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Short summary  24 

Molecular machines (MMs) eliminate planktonic and biofilm fungal populations without inducing 25 

resistance development. The antifungal effect results from binding of MMs to fungal 26 

mitochondrial phospholipids, leading to mitochondrial dysfunction, calcium overload, and 27 

necrosis. In addition to their direct action, MMs enhance the activity of conventional antifungals 28 

in vitro, in vivo, and ex vivo.  29 
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 31 

Abstract Invasive fungal infections are a growing public health threat. As fungi become 32 

increasingly resistant to existing drugs, new antifungals are urgently needed. Here, we report that 33 

405-nm-visible-light-activated synthetic molecular machines (MMs) eliminate planktonic and 34 

biofilm fungal populations more effectively than conventional antifungals without resistance 35 

development. Mechanism-of-action studies showed that MMs bind to fungal mitochondrial 36 

phospholipids. Upon visible light activation, rapid unidirectional drilling of MMs at ~3 million 37 

cycles per second (MHz) resulted in mitochondrial dysfunction, calcium overload, and ultimately 38 

necrosis. Besides their direct antifungal effect, MMs synergized with conventional antifungals by 39 

impairing the activity of energy-dependent efflux pumps. Finally, MMs potentiated standard 40 

antifungals both in vivo and in an ex vivo porcine model of onychomycosis, reducing the fungal 41 

burden associated with infection. 42 
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1 Introduction 44 

Every year, over 1.6 million people die from fungal infections worldwide,[1] with an 45 

estimated cost of $7.2 billion in the US alone.[2] Fungi are typically opportunistic pathogens that 46 

exploit vulnerabilities in their host's weakened immune system. Therefore, the increased 47 

prevalence of fungal infections may be partially attributable to medical advances that have 48 

improved the survival rates of otherwise critically ill individuals, such as patients with cancer or 49 

AIDS and transplant recipients.[3] 50 

The treatment of fungal infections is challenged by the fact that there are only three major 51 

classes of antifungals in clinical use: azoles, echinocandins, and polyenes. Moreover, despite their 52 

efficacy, existing antifungal drugs are limited by toxicity, drug interactions, and low 53 

bioavailability.[4] Fungal infection treatment is further complicated by increased antifungal 54 

resistance associated with widespread therapeutic and prophylactic antifungal use, which 55 

challenges the resilience of our current antifungal armamentarium.[5]  56 

Although antifungal resistance continues to increase, the development of new antifungal 57 

agents has been slow. Indeed, the modern era of antifungal drug development has mostly been 58 

characterized by incremental changes to existing drugs that act on two main fungal targets: the cell 59 

membrane and the cell wall.[6] The scarcity of fungal-specific targets is problematic because 60 

antifungal cross-resistance is widespread.[7] Alarmingly, fungal strains that are resistant to all 61 

classes of commonly prescribed antifungals, i.e., pan-resistant, and for which there is currently no 62 

effective treatment, are becoming increasingly frequent.[8]  63 

The COVID-19 pandemic has only exacerbated the problem of antimicrobial resistance, 64 

including antifungal resistance. COVID-19 has been associated with an increased risk of fungal 65 

infections, including infections resistant to antifungal treatment, and fungal co-infections have 66 

been found to contribute to COVID-19-associated mortality.[9] Climate change[10] and a growing 67 

number of vulnerable people due to age and/or underlying diseases, such as diabetes,[11] are 68 

expected to further aggravate the antifungal resistance crisis in the coming years. Therefore, the 69 

identification of antifungal therapies with new targets and/or mechanisms of action that are not 70 

susceptible to the rapid development of resistance is now more important than ever to combat 71 

antifungal resistance and preserve the viability of existing antifungal agents. 72 

Synthetic nanomaterials that are not targeted by the natural defensive arsenal of 73 

microorganisms represent an unconventional approach to treating infections refractory to standard 74 
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antimicrobials.[12,13] Molecular machines (MMs) (Figure 1A) are examples of stimuli-responsive 75 

compounds that, in response to light, undergo a sequential unidirectional conformational change, 76 

generating a drill-like motion that can propel the molecule through lipid bilayers.[14] These stimuli-77 

responsive systems are particularly promising because they enable antimicrobial attack using a 78 

mechanical mechanism at the molecular scale. MMs can be spatially and temporally activated by 79 

light, allowing precise localization and temporal control of antimicrobial action. If therapeutic 80 

effects can be achieved by mechanical rather than traditional chemical means, the selective 81 

pressure created by high antimicrobial doses can be reduced, retarding or mitigating the emergence 82 

of antimicrobial resistance. 83 

Here, we describe the ability of 405-nm-visible-light-activated MMs to rapidly kill 84 

planktonic and biofilm fungi without resistance development via a new mechanism of action in 85 

which MMs bind fungal mitochondrial phospholipids, eliciting mitochondrial dysfunction, 86 

calcium overload, and necrosis following light activation. At sublethal concentrations, MMs also 87 

potentiated the effects of conventional antifungals, at least in part by impairing efflux pump 88 

function. Finally, MMs synergized with conventional antifungals in vivo, reducing mortality and 89 

fungal burden associated with systemic fungal infections, and ex vivo, outperforming monotherapy 90 

with conventional antifungals in reducing the fungal load in an onychomycosis porcine model. 91 

2 Results 92 

2.1 MMs kill planktonic and biofilm fungi without resistance development 93 

Nineteen fast, unidirectionally rotating (~3 MHz) visible-light-activated MMs (Table 94 

S1)[15] and a slow motor control (10−6 Hz) were examined for antifungal activity against a strain of 95 

the human pathogen Candida albicans isolated from a skin lesion (ATCC 18804). Since 96 

substituted piperazines can improve molecule lipophilicity to increase antimicrobial activity,[16] a 97 

piperazine-modified molecular machine (MM 7) was also investigated. 98 

C. albicans cell suspensions were incubated with increasing concentrations of MMs and 99 

irradiated with 405-nm light at 292 mW cm−2 for 5 min (87.6 J cm−2). The minimum inhibitory 100 

concentration (MIC) was defined as the MM concentration resulting in no visible fungal growth 101 

after irradiation with 87.6 J cm−2 of 405-nm light. 102 

The MICs of the different MMs for C. albicans varied from 1.25–80 µM (Figure 1B). The 103 

inhibitory effects of the most potent MMs (MM 1, MM 5, MM 6, MM 7), displaying MIC values 104 
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≤ 5 µM, were further investigated in the yeast Saccharomyces cerevisiae and the molds Aspergillus 105 

fumigatus, Microsporum gypseum, and Trichophyton rubrum. S. cerevisiae showed a susceptibility 106 

profile similar to that of C. albicans, with MIC values of 1.25–5 µM. Among molds, A. fumigatus 107 

had the highest mean MIC values (5–10 µM), whereas M. gypseum and T. rubrum were more 108 

sensitive to visible-light-activated MMs, with MIC values of 0.31–2.5 µM (Figure 1C). 109 

The minimum fungicidal concentration (MFC), i.e., the lowest MM concentration that 110 

killed ≥ 99.9% of the original inoculum,[17] was similar to or, at most, twice the MIC (Figure 1C), 111 

demonstrating that MMs are indeed fungicidal and not just fungistatic. 112 

The antifungal potential of the four most potent MMs was further investigated in time-kill 113 

experiments by treating fungal strains with MMs (2× MIC) or 1% DMSO, followed by irradiation 114 

with 405-nm light at 292 mW cm−2 for up to 10 min. A slow (~10−6 Hz) MM control (Figure 1C), 115 

structurally homologous to MM 1 (~3 MHz), was used to assess the importance of rotation speed 116 

for MM fungicidal activity. Amphotericin B (AMB, 4× MIC, Table S2) was used as a control 117 

antifungal. 118 

MM treatment reduced C. albicans cell numbers to the limit of detection in 5 min (MM 6) 119 

to 9 min (MM 7) (Figure 1D). In S. cerevisiae, population eradication was achieved in 2 min (MM 120 

5) to 5 min (MM 7) (Figure 1D). A. fumigatus cell number reduction to the limit of detection 121 

occurred from 6 min (MM 5) to 9 min (MM 7) (Figure 1D). Non-irradiated MMs and slow MMs 122 

had no significant effect on cell number (Figure 1D; Figure S1), demonstrating the importance of 123 

light-induced fast rotation rates for the fungicidal activity of MMs. Treatment with AMB resulted 124 

only in a non-significant reduction in cell numbers (Figure 1D). Under the same irradiation 125 

conditions, killing of C. albicans by MMs varied in a concentration-dependent manner (Figure 126 

1E), with increasing MM concentrations enhancing killing. At the same MM concentration, killing 127 

could also be remotely controlled by adjusting the light dose, with higher light doses leading to 128 

enhanced killing (Figure 1F). 129 

The antibiofilm potential of the most effective visible-light-activated MMs (2×, 4× MIC 130 

plus 87.6 J cm−2 of 405-nm light) against mature C. albicans biofilms was evaluated in a 96-well 131 

plate format using the XTT assay[18] and crystal violet assay[19] to assess effects on viability and 132 

biomass, respectively, against the control antifungal AMB (2×, 4× MIC). Compared with DMSO 133 

controls, visible-light-activated MMs reduced biofilm viability by up to 96% (MM 1, p < 0.0001), 134 

whereas AMB reduced biofilm viability by only 20% (p < 0.01) (Figure 1G). Relative to DMSO 135 
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controls, visible-light-activated MMs reduced biofilm biomass by up to 35% (MM 5, p < 0.05), 136 

whereas AMB treatment achieved only a non-significant 6% reduction (Figure 1H). 137 

Resistance development to visible-light activated MMs was assessed by serial passage 138 

experiments. C. albicans cells surviving 0.5× MIC of MM plus light (405 nm at 87.6 J cm−2) were 139 

subjected to 20 cycles of repeated MM treatment. Unlike caspofungin (CAS) and fluconazole 140 

(FLC), repeated MM treatment did not increase the MM MIC (Figure 1I). Furthermore, 141 

antifungal-resistant mutants did not exhibit cross-resistance to MMs (Table S3). A single-step 142 

strategy to isolate MM-resistant mutants was attempted, but no resistant colonies were recovered 143 

(Figure S2). 144 

 145 

2.2 Antifungal mechanisms of MMs 146 

The mechanisms of action of MMs were investigated using the human pathogen C. 147 

albicans under the same irradiation conditions (405-nm light at 87.6 J cm−2) and varying MM 148 

concentrations (0.5×, 1×, or 2× MIC) (Figure 1C). Comparison with 1% DMSO-treated samples 149 

irradiated under similar conditions allowed discrimination between MM-induced effects and those 150 

caused by irradiation alone. 151 

The fluorescence of the nucleic acid-binding dye propidium iodide (PI) was used to 152 

determine the effects of MMs on plasma membrane integrity. Treatment with visible-light-153 

activated MMs resulted in increased PI uptake (Figure 2A), particularly at 0.5× MIC (p < 0.05) 154 

