were conducted in 0.165 M MOPS buffered
Synthetic Defined (SD) medium pH 6.9 prepared in house to
rigorously control the metal content (See Supplemental Informa-
tion Table S1). For metal-add back experiments, C. albicans were
cultured in SD medium lacking the indicated metal. Metals were
reintroduced by serial dilution in 96 well plates from B100 mM
metal stock solutions of iron(III) chloride, copper(II) sulfate,
manganese(II) chloride, or zinc(II) sulfate.

For EPR and ICP-MS samples, cells were grown in Yeast
Peptone Dextrose (YPD) medium (Gibco). J774A.1 murine
BALB/c immortalized macrophage cells derived from reticulum
cell sarcoma (ATCC, TIB-67) were used for co-culture experi-
ments with C. albicans. Macrophages were grown in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, catalog #31053-028)
without phenol red. DMEM was supplemented with 1% bovine
serum (Gibco, catalog#1140-050), 1 mM sodium pyruvate
(Gibco, catalog#11360-070), and 1� penicillin–streptomycin
(Gibco, catalog #15140122). Macrophages were passaged every
3–4 days and discarded after B25 passages.

Fig. 8 (A) Percent colony forming units (CFUs)/mL of C. albicans SC5314
co-cultured with macrophages relative to the CFU/mL of the non-treated
mono-culture. (B) Macrophage cytotoxicity as measured by LDH assay.
(C) Images of cells in 96-well plates under co-culture conditions. Left to
right: NT, 1.5 mM (AH1-S)2, 6.5 mM (AH1-S)2, 25 mM (AH1-S)2, 2 mM
fluconazole, and 2 mM fluconazole + 6.5 mM (AH1-S)2. Cells were grown
in DMEM under mammalian cell culture conditions. Red arrow – macro-
phage; blue arrow – C. albicans hyphae.
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100 mM stock solutions of fluconazole (Acros), voriconazole
(TCI), clotrimazole, and econazole (Thermo Scientific) were
prepared in DMSO and stored in aliquots at �20 1C.

Cellular growth assays

Two-dimensional microdilution assays: To examine the com-
bined impact of prochelators and azoles on C. albicans growth,
two-dimensional broth microdilution (checkerboard) assays
were performed. C. albicans from frozen glycerol stocks were
streaked onto YPD agar plates and incubated at 30 1C for 22–
24 h. Overnight cultures were prepared by inoculating one to
three colonies into 5 mL of SD medium and incubating at 30 1C
with shaking (200 rpm). The following day, working solutions
of azoles (1 mM in SD) and prochelators (1 or 5 mM in DMSO)
were used to prepare solutions in SD of 20� and 5� the final
concentration, respectively. Cell suspensions were prepared by
diluting overnight cultures to an OD600 of 0.001, and 150 mL
was added to each inner well of a 96 well plate. Prochelators
(40 mL of 5 � solutions) and azoles (10 mL of 20� solutions)
were added to achieve a final volume of 200 mL per well, with
final concentrations ranging from 0–25 mM prochelator and
0–8 mM azole. Plates were incubated at 30 1C with shaking
(200 rpm), and growth was monitored by OD600 at 0, 24, and
48 h. Cell growth was normalized to the average OD600 for the
untreated control per biological replicate. For experiments with
(AH1-S)2, at least one biological replicate was performed under
minimal light conditions, although control experiments
revealed little difference in growth inhibitory effect under
ambient light conditions vs strict darkness (Fig. S7). Final
DMSO concentrations did not exceed 1%. After the final time
point at 48 h, cidality was assessed by spotting 3 mL aliquots
from each well of the 96 well plate onto YPD agar. Plates were
incubated for 16–18 h at 30 1C and examined visually for colony
formation.

C. albicans, macrophage co-culture experiments: On day 0,
macrophages were seeded into 2 tissue-cultured treated 96 well
plates in 100 mL of DMEM at a density of 1 � 105 viable cells per
mL and incubated for 24 h at 37 1C and 5% CO2. One colony of
C. albicans from a YPD agar plate was used to inoculate 5 mL
of YPD medium which was incubated at 30 1C and 200 rpm for
16–18 h. On day 1, macrophage culture media were aspirated
and replaced with 100 mL of fresh, pre-warmed DMEM contain-
ing 10 nM phorbol myristate acetate (PMA). To activate macro-
phages, plates were incubated at 37 1C with 5% CO2 for 1 h.
C. albicans were removed from the incubator and washed twice
with phosphate buffer saline (PBS) by centrifuging at 3000� g,
4 1C for 5 min. Fungal cells were then resuspended in DMEM,
counted, and kept on ice until use. Following macrophage
activation, one 96-well plate was maintained as a macrophage-
only control, with 96 mL of DMEM added to each well. A second
plate served as the experimental co-culture plate, to which 94 mL
of DMEM was added per well. A third plate containing fungal
monocultures received 194 mL of DMEM per well. C. albicans were
added to plates 2 and 3 at a volume of 2 mL such that the final cell
count was 1 � 105 cells per mL per well. Next, aliquots of copper
or fluconazole at a concentration 100� the final were serially