(Figure 2B), indicating MM-induced plasma membrane permeabilization. Impaired plasma 155 

membrane integrity was also evidenced by decreased intracellular calcein fluorescence (Figure 156 

2C) in cells treated with increasing MM concentrations (Figure 2D). Additionally, MM treatment 157 

significantly increased the extracellular ATP concentration (p < 0.05) (Figure 2E), reflecting 158 

intracellular content leakage. 159 

This initial observation prompted us to investigate whether MMs act directly on the fungal 160 

plasma membrane by monitoring the fluorescence of 1,6-diphenyl-hexa-1,3,5-triene (DPH),[20] 161 

which has a high affinity for membrane phospholipids. In contrast to AMB, which binds plasma 162 

membrane ergosterol and reduces DPH fluorescence (Figure 2F, p < 0.05), treatment with MM 163 

had no effect on DPH fluorescence (Figure 2F), indicating that MMs do not bind plasma 164 

membrane phospholipids of C. albicans. 165 
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Binding of MM to the fungal plasma membrane was further investigated in competition 166 

binding assays with exogenous ergosterol, the main fungal sterol, or phosphatidylethanolamine 167 

and phosphatidylcholine, the main phospholipids of the fungal plasma membrane. Treatment with 168 

increasing concentrations of ergosterol resulted in a reduction in MM MIC, whereas 169 

phosphatidylethanolamine and phosphatidylcholine either had no significant effect or caused only 170 

a small increase in MM MIC (Figure 2G), confirming that MMs do not bind the plasma membrane 171 

sterols or phospholipids of C. albicans. Similarly, exogenous glucose-6-phosphate, representing 172 

negatively charged fungal cell wall polysaccharides, did not affect MM MIC (Figure S3), and 173 

sorbitol did not offer protection against MM-induced growth arrest (Figure S4), indicating that 174 

the fungal cell wall is also not targeted by MMs. 175 

Scanning electron microscopy confirmed that MM treatment did not alter the cell surface 176 

of C. albicans (Figure 2H). Conversely, transmission electron microscopy (TEM) revealed 177 

extensive intracellular structural damage in MM-treated C. albicans, characterized by the loss of 178 

most subcellular membrane systems (Figure 2I). Competition binding experiments with the 179 

negatively charged mitochondrial phospholipids cardiolipin and phosphatidylglycerol revealed a 180 

substantial increase in MM MIC (up to 512-fold) (Figure 2G), suggesting that MMs bind these 181 

phospholipids. 182 

This observation prompted us to investigate whether MMs target mitochondria. The 183 

cellular distribution of MM 1 (the most potent MM) in C. albicans was examined by confocal 184 

microscopy, which revealed that MM 1 was internalized within cells (Figure 2J). Image analysis 185 

confirmed an average areal colocalization of MM 1 and the mitochondrial dye MitoTrackerTM 186 

Green fluorescence of 52.5%, whereas that of MM 1 with the plasma membrane dye FMTM 4-64 187 

was 5.2% (Figure 2K, p < 0.01). Investigating the effects of visible-light-activated MMs on 188 

mitochondrial function revealed a 67–92% reduction (P < 0.01) in mitochondrial dehydrogenase 189 

activity in MM-treated cells compared with DMSO controls (Figure 3A). Intracellular ATP levels 190 

were also significantly decreased (p < 0.05) following MM treatment, from ~1 µM in untreated 191 

samples to ~0.005 µM in 2× MIC-treated samples (Figure 3B). Based on these results, we shifted 192 

our focus to investigating the effects of MM-induced mechanical disruption on intracellular 193 

processes. 194 

A significant (p < 0.05) and concentration-dependent increase in mitochondrial reactive 195 

oxygen species (ROS) levels (up to 7-fold) was observed in MM-treated samples using the 196 
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mitochondrial superoxide-sensitive probe MitoROSTM 580 (Figure 3C). Confocal microscopy 197 

revealed a sharp increase in ROS levels in irradiated MM 1-treated samples (Figure 3D), which 198 

rapidly returned to preexposure levels after irradiation cessation (Figure 3E), possibly reflecting 199 

mitochondrial tolerance to sublethal superoxide levels. Accordingly, cells treated with 0.5× MIC 200 

MM 7 and MM 1 displayed increased superoxide dismutase activity (Figure 3F, p < 0.05). 201 

However, the mitochondrial antioxidant capacity was eventually exhausted, resulting in oxidative 202 

damage to biomolecules, as evidenced by increased levels of the lipid peroxidation product 203 

malonaldehyde in cells treated with 2× MIC MM 6 and MM 7 (Figure 3G). MM treatment also 204 

decreased mitochondrial membrane potential (Figure 3H), as measured by the shift in 5,5',6,6'-205 

tetrachloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine iodide (JC-1) fluorescence, in a 206 

concentration-dependent manner, with up to 75% of cells depolarized after MM treatment (Figure 207 

3I, p < 0.05). 208 

Together, these results identify bioenergetic deficit and oxidative stress, resulting in 209 

mitochondrial membrane depolarization, as important contributors to the antifungal mechanism of 210 

action of visible-light-activated MMs. However, cells depleted of ATP by chemically induced de-211 

energization (Figure S5) or electron transport chain inhibition (Figure S6) were as susceptible to 212 

MM-induced killing as energized cells, demonstrating that energy depletion alone cannot explain 213 

the MM killing mechanism. Likewise, cells pre-depolarized with carbonyl cyanide 3-214 

chlorophenylhydrazone or carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone could still be 215 

killed by visible-light-activated MMs (Figure S7). Moreover, fermentative growth did not protect 216 

against MM-mediated death (Figure S8), unlike antifungals that induce mitochondrial dysfunction 217 

by collapsing the mitochondrial membrane potential.[21,22] These results indicate that 218 

mitochondrial membrane depolarization alone also cannot explain MM-induced death. 219 

Additionally, the mitigation of MM-induced killing by the iron scavenger 2,2’-dipyridyl (Figure 220 

S9A) could be ascribed to its effect on the growth rate (Figure S9B) because it did not impact 221 

MM-induced ROS generation (Figure S9C). Conversely, the mitochondrial superoxide scavenger 222 

MitoTEMPO reduced ROS generation (Figure S10A) but did not affect survival following MM 223 

treatment (Figure S10B). 224 

 In addition to their roles in energy production and ROS generation, mitochondria are 225 

crucial for calcium homeostasis and apoptosis.[23] Therefore, we investigated whether these 226 

processes could also contribute to the MM mechanism of action. MM-treated cells showed 227 
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increased cytosolic calcium levels detected with the CalbryteTM 520 AM fluorescent probe (Figure 228 

4A) of up to 4-fold (p < 0.05) (Figure 4B). Mitochondrial calcium levels detected using the 229 

fluorescent probe Rhod-2 AM showed an even greater increase (up to 12-fold, p < 0.05) in MM-230 

treated cells (Figure 4C), which was also evident by live-cell calcium imaging using confocal 231 

microscopy (Figure 4D, E). Mitigation of MM-induced cell death (Figure 4F) and the MM-232 

induced increases in cytosolic (Figure 4G) and mitochondrial calcium (Figure 4H) by the calcium 233 

chelator BAPTA-AM confirmed the importance of calcium homeostasis in the antifungal 234 

mechanism of action of MMs. 235 

MM-treated cells showed increased MitoTrackerTM Green fluorescence (Figure 5A), 236 

particularly at 2× MIC (Figure 5B, p < 0.05), denoting increased mitochondrial mass/volume. This 237 

finding may be due to water influx into mitochondria following calcium overload, consistent with 238 

the substantial increase in mitochondrial size in MM-treated cells compared with DMSO controls 239 

detected by TEM (Figure 2I). Additionally, significant reductions in mitochondrial cytochrome c 240 

levels (p < 0.05) were observed in cells treated with 2× MIC of MMs 1, 5, and 6 (Figure 5C), 241 

suggesting mitochondrial outer membrane rupture and intramitochondrial content leakage. 242 

An Annexin V-based assay was used to investigate whether the previously described MM-243 

induced physiological changes lead to cell death by apoptosis or necrosis.[24] C. albicans 244 

protoplasts treated with MM (0.5–2× MIC) or 1% DMSO and irradiated with 405-nm light (87.6 245 

J cm−2) were labeled with Annexin V and PI and analyzed by flow cytometry (Figure 5D). The 246 

results confirmed that MM treatment induced cell death by necrosis, as evidenced by a significant 247 

increase in the percentage of PI-positive protoplasts by up to 80% (p < 0.01), but only a non-248 

significant change in the percentage of Annexin V-positive protoplasts (Figure 5E). 249 

 250 

2.3 MMs potentiate the activity of conventional antifungals 251 

A modified checkerboard assay was used to study the interaction of visible-light-activated 252 

MMs with conventional antifungals in C. albicans. Cells were treated with increasing 253 

concentrations of MMs (up to 1× MIC), irradiated with 405-nm light (87.6 J cm−2), and then 254 

challenged with increasing concentrations of different antifungals (up to 1× MIC, Table S2). The 255 

type of interaction between MMs and conventional antifungals was assessed by calculating the 256 

fractional inhibitory concentration index (FICI), with a FICI of ≤ 0.5, 0.5 < x ≤ 4, or > 4, denoting 257 

synergistic, additive, or antagonistic interactions, respectively.[25] MM 1 synergized with all 258 
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antifungals tested (Figure 6A), with FICIs ranging from 0.093 (MM 1–ciclopirox) to 0.500 (MM 259 

1–fluconazole and MM 1–voriconazole). 260 

Rhodamine 6G efflux was used to assess whether the potentiation of conventional 261 

antifungals by MMs was due to impaired activity of energy-dependent efflux pumps. DMSO 262 

controls effluxed 75–85% of the accumulated rhodamine 6G, whereas MM-treated cells effluxed 263 

only 31–68% (Figure 6B), denoting the interference of MMs with the activity of efflux pumps. 264 

 265 

2.4 MMs potentiate conventional antifungals in vivo and ex vivo 266 

The toxicity of visible-light-activated MMs to mammalian cells was investigated in human 267 

embryonic kidney cells (HEK293T) treated with increasing MM concentrations and 87.6 J cm−2 268 

of 405-nm light.  Vehicle-treated controls exposed to this light dose showed only a non-significant 269 

reduction in cell viability (Figure S11). The MM concentration that reduced viability by 50% 270 

(IC50), calculated from dose-response curves (Figure 6C), ranged from 1.61–6.02 µM (Figure 271 

6D). The IC50 and MIC were used to calculate the therapeutic index. With a therapeutic index ≥ 1 272 

(Figure 6D), MM 1 was used for in vivo and ex vivo studies. 273 

The in vivo antibacterial activity of MM 1 was evaluated in a Galleria mellonella model of 274 

systemic infection with C. albicans or A. fumigatus. Infected worms were treated with 1% DMSO 275 

or MM 1 (1× MIC) with or without light or with conventional antifungals (1× MIC), namely, the 276 

polyene AMB and the azole fluconazole (FLC, C. albicans) or voriconazole (VRC, A. fumigatus). 277 

The effect of dual therapy combining light-activated MM 1 (1× MIC) and conventional antifungals 278 

(AMB or azole, 1× MIC) was also evaluated. Worm survival was monitored for 7 days, and fungal 279 

burden was assessed in a larval subset 48 h post-infection (Figure 6E). 280 

All C. albicans-infected worms treated with DMSO, MM, single antifungals, or MM plus 281 

fluconazole died within 3 days (Figure 6F). However, MM 1 + AMB significantly improved 282 

survival compared with individual treatments (p < 0.0001), with ~17% of worms surviving to day 283 

7 (Figure 6F; Table S4). A significant reduction (p < 0.01) in fungal burden was also observed in 284 

worms subjected to combination therapy compared with DMSO controls (Figure 6G). 285 

In A. fumigatus-infected worms, dual therapy (MM 1 plus antifungal) also improved 286 

survival compared with untreated samples (Figure 6F). Moreover, MM 1 + VRC significantly 287 

reduced (p < 0.05) worm fungal burden compared with DMSO controls (Figure 6G). However, 288 
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statistically significant differences in the survival of worms subjected to dual therapy versus MM 289 

or antifungal alone were not detected (Table S5). 290 

The ability of MMs to reduce fungal burden in mammals was investigated using an ex vivo 291 

onychomycosis porcine model infected with a strain of T. rubrum (ATCC 10218) isolated from a 292 

human onychomycosis case. T. rubrum-infected porcine nails were treated with 1% DMSO or MM 293 

1 alone (0.77% (w/v) in DMSO) plus 405-nm light (87.6 J cm−2) or two formulations of the topical 294 

synthetic hydroxypyridone ciclopirox: a 0.77% "lotion" and an 8% "lacquer." The effect of dual 295 

therapy (MM 1 plus ciclopirox) was also evaluated. Fungal load was assessed 5 days post-296 

treatment (Figure 6H). Compared with DMSO controls, MM 1 alone significantly reduced fungal 297 

burden by ~2 log10 (Figure 6I). Dual therapy (MM 1 + ciclopirox) performed significantly better 298 

than ciclopirox alone (p < 0.001) but did not outperform MM 1 alone (Figure 6I; Table S6). 299 

3 Discussion 300 

Here, we report the ability of synthetic 405-nm-visible-light-activated MMs to kill 301 

unicellular and multicellular planktonic fungi (Figure 1C, D). At up to 2× MIC, killing depended 302 

entirely on light activation of the fast rotation rates of MMs (Figure 1D; Figure S1) and could be 303 

remotely controlled by adjusting the light dose, with higher light doses enhancing antifungal 304 

activity (Figure 1F). In contrast to conventional antifungals, MM MIC remained stable over 20 305 

cycles of repeated treatment (Figure 1I), suggesting that resistance to MMs is not easily achieved.  306 

In addition to planktonic cells, light-activated MMs were also able to rapidly eliminate 307 

established biofilms of C. albicans, reducing both biofilm viability (Figure 1G) and biomass 308 

(Figure 1H) within minutes of light activation more efficiently than AMB for the same treatment 309 

time. Similar results were observed following treatment of biofilms of S. cerevisiae with light-310 

activated MMs (Figure S12). Members of the Candida genus are the most common fungal species 311 

associated with biofilm infections of medical devices,[26] and biofilm formation is an important 312 

process associated with C. albicans virulence.[27] Bacteria in a biofilm can also detach from 313 

biological or artificial surfaces, enter the bloodstream, and migrate to other parts of the body 314 

through the process of hematogenous dissemination, leading to candidemia and septicemia. Fungal 315 

biofilms are highly resistant to antifungal drugs and host immune defenses, making the treatment 316 

of biofilm-associated infections particularly challenging.[26] The observed reduction in biofilm 317 

biomass and viability after treatment with MMs suggests that the molecules are not only capable 318 
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of physically destroying the extracellular polymeric matrix of the biofilm, but also killing fungal 319 

cells within the biofilm. Future studies will be required to investigate whether MMs can also 320 

attenuate other processes that contribute to C. albicans pathogenicity, including filamentation, 321 

yeast-to-hyphae transition, and surface adhesion.[27] 322 

Mechanism of action studies in C. albicans showed that MMs bind the negatively charged 323 

mitochondrial phospholipids cardiolipin and phosphatidylglycerol (Figure 2G), and confocal 324 

microscopy confirmed substantial (52.5%) colocalization of MMs with mitochondria (Figure 2J, 325 

K), identifying mitochondria as the main cellular targets of MMs in fungi. Since light was omitted 326 

during colocalization experiments, binding of MMs to mitochondrial phospholipids occurs in the 327 

dark, possibly through supramolecular interactions between the positively charged MM amine 328 

groups after protonation at biological pH (Figure 1C) and the negatively charged phosphate 329 

groups of cardiolipin and phosphatidylglycerol. However, binding of MMs to mitochondria alone 330 

is not overtly detrimental (Figure S13), and light must activate the rapid rotation of MMs bound 331 

to mitochondrial phospholipids to trigger antifungal activity. 332 

The identification of cardiolipin and phosphatidylglycerol as MM targets reconciles our 333 

findings and previous observations on the broad spectrum of biological activity of MMs, ranging 334 

from bacteria[15] to mammalian cells,[14] as these phospholipids are common crucial components 335 

of all these organisms. Phosphatidylglycerol and cardiolipin are major components of the bacterial 336 

membrane but are mainly found in the mitochondrial membranes of eukaryotes, consistent with 337 

their endosymbiotic origin.[28] The distinct locations of these phospholipids in different organisms 338 

explain why MMs cause substantial damage to bacterial membranes[15] but produce predominantly 339 

intracellular effects in C. albicans. 340 

By stabilizing the electron transport chain, cardiolipin is critical for mitochondrial function, 341 

and yeasts deficient in cardiolipin show impaired mitochondrial bioenergetics.[29] Therefore, 342 

binding of MMs to mitochondrial phospholipids and their subsequent activation by light could 343 

affect normal mitochondrial processes, as shown by decreased mitochondrial activity (Figure 3A), 344 

intracellular ATP (Figure 3B), and mitochondrial membrane potential (Figure 3H, I), as well as 345 

increased mitochondrial superoxide radical formation (Figure 3C-E) in MM-treated cells. 346 

In addition to their role in energy and ROS generation, in higher eukaryotes, mitochondria 347 

also modulate cellular calcium homeostasis due to their proximity to the endoplasmic reticulum, 348 

the main calcium reservoir.[30] In yeast, the vacuole is the primary cellular calcium storage 349 
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organelle, and the role of mitochondria in calcium homeostasis is unclear because there is no 350 

mitochondrial calcium uniporter or calcium-sensitive dehydrogenases.[31] However, calcium enters 351 

yeast mitochondria when cytosolic calcium levels increase,[32] and free fatty acids from 352 

mitochondrial phospholipid degradation have been shown to activate vigorous mitochondrial 353 

Ca2+:2H+ antiporter activity.[33] The observations that MM treatment significantly increased 354 

intracellular calcium levels (Figure 4B–E) and that calcium chelation attenuated MM-induced 355 

killing (Figure 4F) by lessening the MM-induced intracellular calcium increase (Figure 4G, H) 356 

provide compelling evidence that calcium overload is involved in the antifungal mechanism of 357 

action of MMs. 358 

Elevated intracellular calcium levels in MM-treated cells can be attributed to intracellular 359 

ATP depletion (Figure 3B) resulting from mitochondrial dysfunction. Since intracellular calcium 360 

homeostasis depends on ATPases in the plasma membrane, vacuole, and other organelles,[34] ATP 361 

depletion leads to uncontrolled calcium uptake from the extracellular medium and its release from 362 

intracellular stores. This is followed by water influx leading to swelling of the cell and organelles, 363 

including mitochondria (Figure 5B), which eventually burst and release the intramitochondrial 364 

contents into the cytoplasm, as indicated by a significant decrease in mitochondrial cytochrome C 365 

concentration in MM-treated cells. 366 

Damage to the plasma membrane, intracellular ATP depletion, leakage of cell contents, 367 

and swelling of mitochondria are common features of necrotic death.[35] The necrotic nature of 368 

MM killing was confirmed by the significant increase in the percentage of necrotic but not 369 

apoptotic cells after MM treatment (Figure 5D, E). Overall, MM-induced fungal cell death via 370 

necrosis results from the cumulative effects of oxidative stress and bioenergetic deficit triggered 371 

by light activation of MMs bound to mitochondrial phospholipids, leading to calcium overload 372 

and osmotic shock (Figure 7). Because these processes occurred in C. albicans and S. cerevisiae 373 

(Figure S14), the proposed antifungal mechanism of action of MMs appears to be conserved in 374 

yeast. 375 

Unlike most conventional antifungals, which act on a single target in the cell, the 376 

involvement of widespread mitochondrial dysfunction and calcium overload in the mechanism of 377 

action of antifungal MMs may explain the inability to detect the development of resistance to MM 378 

treatment, as this damage cannot in principle be mitigated by one or a few concurrent mutations. 379 