diluted two-fold down column 12, and 2 mL were added to each
inner well so the final concentration for copper was 0–50 mM or
0–13 mM and fluconazole was 0–2 mM. In row H, (AH1-S)2 was
serially diluted across the row at 100� the final of 0–25 mM or
0–6.5 mM when 2 mL were added to each inner well. DMSO
concentration was kept below 0.25%. All plates were incubated
at 37 1C, 5% CO2 for 24 h.

On day 2, fungal-macrophage interactions were visualized
on a VWR VistaVision light microscope with 10�magnification
and images were captured using a Google Pixel 7 with 3� zoom.
Macrophage cell viability was determined using a lactate dehy-
drogenase (LDH) release assay kit (Abcam, catalog #AB102526).
NADH standards (50 mL) were prepared in concentrations
ranging from 0–0.5 nmol/well from a 1.25 mM stock. A 5 mL
portion of spent media was added to 45 mL LDH buffer,
followed by the addition of 50 mL of LDH substrate mix. The
degree of NADH oxidation was monitored over 30 min by
absorption at 450 nm using a PerkinElmer Victor3 V plate
reader preheated to 37 1C. LDH activity was quantified using
the following equation:

LDH activity ¼ B

DT � V

� �
�D

where B is the amount of NADH/well calculated from the NADH
standard curve, DT is reaction time, V is original sample volume
added into the reaction well in mL, and D is sample dilution.
Fungal viability was determined by calculating colony forming
units (CFUs). Percent growth reduction was calculated accord-
ing to the equation below:

%Growth ¼ CFUN:T:mean � CFUtreatment:meanð Þ
CFUN:T:mean

Select treatment conditions were chosen based on microscopy,
and cells were diluted in PBS between 1 : 10 and 1 : 10 000.
100 mL of diluted cells were spread onto YPD agar plates using
colirollers plating beads (VWR, catalog # EM71013-3). Plates
were incubated at 30 1C for B 24 h and the number of colonies
were counted.

UV-visible spectroscopy

The stability of compounds in solution was examined by UV-
visible spectroscopy. Spectra were collected from 230 nm to
800 nm over 8 h on a Varian Cary 50 UV-visible spectrophot-
ometer in quartz cuvettes with 10 mm pathlength. Samples
consisted of 2-mL solutions of prochelator (15 mM), prepared
from a 20 mM DMSO stock solution in either SD medium or
0.165 M MOPS buffer (pH 6.9). Final DMSO concentrations did
not exceed 1%.

Mass spectrometry

Solutions (5 mL) of 15 mM (AH1-S)2, 5.5 mM riboflavin or both
were prepared in 0.165 M MOPS buffer (pH 6.9) in Eppendorf
tubes that were either exposed to ambient light or wrapped in
aluminum foil to minimize light exposure. Aliquots were ana-
lyzed by LC-MS immediately after preparation and again after
8 h and 24 h. LC-MS data were collected on an Agilent 6460
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Triple Quadrupole LC-MS equipped with a Kinetex EVO
C18 column (100 � 3.0 mm, 2.6 mm). For chromatographic
separation, the mobile phase gradient was 100% of 100 : 3 : 0.3
water:methanol:formic acid to 100% of 100 : 3 : 0.3 acetonitri-
le:water:formic acid over 8 min. Samples were detected by
UV-vis absorbance via photodiode array detector (DAD) from
200 to 800 nm, and by electrospray ionization (ESI) using
positive polarity.

EPR and ICP-MS

For EPR and ICP-MS samples, multiple (5–10�) overnight
cultures were prepared from 1–3 colonies and grown overnight
(B16–22 h) in 5 mL of YPD media at 30 1C shaking at 200 rpm.
The following day, the cultures were combined then diluted
into YPD to make a culture between 425–1000 mL with an
initial OD600 of 0.3. These cultures were split into multiple
flasks to allow for appropriate aeration, then incubated at 30 1C
and 200 rpm until the cells had entered exponential growth
(OD600 between 0.35–0.5). The culture was recombined, then
split into subcultures for treatment with 25 mM (AH1-S)2, 10 mM
fluconazole, 10 mM CuCl2, or a combination. A range of
0–50 mM (AH1-S)2 was also evaluated.