Since MMs bind cardiolipin and phosphatidylglycerol and yeasts lacking both phospholipids are 380 
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severely impaired or not viable,[36] simultaneous mutations in both phospholipids that could 381 

prevent MM binding and lead to resistance are unlikely. Further studies are needed to understand 382 

the precise interactions between MMs and cardiolipin and phosphatidylglycerol in order to assess 383 

the extent to which mutations leading to subtle changes in the conformation and/or composition 384 

of these phospholipids might affect sensitivity to MM-induced killing.  385 

Importantly, the calcium dysfunction triggered by MMs is distinct from that involved in 386 

azole resistance.[37] This is evidenced by the opposite role of calcium chelation and calcineurin in 387 

the action of azoles[37–39] compared with that of MMs (Figure 4F; Figure S15), which explains 388 

the lack of cross-resistance between MMs and azoles (Table S3). 389 

In addition to their direct antifungal activity, visible-light-activated MMs synergized with 390 

conventional antifungals in C. albicans (Figure 6A) and in S. cerevisiae (Figure S16). This may 391 

be due to the orthogonal targeting of different cellular processes by MMs and conventional 392 

antifungals.[40] Photoinactivation of catalase by blue light[41] may also sensitize cells to the 393 

deleterious effects of MMs. Moreover, the fluorescence of rhodamine 6G, a substrate of some of 394 

the energy-dependent efflux pumps whose overexpression has been associated with azole 395 

resistance,[42,43] showed a significant decrease in MM-treated cells (Figure 6B). These results 396 

suggest that MMs also enhance the effect of conventional antifungal drugs by impairing the 397 

activity of energy-dependent efflux pumps. Enhanced efflux is an important mechanism by which 398 

microorganisms attenuate the effect of antimicrobials by reducing the amount of drug that 399 

accumulates in the cell.[44] Accordingly, inhibition of efflux pumps has been found to enhance the 400 

activity of antifungal drugs by increasing their intracellular levels.[45] The observed impairment of 401 

the activity of energy-dependent efflux pumps by MMs can be attributed to the MM-induced 402 

decrease in intracellular ATP content (Figure 3B), which is consistent with the previously reported 403 

increase in azole susceptibility of cells deprived of energy.[46] 404 

In vivo studies on the antifungal efficacy of MMs were performed on G. mellonella. G. 405 

mellonella is a simple invertebrate that has been used extensively as a model system for studying 406 

the in vivo efficacy of antifungal agents against Candida albicans[47] and A. fumigatus.[48] G. 407 

mellonella does not have adaptive immunity, but its innate immune system has similarities to that 408 

of vertebrates in terms of function and anatomy.[49] Importantly, pathogenicity in mice and G. 409 

mellonella models of infections is correlated,[48,50] suggesting that findings from studies with G. 410 

mellonella are translatable to vertebrates. 411 
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Dual therapy of C. albicans- or A. fumigatus-infected worms with light-activated MMs and 412 

conventional antifungals improved survival (Figure 6F) and reduced fungal burden (Figure 6G) 413 

compared with vehicle-treated controls. In C. albicans, combination therapy with AMB and MM 414 

significantly improved survival compared with treatment with AMB or MM alone, suggesting a 415 

synergistic interaction between these antimicrobial modalities in vivo. Similarly, MM 1 potentiated 416 

the activity of the commonly prescribed antifungal agent ciclopirox[51] in an ex vivo 417 

onychomycosis porcine model (Figure 6I). 418 

Most conventional antifungal agents, such as AMB, exhibit severe toxicity leading to 419 

undesirable side effects.[4] A therapeutic approach combining sublethal MMs to sensitize cells to 420 

conventional antifungals could mitigate the side effects of existing antifungal therapies. Moreover, 421 

the observation that MMs not only kill fungal cells directly but can also enhance the effect of 422 

conventional antifungal drugs by targeting a distinct process in the cell (i.e., intracellular calcium 423 

homeostasis) and/or preventing their efflux identifies MMs as dual mode-of-action antifungals that 424 

could provide a much-needed new therapeutic option to combat pan-resistant fungal strains such 425 

as C. auris,[8] for which there are currently limited treatment options. MMs with improved safety 426 

profiles that specifically target fungal mitochondria can be developed by exploiting differences in 427 

the chemical composition of fungal and mammalian mitochondrial phospholipids[52] and/or by 428 

modifying MMs with peptide addends that target mitochondrial proteins found in fungi but not in 429 

mammals, such as the fungal-type II NADH dehydrogenases.[53] 430 

4 Experimental Section 431 

Synthetic Chemistry 432 

Details on the synthesis and characterization of MM 7 are provided in the Supporting 433 

Information. Information on the synthesis and characterization of the other MMs investigated in 434 

this study can be found elsewhere.[15] 435 

 436 

Strains and reagents 437 

Five fungal strains were used in this study: the yeast Saccharomyces cerevisiae (ATCC 438 

13007), the yeast-like fungus Candida albicans (ATCC 18804), and the molds Aspergillus 439 

fumigatus (ATCC 1022), Microsporum gypseum (ATCC 10215), and Trichophyton rubrum 440 

(ATCC 10218). All fungi were obtained from ATCC (Manassas, VA, USA). 441 
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Unless otherwise noted, all chemicals were purchased from MedChem Express (Princeton, 442 

NJ, USA), Caymanchem (Ann Arbor, MI, USA), or Millipore-Sigma (St. Louis, MO, USA) and 443 

prepared in 100% DMSO or an appropriate solvent, per the distributor's instructions. 444 

Antifungal susceptibility testing 445 

Cell suspensions for susceptibility testing (MMs and conventional antifungals) were 446 

prepared per the Clinical & Laboratory Standards Institute (CLSI) guidelines.[54,55] Before testing, 447 

yeasts (C. albicans and S. cerevisiae) were sub-cultured in Sabouraud Dextrose Agar-Emmons 448 

Modification (SDAE) plates and grown for 24 h at 30 °C. Five independent colonies from 24-h-449 

old plates were collected and diluted to ~104 colony forming units (CFU) per mL in sterile 450 

saline.[54] Molds (A. fumigatus and the dermatophytes T. rubrum and M. gypseum) were sub-451 

cultured on SDAE medium and incubated for 7 days at 28 °C. Conidia were recovered by covering 452 

the plates with sterile distilled water and scraping the colonies. The suspensions were filtered (8-453 

μm pore size) and diluted in saline to ~104 CFU mL–1.[56] 454 

For MM MIC determination, increasing concentrations (0.3125–160 µM) of different MMs 455 

(8 mM stock in DMSO) were added to the cell suspensions. After a 30-min incubation in the dark, 456 

cell suspensions were transferred to small, sterilized glass beakers, which were then placed in a 457 

water bath. Each sample was irradiated with 405-nm light at 292 mW cm−2 for 5 min, 458 

corresponding to a light dose of 87.6 J cm−2, determined using an S415C thermal power sensor 459 

(Thorlabs, Newton, MA, USA). During irradiation, the cell suspensions were agitated with a small 460 

metal stirrer. A thermocouple probe (model SC-TT-K-30-36-PP; Omega Engineering, Inc., 461 

Stanford, CT, USA) was used to monitor the temperature during irradiation. Irradiated cell 462 

suspensions were inoculated in 3-(N-morpholino)propanesulfonic acid (MOPS)-buffered Roswell 463 

Park Memorial Institute Medium (RPMI) 1640 (pH 7.0). Tubes were incubated at 30 °C for 48 h 464 

(yeasts) and 28 °C for 7 days (molds). The antifungal or MM concentration resulting in no visible 465 

growth was defined as the minimum inhibitory concentration (MIC).[54,55] Similarly prepared cell 466 

suspensions were used to determine the MIC of conventional antifungals. 467 

Aliquots (100 µL) of MIC tubes without visible fungal growth were plated on SDAE 468 

medium. Plates were incubated at 30 °C for 48 h with confirmation after 72 h (yeasts) and for 7 469 

days at 28 °C with confirmation after 14 days (molds). The lowest concentration that killed ≥ 470 

99.9% of the original inoculum was defined as the minimum fungicidal concentration (MFC).[17] 471 

 472 
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Time-kill assays 473 

For yeasts, five independent colonies were collected from 24-h SDAE plates, inoculated 474 

into yeast peptone with 2% dextrose (YPD), and grown for 24 h at 30 °C. Cells were then sub-475 

cultured in fresh medium and grown for ~9 h. Afterward, the cells were centrifuged (5,000 × g, 5 476 

min), washed, and resuspended in phosphate-buffered saline (PBS) to ~106 CFU mL–1. For A. 477 

fumigatus, conidia suspensions (~104 CFU mL–1) were prepared in PBS as previously described. 478 

 Cell/conidia suspensions were treated with 1% DMSO or MMs (2× MIC) and, after a 30-479 

min dark incubation, irradiated (405-nm light at 292 mW cm−2) as previously described. Similarly 480 

processed samples treated with a slow MM (10 µM, corresponding to the maximum MM MIC 481 

detected across all fungal strains) served as a control for the effects of MM rotation speed on 482 

antifungal activity. Amphotericin B (AMB, 4× MIC) controls were prepared likewise, but light 483 

was omitted. Aliquots were collected in 1-min increments for up to 10 min, serially diluted in PBS, 484 

and plated on SDAE medium. Plates were incubated at 30 °C for 48 h with confirmation after 72 485 

h (yeasts) or at 28 °C for 7 days with confirmation after 14 days (A. fumigatus), after which the 486 

CFU number was determined. The results were expressed as the logarithm of base 10 of the ratio 487 

between the CFU at each time point and the CFU at time 0. The detection limit of the method was 488 

~1 log10 CFU mL–1. 489 

 490 

Biofilm viability and biomass 491 

The antibiofilm activity of MMs was investigated using 96-well microtiter plates with flat-492 

bottom wells as a closed static biofilm reactor. This setup is reliable, inexpensive, easy to use and 493 

obtain, and requires no additional equipment.[57] Two parameters were used to evaluate antibiofilm 494 

activity: biofilm biomass and biofilm viability. Biofilm biomass was determined using the crystal 495 

violet method,[19] a simple, inexpensive, and readily accessible method for determining biofilm 496 

biomass. However, because crystal violet binds both live and dead cells as well as extracellular 497 

polymeric substances, it cannot be used alone to reliably assess antibiofilm activity. To overcome 498 

this limitation, the XTT assay was used to evaluate biofilm viability.[18] This assay is based on the 499 

reduction of the tetrazolium salt XTT to formazan by dehydrogenases in the mitochondrial electron 500 

transport chain of living cells. The resulting formazan can be easily detected by measuring the 501 

absorbance at 490 nm, which is proportional to the number of living cells, providing a reliable 502 

quantitative measurement of metabolically active cells in biofilms.[58] 503 
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C. albicans biofilms were established in 96-well flat-bottom polystyrene plates (Corning-504 

Costar Corp., Corning, NY, USA) by diluting 24-h cultures in fresh MOPS-buffered RPMI 1640. 505 

After 48 h at 30 °C, mature biofilms were washed with PBS and treated with AMB (2× or 4× 506 

MIC), 1% DMSO, or different MMs (2× or 4× MIC). DMSO- and MM-treated samples were then 507 

irradiated in situ with 405-nm light (87.6 J cm−2). 508 

Biofilm viability was determined using an XTT cell viability assay kit (Biotium, Hayward, 509 

CA, USA) per the manufacturer's instructions. Absorbance (490 nm) and background (640 nm) 510 

were read in a microplate reader (BioTek Instruments Inc., Winooski, VT, USA). Normalized 511 

absorbance values were obtained by subtracting the background from the signal. 512 

Biofilm biomass was determined by the crystal violet method, as previously described.[19] 513 

The absorbance of the supernatant at 550 nm was determined in a microplate reader (BioTek 514 

Instruments Inc., Winooski, VT, USA). Untreated sample values minus background were defined 515 

as 100% and used to calculate biofilm viability and biomass reduction after treatment. 516 

 517 

Development of resistance to visible-light-activated MMs 518 

A modified version of the broth macrodilution serial passage method was used to assess 519 

the development of resistance to visible-light-activated MMs in C. albicans.[59] C. albicans cell 520 

suspensions were prepared and irradiated as previously described for the determination of MM 521 

MIC. Cells were then inoculated into buffered RPMI 1640 and incubated at 30 °C for 48 h. Cells 522 

able to grow at 0.5× MIC of MM were centrifuged (5,000 × g, 5 min), resuspended, rechallenged 523 

with different MM concentrations, and irradiated with 405-nm light (87.6 J cm−2). The procedure 524 

was repeated for 20 consecutive cycles. The antifungals AMB, CAS, and FLC were processed 525 

similarly, except that light was omitted, and used as controls. 526 

 527 

Plasma membrane permeability 528 

The effects of MMs on plasma membrane permeability were determined by monitoring PI 529 

uptake[60] and calcein leakage.[61] 530 

For PI uptake, C. albicans cells were grown as described for time-kill experiments, 531 

centrifuged (5,000 × g, 5 min), washed, and resuspended in 5 mM glucose and 5 mM 4-(2-532 

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.2). Cell suspensions (~106 533 

CFU mL–1) were treated with 1% DMSO or visible-light-activated MMs (0.5–2× MIC) and then 534 
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irradiated with 405-nm light (87.6 J cm−2). After irradiation, PI (10 μM final concentration) was 535 

added to the cells. PI-labeled cells were transferred to a black 96-well plate, and PI fluorescence 536 

(excitation: 535 nm, emission: 617 nm) over time was monitored in a microplate reader (BioTek 537 

Instruments Inc., Winooski, VT, USA). 538 

For calcein leakage assays, C. albicans cells (~106 CFU mL–1), grown as described for 539 

time-kill experiments, were centrifuged (5,000 × g, 5 min), washed, and resuspended in assay 540 

buffer (20 mM MOPS sodium salt, 1 mM CoCl2, 90 mM NaCl, pH 7.5) containing 0.8 mM calcein-541 

AM. After a 2-h incubation at 30 °C, calcein-loaded cells were diluted (~105 CFU mL–1) in assay 542 

buffer, treated with MMs (0.5–2× MIC) or 1% DMSO and irradiated with 405-nm light (87.6 J 543 

cm−2). Afterward, the cells were centrifuged (5,000 × g, 5 min) and resuspended in assay buffer. 544 

At least 10,000 cells were then analyzed in a Sony SA3800 spectral analyzer (Sony Biotechnology, 545 

CA, USA). 546 

 547 

Intracellular and extracellular ATP 548 

C. albicans cell suspensions (~106 CFU mL−1) were treated with 1% DMSO or MMs (0.5–549 

2× MIC) and irradiated with 405-nm light (87.6 J cm−2), as described above. Following 550 

centrifugation (5,000 × g, 5 min), extracellular and intracellular ATP was extracted from the 551 

supernatant and pellet, respectively, as previously described.[62] 552 

ATP concentrations were measured using the CellTiter-Glo Luminescent Cell Viability 553 

Assay (Promega, Madison, WI, USA) per the manufacturer's instructions. The luminescent signal 554 

was measured using a microplate reader (BioTek Instruments Inc., Winooski, VT, USA) and 555 

converted to ATP concentration by linear regression of a standard ATP curve prepared using 556 

adenosine 5’-triphosphate disodium salt trihydrate. ATP levels were normalized to the protein 557 

concentration determined using the Pierce Assay (Pierce™ BCA Protein Assay Kit, Thermo Fisher 558 

Scientific, MA, USA). 559 

 560 

Plasma membrane fluidity 561 

The effects of MMs on C. albicans membrane dynamics were evaluated using DPH 562 

fluorescence.[20] C. albicans cell suspensions (~106 CFU mL–1) were prepared, treated with 1% 563 

DMSO or MMs (0.5–2× MIC), and then irradiated with 405-nm light (87.6 J cm−2). AMB-treated 564 

cells were used as controls. Samples were fixed with 0.37% formaldehyde and labeled with 0.6 565 
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mM DPH, as previously described.[20] DPH fluorescence (excitation: 350 nm, emission: 420 nm) 566 

was measured in a microplate reader (BioTek Instruments Inc., Winooski, VT, USA). DPH 567 

fluorescence of untreated samples minus background was defined as 100% and used to calculate 568 

changes in treated samples. 569 

 570 

Competition assays with exogenous ergosterol and phospholipids 571 

Competition assays with exogenous ergosterol and phospholipids were performed as 572 

previously described[63] with modifications. C. albicans cell suspensions (~106 CFU mL–1) were 573 

prepared as described for time-kill assays to which increasing concentrations (up to 100 μg mL–1) 574 

of exogenous ergosterol or the phospholipids phosphatidylcholine, phosphatidylethanolamine, 575 

phosphatidylglycerol or cardiolipin (Avanti Polar Lipids, AL, USA) were added. Increasing 576 

concentrations of MM were then added to each ergosterol- and phospholipid-treated sample. After 577 

a 30-min dark incubation, the samples were irradiated with 405-nm light (87.6 J cm−2) as 578 

previously described. Buffered RPMI 1640 medium was then added to the irradiated samples. 579 

After incubation at 30 °C for 48 h, samples were examined for growth to determine the MM MIC. 580 

 581 

Electron Microscopy 582 

C. albicans cell suspensions (~106 CFU mL–1) were prepared in PBS (1×) as described for 583 

time-kill assays, treated with 1% DMSO or 0.5× MIC MM 1, and then irradiated with 87.6 J cm−2 584 

405-nm light. Irradiated cells were fixed with Karnovsky's fixative, postfixed with 1% osmium, 585 

and dehydrated with a series of ethanol washes. For TEM, specimens were embedded in epoxy 586 

resin (PolyBed 812; Polysciences, Inc., Warrington, PA, USA) after being dehydrated in a series 587 

of washes with a graded concentration of 50–100% ethanol. A Leica EM UC7 ultramicrotome 588 

(Leica Microsystems, Wetzlar, Germany) was used to cut ultrathin sections (65 nm), which were 589 

then poststained with uranyl acetate and lead citrate. Samples were observed using a JEOL 590 

JEM2100 TEM (Hitachi Corporation, Japan) operating at an accelerating voltage of 80 kV. For 591 

SEM, after dehydration with ethanol, samples were dried with a Leica EM CPD300 (Leica 592 

Microsystems, Wetzlar, Germany) at the critical point, sputter-coated with 10 nm gold, and imaged 593 

with an FEI Apreo SEM (FEI Apreo, ThermoFisher Scientific, Waltham, MA, USA) using a 594 

secondary electron detector. 595 

 596 
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Colocalization analysis 597 

Colocalization analysis of MMs was performed as previously described[64,65] with 598 

modifications. A single isolated colony was picked from 24-h SDAE plates, diluted in liquid YPD, 599 

and grown at 30 °C for 24 h. Cells were then re-diluted in fresh YPD medium and grown statically 600 

in Ibidi μ-dishes (Ibidi GmbH, Munich, Germany) for 24 h at 30 °C. The cells were washed, and 601 

then YPD medium containing 8 µM MM 1 and 10 nM MitoTrackerTM Green (Thermo Fisher 602 

Scientific, MA, USA) was added. After a 30-min dark incubation at 30 °C, the solution was 603 

replaced with fresh medium containing 40 nM FMTM 4-64 (Thermo Fisher Scientific, MA, USA). 604 

Cells were immediately imaged in a Nikon A1-RSI confocal system mounted on a Nikon Ti-E 605 

widefield fluorescence microscope (Nikon Corporation, NY, USA). Cells were imaged directly on 606 

the Ibidi imaging dish using a 60× water immersion objective (numerical aperture of 1.27, 0.17 607 

mm working distance). Colocalization was calculated in the Fiji version of ImageJ using the 608 

Colocalization Threshold tool and the Coloc-2 plugin. 609 

 610 

Mitochondrial activity 611 

The effect of visible-light-activated MMs on mitochondrial activity was assessed using 612 

XTT, which is metabolically reduced by mitochondrial dehydrogenases.[66] 613 

C. albicans cell suspensions (~106 CFU mL−1), prepared as described for time-kill 614 

experiments, were treated with 1% DMSO or MMs (0.5–2× MIC) and irradiated with 405-nm light 615 

(87.6 J cm−2). Irradiated cells were mixed with 25 µL of activated XTT working solution (Biotium, 616 

Hayward, CA, USA) in a 96-well plate. After 4 h at 30 °C, the absorbance (490 nm) and 617 

background (640 nm) were measured in a microplate reader (BioTek Instruments Inc., Winooski, 618 

VT, USA). The absorbance of untreated samples minus background was defined as 100% and used 619 

to calculate the reduction in mitochondrial activity. 620 

 621 

Mitochondrial ROS 622 

C. albicans cell suspensions (~106 CFU mL–1) prepared as described above were treated 623 

with 1% DMSO or MMs (0.5–2× MIC) and then irradiated with 405-nm light (87.6 J cm−2). 624 

Afterward, the cells were centrifuged (5,000 × g, 5 min), washed, and resuspended in PBS (~106 625 

cells mL–1). Mitochondrial ROS were quantified using the fluorescent superoxide radical-sensitive 626 

probe MitoROSTM 580 (AAT Bioquest, CA, USA) per the distributor's instructions. The 627 
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fluorescence of MitoROSTM 580 (excitation: 510 nm, emission: 580 nm) over time was monitored 628 

in a microplate reader (BioTek Instruments Inc., Winooski, VT, USA). 629 

Mitochondrial ROS generation was also monitored by confocal microscopy. Cells were 630 

prepared as previously described for colocalization analysis and then mixed with an equal volume 631 

of 2× MitoROSTM 580 working solution in Hank's Balanced Salt Solution with 20 mM HEPES 632 

(HHBS) buffer containing 1.25 µM MM 1. After a 30-min dark incubation, the solution was 633 

removed and replaced with fresh HHBS buffer. Cells were immediately imaged under a Nikon A1 634 

confocal microscope (Nikon Corporation, NY, USA) as previously described. MM light activation 635 

was performed in situ with a SOLA LED using a DAPI excitation filter (395/25 nm, 166 mW 636 

cm−2) for 5 min. Fluorescence intensities were extracted from microscopy images using FIJI's 637 

built-in algorithms. 638 

 639 

Superoxide dismutase (SOD) activity and lipid peroxidation 640 

C. albicans cell suspensions (~106 CFU mL–1) were prepared as described above, 641 

challenged with 1% DMSO or MMs (0.5–2× MIC), and then irradiated with 405-nm light (87.6 J 642 

cm−2), after which the cells were centrifuged (5,000 × g, 5 min). Superoxide dismutase (SOD) 643 

activity was determined using a Superoxide Dismutase Assay Kit (Caymanchem, MI, USA) per 644 

the distributor's instructions. Lipid peroxidation was determined using a TBARS assay kit (TCA 645 

method) (Caymanchem, MI, USA) per the distributor's instructions. SOD activity and MDA levels 646 

were normalized by protein content determined by the Pierce assay (PierceTM BCA Protein Assay 647 