For EPR, cells were incubated after treatment at 30 1C and
200 rpm for up to 6 h. At the desired timepoint, the OD600 value
was recorded, and 2 � 109 cells were harvested based on an
experimentally determined cell density of OD600 1.0 = 3� 107 cells.
Cells were pelleted, washed with 5 mM EDTA to remove extra-
cellular metals, then washed with 20 mM Tris-HCl, pH 7.6. Pellets
were resuspended in 300 mL of 20 mM Tris-HCl, pH 7.4 + 20%
glycerol. The cell suspensions were flash-frozen in liquid nitrogen
and stored at �80 1C.

X-band continuous wave EPR spectroscopy was performed
on a Bruker ESP 300 spectrometer equipped with an Oxford
Instruments ESR 910 continuous helium flow cryostat. Experi-
ments were conducted at 77 � 1 K, 20 mW microwave power,
and 5 G modulation amplitude. Samples were baselined fol-
lowed by a double integration on the Bruker EPR software.
Easyspin was used to fit the spectra and define g values.

For ICP-MS, cells were incubated at 30 1C and 200 rpm for
either 90 min or 6 h. At time of harvest, the OD600 was recorded
and the culture was pelleted at 4000 � g for 10 min and washed
with 5 mM EDTA. The pellets were dried overnight at B 90 1C.
Dried pellets were lysed by adding 100 mL of concentrated, trace
metal grade nitric acid (Fischer Scientific) and were incubated
at 90 1C for B2 h. Lysed cells were diluted by adding 900 mL
of 1% nitric acid. Samples were stored at �20 1C until use.
Samples were prepared in 2–3 biological replicates, each con-
taining 1–3 technical replicates. These samples were diluted
into a solution of 2% (v/v) trace metal grade nitric acid with
0.5% (v/v) trace metal grade hydrochloric acid spiked with
20 ppb 72Ge, 89Y, 115In as internal standards. Samples were
run on an Agilent 7900 ICP-MS (Agilent Technologies, Santa
Clara, CA, USA), in He mode or H2 mode to reduce polyatomic
interferences. Copper, manganese, and zinc were measured
under a He atmosphere (collision cell) with a He gas flow rate
of 5 mL min�1, and iron was measured under a H2 atmosphere

with a flow rate of 6 mL min�1 H2 gas. Data were quantified
using weighed, serial dilutions of multi-element standards
(SPEX CertiPrep, CLMS-2AN). A premixed drinking water stan-
dard (CRMTDWA from High Purity Standards) was used as an
initial calibration verification and kept within � 10% of the
expected value. Internal standards 72Ge, 89Y, and 115In were
kept within �10% of the expected value. The quantified values
were the average of seven replicates.

Concentrations of iron, copper, zinc, or manganese were
converted from parts per billion (ppb) to mM by dividing each
metal by its respective molar mass. Data were normalized per
cell by dividing the total mM by the cell per mL count (OD600

1.0 = 3 � 107 cells) and reported as fold change and in units
of mmol metal/cell. Significance was determined using a Brown
Forsythe and Welch Analysis of Variance (ANOVA) test followed
by a Dunnet T3 multiple comparison test on GraphPad
Prism software. Error bars represent the standard error of the
mean (SEM).

Author contributions

MAM.: conceptualization; investigation; visualization; metho-
dology; writing – original draft; writing review and editing.
CADJ: conceptualization; investigation; methodology; writing-
review and editing. FV: investigation; methodology; writing –
review and editing. ABH: Investigation. YS: Resources. ET:
conceptualization; funding acquisition; writing – review and
editing. KJF: conceptualization; funding acquisition; writing –
original draft; writing – review and editing; project administra-
tion; supervision.

Conflicts of interest

There are no conflicts to declare.

Abbreviations

CFU colony forming units
EPR electron paramagnetic resonance spectroscopy
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LDH lactate dehydrogenase
MOPS 4-morpholinepropanesulfonic acid
NT not treated
OD600 optical density at 600 nm
ROS reactive oxygen species
SEM standard error of mean
SD synthetic defined medium
YPD yeast peptone dextrose medium
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additional spectra, growth assays, media components, and images.
See DOI: https://doi.org/10.1039/d6cb00073h.
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