Kit, Thermo Fisher Scientific, MA, USA). 648 

 649 

Mitochondrial membrane potential 650 

Changes in mitochondrial membrane potential were determined by monitoring the 651 

fluorescence shift of the ratiometric mitochondrial membrane potential probe JC-1.[67] C. albicans 652 

cell suspensions (~106 CFU mL–1) were treated with DMSO or MMs (0.5–2× MIC), irradiated 653 

with 405-nm light (87.6 J cm−2), and then labeled with 5 μM JC-1 (ABP Biosciences, MD, USA) 654 

per the distributor's instructions. At least 10,000 cells per sample were then analyzed in a SA3800 655 

Spectral Analyzer (Sony Biotechnology, CA, USA). 656 
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Intracellular calcium levels 657 

Calcium levels were measured using the fluorescent probes CalbryteTM 520 AM (AAT 658 

Bioquest, CA, USA) and Rhod-2 AM (AAT Bioquest, CA, USA) to determine cytosolic and 659 

mitochondrial calcium levels, respectively.[68,69] C. albicans cell suspensions (~106 CFU mL–1) 660 

were prepared in HHBS containing 0.04% Pluronic® F-127 (AAT Bioquest, CA, USA) and 661 

labeled with Rhod-2 AM or CalbryteTM 520 AM (4 μM final concentration). After a 30-min dark 662 

incubation at 30 °C, 1% DMSO or MMs (0.5–2× MIC) was added. Following an additional 30-663 

min incubation, the cells were centrifuged (5,000 × g, 5 min), resuspended in HHBS, and irradiated 664 

with 405-nm light (87.6 J cm−2). Afterward, the cells were centrifuged (5,000 × g, 3 min) and 665 

resuspended in HHBS. The fluorescence of CalbryteTM 520 AM (excitation = 490 nm, emission = 666 

525 nm) and Rhod-2 AM (excitation = 540 nm, emission = 590 nm) over time was monitored in a 667 

microplate reader (BioTek Instruments Inc., Winooski, VT, USA) or by flow cytometry in a 668 

SA3800 Spectral Analyzer (Sony Biotechnology, CA, USA). 669 

Calcium levels were also monitored by live-cell calcium imaging using confocal 670 

microscopy. Cells were grown as described for colocalization experiments. The growth medium 671 

was then replaced with fresh HHBS buffer containing Rhod-2 AM (4 μM final concentration), to 672 

which MM 1 (1.25 µM) was added. After a 30-min dark incubation, the solution was replaced with 673 

fresh HHBS. Cells were immediately imaged using a Nikon A1 confocal microscope (Nikon 674 

Corporation, NY, USA) directly on the Ibidi imaging dish with a 60× water immersion objective. 675 

MM light activation was performed in situ with a SOLA LED using a DAPI excitation filter 676 

(395/25 nm, 166 mW cm−2). Light was delivered through the microscope objective for 5 min, after 677 

which fluorescence was monitored for 60 additional minutes. Fluorescence intensities were 678 

extracted from microscopy images using FIJI's built-in algorithms. 679 

 680 

Influence of BAPTA-AM on MM-induced killing and intracellular calcium levels 681 

C. albicans cells were grown as described above and resuspended in HHBS (~106 CFU 682 

mL–1). The cation chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N',N’-tetraacetic acid 683 

acetoxymethyl ester (BAPTA-AM) was then added (0.25–1 mM, final concentration).[38] 684 

Unamended cells were used as controls. After a 30-min dark incubation at 30 °C, the cells were 685 

centrifuged (5,000 × g, 5 min), washed, and resuspended in HHBS. MM 1 (2× MIC) was then 686 



 

24 

added. After 30 min, the cells were irradiated and processed as described for the time-kill 687 

experiments. 688 

Intracellular calcium levels in untreated cells or cells treated with BAPTA-AM (1 mM) 689 

and then treated with 1% DMSO or different concentrations of MMs (0.5–2× MIC) plus 405-nm 690 

light (87.6 J cm−2) were determined using the probes CalbryteTM 520 AM and Rhod-2 AM, as 691 

described above. 692 

 693 

Mitochondrial mass/volume 694 

Mitochondrial mass/volume was estimated using MitoTrackerTM Green fluorescence.[70] C. 695 

albicans cell suspensions (~106 CFU mL–1) were treated with DMSO or MMs (0.5–2× MIC) and 696 

then irradiated with 405-nm light (87.6 J cm−2). The cells were then stained with MitoTrackerTM 697 

Green (200 nM) for 30 min at 30 °C and washed three times with PBS. At least 10,000 cells per 698 

sample were analyzed in a SA3800 Spectral Analyzer (Sony Biotechnology, CA, USA). 699 

 700 

Cytochrome c release 701 

C. albicans cell suspensions (~106 CFU mL–1) were treated with DMSO or MMs (0.5–2× 702 

MIC) and irradiated with 405-nm light (87.6 J cm−2). Cells were harvested for protoplast 703 

preparation by digestion with zymolyase 20 T (20 mg mL–1, US Biological Life Sciences, MA, 704 

USA) in 0.1 M potassium phosphate buffer (pH 6.0) containing 1 M sorbitol for 1 h at 30 °C. 705 

Mitochondrial cytochrome c was extracted and reduced with ascorbic acid (0.5 mg mL–1) as 706 

previously described.[71] The absorbance at 550 nm was determined on a Beckman Coulter DU 707 

800 spectrophotometer (Fullerton, CA, USA). Cytochrome c levels were normalized to the protein 708 

content determined using the Pierce assay (PierceTM BCA Protein Assay Kit, Thermo Fisher 709 

Scientific, MA, USA). 710 

 711 

Detection of necrosis and apoptosis 712 

The occurrence of necrosis and apoptosis was investigated using an Annexin V-FITC/PI 713 

assay.[24] C. albicans cells were grown as described for time-kill experiments, washed in sorbitol 714 

buffer (0.5 mM MgCl2, 35 mM potassium phosphate, pH 6.8, containing 1.2 M sorbitol), and 715 

resuspended in the same buffer containing zymolyase 20 T (20 mg mL–1, US Biological Life 716 

Sciences, MA, USA). After 1 h of digestion at 30 °C, protoplasts were centrifuged, washed, and 717 
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resuspended in binding buffer (140 mM NaCl, 10 mM HEPES, 2.5 mM CaCl2, 1.2 M sorbitol, pH 718 

7.4). Protoplasts were treated with 1% DMSO or MMs (0.5–2× MIC) and then irradiated with 405-719 

nm light (87.6 J cm−2). The protoplasts were immediately labeled using an Annexin V-FITC/PI 720 

Apoptosis Kit (Abnova, Taiwan) per the distributors' instructions. At least 10,000 cells per sample 721 

were analyzed in a SA3800 spectral analyzer (Sony Biotechnology, CA, USA). 722 

 723 

Interaction between visible-light-activated MMs and conventional antifungals 724 

The interaction of MMs with conventional antifungal agents in C. albicans was 725 

investigated by determining the MIC of different antifungals alone and after treatment with visible-726 

light-activated MMs using a modified broth microdilution checkerboard assay[72] in an 8x8-well 727 

configuration. C. albicans cell suspensions were prepared as described for MIC determination and 728 

treated with increasing concentrations (up to 1× MIC) of MMs. Following irradiation (87.6 J cm−2 729 

of 405-nm light), cells were collected and distributed along the x-axis of a 96-well plate. Increasing 730 

concentrations (up to 1× MIC) of different antifungal drugs (Table S2) in geometric twofold 731 

increments in buffered RPMI 1640 medium were added along the plate's y-axis. After 48 h at 30 732 

°C, the absorbance at 630 nm was measured in a microplate reader (BioTek Instruments Inc., 733 

Winooski, VT, USA). The fractional inhibitory concentration index (FICI) was determined as the 734 

sum of the MIC of the MM and the antifungal drug when used in combination divided by their 735 

MIC when used alone. An FICI index of ≤ 0.5, 0.5 < x ≤ 4, or > 4 indicates synergistic, additive, 736 

and antagonistic interactions, respectively.[25] 737 

 738 

Efflux activity 739 

Efflux pump activity was evaluated by measuring the energy-dependent efflux of the 740 

fluorescent dye rhodamine 6G.[73] C. albicans cells were grown overnight (~16 h) in YPD at 30 741 

°C, rediluted in fresh YPD, and grown for an additional 3 h at 30 °C. The cells were then 742 

centrifuged, washed with 50 mM HEPES buffer (pH 7.0), and resuspended in de-energization 743 

buffer containing 1 μM antimycin A and 5 mM 2-deoxy-D-glucose in 50 mM HEPES buffer (pH 744 

7.0). After 3 h at 30 °C, the cells were centrifuged, washed, and resuspended in cold 50 mM 745 

HEPES buffer (pH 7.0). The cells were then incubated with rhodamine 6G (10 μM final 746 

concentration) for 2 h at 30 °C. Afterward, the cells were centrifuged (1,000 × g, 5 min), washed, 747 

and resuspended in cold HEPES buffer. Cells were then treated with 1% DMSO or MMs (0.5–2× 748 
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MIC) and irradiated with 405-nm light (87.6 J cm−2). Irradiated cells were collected and incubated 749 

in prewarmed HEPES buffer containing 1 mM glucose for 1 h at 30 °C to reactivate the cells. 750 

Afterward, the cells were centrifuged (1,000 × g, 5 min), resuspended in HEPES buffer, and 751 

transferred to a 96-well plate. Rhodamine 6G fluorescence (excitation: 485 nm, emission: 535 nm) 752 

over time was measured in a microplate reader (BioTek Instruments Inc., Winooski, VT, USA). 753 

Rhodamine 6G-free cells served as unstained controls. Untreated sample fluorescence minus 754 

background was defined as 100% and used to normalize the remaining data points. 755 

 756 

Toxicity profiling and therapeutic index calculation 757 

The biocompatibility of MMs with primary HEK293T cells was assessed using the 758 

CellTiter-Glo® Luminescent Cell Viability Assay (Promega, WI, USA) per the manufacturer's 759 

instructions by treating cells with increasing concentrations of different MMs plus 405-nm light 760 

(87.6 J cm−2). Dose-response curves were used to determine the MM concentrations that reduced 761 

cell viability by 50% (IC50). The therapeutic index was calculated as the ratio between the IC50 and 762 

the MIC. 763 

 764 

In vivo antifungal activity of MMs 765 

The in vivo antifungal activity of MMs was assessed in G. mellonella.[47,48] G. mellonella 766 

were acquired from a commercial supplier (rainbowmealworms.net) in their final instar larval 767 

stage. Worms of similar size (~0.3 g), responsive to touch, and displaying no signs of melanization 768 

were selected. C. albicans (~105 CFU mL–1) and A. fumigatus conidia (~104 conidia mL–1) 769 

suspensions were prepared in PBS as previously described. The fungal inoculum (5 µL) was 770 

injected into the last left proleg of the worms with a Hamilton syringe. Thirty minutes after 771 

infection, MM and/or antifungal agents (1× MIC, Table S2) diluted in sterile water were injected 772 

similarly to the right proleg. The following treatment groups (eight individuals each, from three 773 

independent batches) were established: (1) 1% DMSO with and without light, (2) monotherapy 774 

with MM 1 alone (1× MIC) with and without light, (3) monotherapy with conventional antifungals 775 

(1× MIC) amphotericin B (AMB) or azole (fluconazole, FLC, in the case of C. albicans and 776 

voriconazole, VRC, in the case of A. fumigatus), or (4) combination therapy with visible-light-777 

activated MM 1 (1× MIC) followed by treatment with conventional antifungal (1× MIC). After 30 778 

min, worms in the irradiated treatment groups were transferred to 24-well plates (Corning-Costar 779 
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Corp., Corning, NY, USA) and irradiated with 405-nm light (87.6 J cm−2). Worms were incubated 780 

in sterile Petri dishes at 30 °C in the dark. Live and dead worms were scored each day for 7 days. 781 

Melanized or unresponsive worms were considered dead. 782 

Fungal load was assessed in a separate group of similarly treated worms 48 h after 783 

infection. Only healthy larvae (four worms per treatment group) with no melanization spots were 784 

used. After weight determination, worms were killed by freezing and homogenized using a tissue 785 

grinder (Fisherbrand, Fisher Scientific, Pittsburgh, PA, USA). For C. albicans-infected worms, 786 

after homogenization in sterile PBS, serial dilutions were plated on YPD agar containing 787 

antibiotics (100 µg mL–1 ampicillin, 100 µg mL–1 streptomycin, and 45 µg mL–1 kanamycin).[47] 788 

For A. fumigatus-infected worms, after homogenization in sterile PBS containing gentamicin (25 789 

µg mL–1) and chloramphenicol (400 µg mL–1), serial dilutions were plated on potato dextrose agar 790 

(PDA).[74] After 48 h at 30 °C (C. albicans) or 7 days at 28 °C (A. fumigatus), colonies were 791 

counted to determine CFU per mg of larvae. 792 

Work on G. mellonella was reviewed and approved by the Office of Sponsored Projects 793 

and Research Compliance (SPARC) at Rice University. 794 

 795 

Ex vivo model of onychomycosis 796 

For microconidia preparation, T. rubrum was inoculated on potato dextrose agar containing 797 

0.025% Sabouraud dextrose broth (SDB) and 1.0% penicillin-streptomycin. After a 10-day 798 

incubation at 28 °C, the plates were flooded with PBS, which was then aspirated and filtered 799 

through a sterilized cotton gauze to recover microconidia.[75] 800 

An ex vivo onychomycosis model was established as previously described[76] with 801 

modifications. Pig hooves with exposed toenails were processed into ~1 cm2-sized individual 802 

toenail samples with a band saw, washed with 70% ethyl alcohol and sterilized water, and 803 

inoculated with a microconidia suspension of T. rubrum (~107 conidia mL–1) for 3 h. Samples were 804 

placed in a Petri dish containing moist sterilized paper and incubated at 28 °C for 10 days. Fungal 805 

growth was confirmed by sample resuspension in PBS and plating on PDA containing 0.025% 806 

SDB and 1% penicillin-streptomycin. Infected samples were then treated with (1) 1% DMSO plus 807 

light, (2) monotherapy with MM 1 alone (0.77% in DMSO) plus light, (3) monotherapy with 808 

conventional antifungal (three drops[76] of Ciclopirox Topical Suspension USP, 0.77% "Lotion", 809 

Leading Pharma, LLC, NY, USA, or Ciclopirox Topical Solution, 8% "Lacquer", Perrigo New 810 
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York Inc., NY, USA), or (4) combination therapy with MM 1 plus light and conventional 811 

antifungal. Each treatment group consisted of three samples. After 30 min, samples in the 812 

irradiated treatment groups were transferred to 24-well plates (Corning-Costar Corp., Corning, 813 

NY, USA) and irradiated with 405-nm light (87.6 J cm−2). Treatment was repeated every 24 h for 814 

5 days. Afterward, the samples were transferred to tubes containing PBS plus 1% penicillin-815 

streptomycin, vortexed, and sonicated.[76] Triplicate aliquots of this suspension were inoculated on 816 

PDA plates containing 1% penicillin-streptomycin. After a 10-day incubation at 28 °C, CFU 817 

numbers were determined. Untreated samples served as positive controls. 818 

 819 

Statistical Analysis 820 

Unless otherwise noted, all experiments were performed at least in triplicate. The 821 

arithmetic mean and the standard deviation or the standard error of the mean across biological and 822 

technical replicates were used as measures of mean and spread. No data points were excluded as 823 

outliers. When appropriate, data were normalized to a 0−100% range. All data processing and 824 

statistical analyses were performed using GraphPad Prism 8.0 (San Diego, CA, USA). Depending 825 

on the sample size, the normality of the data was assessed using an Anderson-Darling normality 826 

test, a D'Agostino-Pearson omnibus normality test, a Shapiro-Wilk normality test, or a 827 

Kolmogorov-Smirnov normality test with the Dallal-Wilkinson-Lilliefors test for P values. 828 

Comparisons between two groups were performed with a t-test for parametric data or a Mann-829 

Whitney U test for nonparametric data. Comparisons between multiple groups were performed 830 

using ANOVA or a Kruskal-Wallis test with Dunn's multiple comparisons test. A Mantel-Cox test 831 

was used to determine statistical significance in G. mellonella survival experiments. Unless 832 

otherwise stated, all figures were generated in GraphPad Prism 8.0 (San Diego, CA, USA). Flow 833 

cytometry data were initially analyzed and visualized in FlowJo software (version 9, Tree Star 834 

Inc., Ashland, OR, USA) and exported to GraphPad for statistical analysis. A value of p < 0.05 835 

was considered statistically significant. Asterisks are used where appropriate to indicate the 836 

significance of differences. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Confocal 837 

microscopy images were processed and analyzed using the appropriate plugins in Fiji/ImageJ 838 

(National Institutes of Health, MD, USA).  839 
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Figures and Tables 998 

Figure 1. MMs show antifungal activity against planktonic cells and established biofilms. (a) 999 

General structure of an MM. MMs consist of a stator and a rotor that is light-activated. After light 1000 

activation, the rotor portion of the molecule undergoes successive cycles of unidirectional rotation 1001 

around the central carbon−carbon double bond, resulting in a fast (~3 MHz) or slow (~0.1 Hz) 1002 

drill-like motion, depending on the molecular design. (b) Minimum inhibitory concentration (MIC, 1003 

µM) of the different MMs investigated in this study in C. albicans in the presence of 405-nm light 1004 

(87.6 J cm−2). The chemical structures of all compounds tested are shown in Table S1. (c) 1005 

Chemical structures of the most potent antifungal MMs identified in this study, their MIC, and 1006 

minimal fungicidal concentration (MFC) in different fungal strains. Results are shown as the 1007 

average of at least three biological replicas. Concentration is expressed in µM. (d) Time-kill curves 1008 

of different fungal strains treated with visible-light-activated MMs (2× MIC) or 1% DMSO in the 1009 

presence of 405-nm light at 292 mW cm−2 or control antifungal amphotericin B (AMB, 4× MIC). 1010 

(e) Concentration-dependent killing of C. albicans by different MMs in the presence of 405-nm 1011 

light (87.6 J cm−2). (f) Light dose-dependent killing of C. albicans by different MMs at 2× MIC. 1012 

Killing was assessed as the reduction in colony forming units (CFU) expressed as the logarithm of 1013 

base 10 of the ratio between the CFU at each time point (N) and the CFU at time zero (N0). The 1014 

results are expressed as the average of at least three replicates ± the standard error of the mean. 1015 

The dashed line denotes the limit of detection of the method. (g) Reduction of C. albicans biofilm 1016 

viability by amphotericin B (AMB), 1% DMSO or different MMs (2×, 4× MIC) in the presence 1017 

of 405-nm light (5 min at 292 mW cm−2). (h) Reduction of C. albicans biofilm biomass by 1018 

amphotericin B (AMB), 1% DMSO or different MMs (2×, 4× MIC) in the presence of 405-nm 1019 

light (5 min at 292 mW cm−2). The results are the average of at least three independent replicates 1020 

± the standard deviation. Asterisks denote the significance of the differences in pairwise 1021 

comparisons with 1% DMSO controls performed in GraphPad Prism. * p < 0.05, ** p < 0.01, *** 1022 

p < 0.001, **** p < 0.0001. (i) Development of resistance to conventional antifungals 1023 

(caspofungin, CAS, fluconazole, FLC, or amphotericin B, AMB) or different visible-light-1024 

activated MMs in C. albicans, assessed as the MIC fold change over 20 cycles of repeated 1025 

treatment. Note that curves for amphotericin B (AMB), MM 1, MM 5, MM 6, and MM 7 are 1026 

superimposed. Unless otherwise indicated, the results for MMs and DMSO are always reported in 1027 

the presence of light. 1028 



 

36 

Figure 2. MMs bind fungal mitochondrial phospholipids. (a) Representative temporal profile 1029 

of PI fluorescence in C. albicans treated with MM 1 (0.5–2× MIC) or 1% DMSO and irradiated 1030 

with 405-nm light (87.6 J cm−2). Lines are the average of at least three biological replicates, and 1031 

the shaded area is the standard error of the mean. (b) PI uptake in C. albicans treated with different 1032 

MMs (0.5–2× MIC) or 1% DMSO in the presence of 405-nm light (87.6 J cm−2). PI uptake was 1033 

calculated as the area under the curve (AUC) of the temporal profiles of PI fluorescence, as shown 1034 

in (a). The results are the average of at least three independent replicates ± the standard deviation. 1035 

(c) Representative histogram of calcein AM fluorescence in C. albicans cells treated with 1% 1036 

DMSO or MM 1 (0.5–2× MIC) and irradiated with 405-nm light (87.6 J cm−2), assessed by flow 1037 

cytometry. (d) Decrease in calcein AM fluorescence in C. albicans treated with 1% DMSO or 1038 

different MMs (0.5–2× MIC) and irradiated with 405-nm light (87.6 J cm−2). The results are 1039 

expressed as the arithmetic mean ± the standard deviation of fluorescence obtained by flow 1040 

cytometry. (e) Extracellular ATP levels in C. albicans treated with increasing concentrations of 1041 

different MMs (0.5–2× MIC) or 1% DMSO and irradiated with 405-nm light (87.6 J cm−2). The 1042 

results are the average of at least three independent replicates ± the standard deviation. (f) DPH 1043 

fluorescence of C. albicans cells treated with 1% DMSO or different MMs (0.5–2× MIC) and 1044 

irradiated with 405-nm light (87.6 J cm−2). Amphotericin B (AMB) was used as a control. (g) 1045 

Effect of exogenous ergosterol, plasma membrane phospholipids (phosphatidylethanolamine, PE, 1046 

and phosphatidylcholine, PC) or mitochondrial phospholipids (phosphatidylglycerol, PG, and 1047 

cardiolipin, CL) on the sensitivity of C. albicans to MMs, evaluated as the MIC, in the presence 1048 

of 405-nm light (87.6 J cm−2). Symbols denote the average of three replicas. Asterisks denote the 1049 

significance of the differences in pairwise comparisons between the MIC in the absence and in the 1050 

presence of increasing concentrations of different exogenous phospholipids. (h) SEM images of 1051 

C. albicans treated with 1% DMSO or 0.5× MIC of visible-light-activated MM 1. (i) TEM images 1052 

of C. albicans treated with 1% DMSO or 0.5× MIC of visible-light-activated MM 1. Arrowheads 1053 

indicate enlarged mitochondria in MM-treated samples compared with normal mitochondria in 1054 

DMSO-treated samples (arrows). The bar indicates the scale. Unless otherwise indicated, the 1055 

results for MMs and DMSO are always reported in the presence of light. (j) Confocal microscopy 1056 

images of C. albicans treated with MM 1 (8 µM) and then labeled with the fluorescent 1057 

mitochondrial dye MitoTrackerTM Green (10 nM) and the fluorescent plasma membrane dye FMTM 1058 

4-64 (40 nM). The image identified as "combined" is a merger of the natural fluorescence of MM 1059 
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1, MitoTrackerTM Green, and FMTM 4-64. The bar indicates the scale. (k) Box-and-whisker plot of 1060 

the percentage overlap of fluorescence from MitoTrackerTM Green or FMTM 4-64 with the natural 1061 

fluorescence from MM 1. Light was omitted in colocalization experiments. Results are shown as 1062 

the average of five independent cells ± the standard deviation. Asterisks denote the significance of 1063 

the differences in pairwise comparisons with 1% DMSO controls performed in GraphPad prism. 1064 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 1065 

 1066 

Figure 3. Visible-light-activated MMs trigger mitochondrial dysfunction and oxidative 1067 

stress. (a) Mitochondrial dehydrogenase activity in C. albicans treated with 1% DMSO or 1068 

different MMs (0.5–2× MIC) in the presence of 405-nm light (87.6 J cm–2). (b) Intracellular ATP 1069 

levels in C. albicans treated with 1% DMSO or different MMs (0.5–2× MIC) and 405-nm light 1070 

(87.6 J cm–2). (c) Mitochondrial ROS levels detected by spectrofluorimetry using the MitoROSTM 1071 

580 probe in C. albicans treated with 1% DMSO or different MMs (0.5–2× MIC) and 405-nm 1072 

light (87.6 J cm–2). (d) Mitochondrial ROS levels detected by confocal microscopy using the 1073 

MitoROSTM 580 probe in C. albicans treated with MM 1 (1× MIC) before and after light activation 1074 

under the microscope. The bar indicates the scale. (e) Temporal profile of MitoROSTM 580 1075 

fluorescence detected by confocal microscopy, shown as the average fluorescence intensity (line) 1076 

and standard error of the mean (shaded area). (f) SOD activity normalized to the protein content 1077 

in C. albicans treated with 1% DMSO or different MMs (0.5–2× MIC) and 405-nm light (87.6 J 1078 

cm–2). (g) Lipid peroxidation assessed from malondialdehyde levels (MDA) normalized by protein 1079 

content in C. albicans treated with 1% DMSO or different MMs (0.5–2× MIC) and 405-nm light 1080 

(87.6 J cm–2). (h) Representative shifts in the fluorescence of JC-1 in C. albicans treated with 1% 1081 

DMSO or MM 1 (0.5–2× MIC) and 405-nm light (87.6 J cm–2) detected by flow cytometry 1082 

denoting MM-induced depolarization of the mitochondrial membrane. (i) Changes in the 1083 

percentage of depolarized cells in C. albicans treated with 1% DMSO or different MMs (0.5–2× 1084 

MIC) and 405-nm light (87.6 J cm–2) detected with JC-1 by flow cytometry. All results are shown 1085 

as the average of at least three independent replicates ± the standard deviation. Asterisks denote 1086 

the significance of the differences in pairwise comparisons with 1% DMSO controls performed in 1087 

GraphPad Prism. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Unless otherwise stated, 1088 

the results for MMs and DMSO are always reported in the presence of light. 1089 

 1090 
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Figure 4. Visible-light-activated MMs elicit intracellular calcium overload. (a) Representative 1091 

histograms of CallbryteTM 520 AM fluorescence used to detect cytosolic calcium levels in C. 1092 

albicans treated with increasing concentrations of MM 1 or 1% DMSO in the presence of 405-nm 1093 

light (87.6 J cm–2) by flow cytometry. (b) Cytosolic calcium levels detected with CallbryteTM 520 1094 

AM by spectrofluorimetry in C. albicans treated with increasing concentrations of different MMs 1095 

(0.5–2× MIC) or 1% DMSO in the presence of 405-nm light (87.6 J cm–2). (c) Mitochondrial 1096 

calcium levels detected with Rhod-2 AM by spectrofluorimetry in C. albicans treated with 1097 

increasing concentrations of different MMs (0.5–2× MIC) or 1% DMSO in the presence of 405-1098 

nm light (87.6 J cm–2). (d) Mitochondrial calcium levels detected with Rhod-2 AM by confocal 1099 

microscopy in C. albicans treated with MM 1 (1× MIC) before and after light activation. (e) 1100 

Temporal profile of Rhod-2 AM fluorescence detected by confocal microscopy, shown as the 1101 

average fluorescence intensity (line) and standard error of the mean (shaded area). (f) Effect of 1102 

different concentrations (0.25–1.25 mM) of the intracellular calcium chelator BAPTA-AM on the 1103 

killing of C. albicans by MM 1 (2× MIC). Killing was assessed as the reduction in colony forming 1104 

units (CFU), expressed as the logarithm of base 10 of the ratio between the CFU at each time point 1105 

(N) and the CFU at time zero (N0). The results are expressed as the average of at least three 1106 

replicates ± the standard error of the mean. The dashed line denotes the limit of detection of the 1107 

method. (g) Cytosolic calcium levels detected by spectrofluorimetry with CallbryteTM 520 AM in 1108 

C. albicans amended with 1.25 mM BAPTA-AM and then treated with increasing concentrations 1109 

of MM 1 or 1% DMSO in the presence of 405-nm light (87.6 J cm–2). (h) Cytosolic calcium levels 1110 

detected with Rhod-2 AM by spectrofluorimetry in C. albicans amended with 1.25 mM BAPTA-1111 

AM and then treated with increasing concentrations of MM 1 or 1% DMSO in the presence of 1112 

405-nm light (87.6 J cm–2). The results are the average of at least three independent replicates ± 1113 

the standard deviation. Asterisks denote the significance of the differences in pairwise comparisons 1114 

with 1% DMSO controls performed in GraphPad Prism. * p < 0.05, ** p < 0.01, *** p < 0.001, 1115 

**** p < 0.0001. unless otherwise stated, the results for MMs and DMSO are always reported in 1116 

the presence of light. 1117 

 1118 

Figure 5. Visible-light-activated MMs cause mitochondrial swelling, release of mitochondrial 1119 

cytochrome c, and necrosis. (a) Representative histograms of MitoTrackerTM Green fluorescence 1120 

in C. albicans treated with 1% DMSO or MM 1 (0.5–2× MIC) and 405-nm light (87.6 J cm–2) 1121 
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detected by flow cytometry. (b) Altered mitochondrial mass/volume determined from changes in 1122 

MitoTrackerTM Green fluorescence detected by flow cytometry in C. albicans treated with 1% 1123 

DMSO or different MMs (0.5–2× MIC) and 405-nm light (87.6 J cm–2). (c) Mitochondrial 1124 

cytochrome c levels in C. albicans treated with 1% DMSO or different MMs (2× MIC) and 405-1125 

nm light (87.6 J cm–2). (d) Representative changes in the percentage of PI-positive/negative and 1126 

Annexin V-positive/negative cells in C. albicans treated with 1% DMSO or MM 1 (0.5–2× MIC) 1127 

and 405-nm light (87.6 J cm–2) detected by flow cytometry. (e) Percentage of PI-positive and 1128 

Annexin V-positive cells in C. albicans treated with different MMs (0.5–2× MIC) or 1% DMSO 1129 

and 405-nm light (87.6 J cm–2) detected by flow cytometry. The results are the average of at least 1130 

three independent replicates ± the standard deviation. Unless otherwise indicated, the results for 1131 

MMs and DMSO are always reported in the presence of light. Asterisks denote the significance of 1132 

the differences in pairwise comparisons with 1% DMSO controls performed in GraphPad prism. 1133 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  1134 

 1135 

Figure 6. Visible-light-activated MMs synergize with conventional antifungals in vitro, in 1136 

vivo, and ex vivo. (a) Representative checkerboard patterns showing the interaction between 1137 

visible-light-activated MM 1 and various conventional antifungal drugs in C. albicans and the 1138 

respective fractional inhibitory concentration indices (FICI) for the interaction between MM 1 and 1139 

each antifungal. The results are shown as a heatmap, with the white color denoting no growth (0%) 1140 

and the blue color denoting growth (100%). Results are the average of three independent replicates. 1141 

Growth was assessed as the absorbance at 630 nm. 5-FC: 5-Fluorocytosine. AMB: Amphotericin 1142 

B. FLC: Fluconazole. VRC: Voriconazole. CAS: Caspofungin. CPX: Ciclopirox. (b) Decrease in 1143 

intracellular rhodamine 6G fluorescence, used to assess energy-dependent efflux pump activity, in 1144 

C. albicans treated with increasing concentrations of different MMs (0.5–2× MIC) or 1% DMSO 1145 

in the presence of 405-nm light (87.6 J cm–2). The lines represent the average of at least three 1146 

independent replicates, and the shaded area represents the standard error. Unless otherwise noted, 1147 

the results for MMs and DMSO are always reported in the presence of light. (c) Effect of increasing 1148 

concentrations of different MMs plus 405-nm light (87.6 J cm–2) on the viability of a mammalian 1149 

cell line (HEK293T). The dashed line indicates the IC50, i.e., the concentration of MM that results 1150 

in a 50% reduction in cell viability. Results are the average of three independent replicates. (d) 1151 

Therapeutic index (TI) calculated as the ratio between the MIC for each MM in C. albicans and 1152 
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A. fumigatus and their respective IC50 values. (e) Workflow used to study the anti-infective activity 1153 

of MMs in vivo. Created in Biorender.com. (f) Survival curves of worms infected with C. albicans 1154 

or A. fumigatus subjected to monotherapy with visible-light-activated MM 1 (1× MIC plus 405-1155 

nm light at 87.6 J cm–2), conventional antifungal agents (1× MIC) or combination therapy with 1156 

visible-light-activated MM 1 (1× MIC plus 405-nm light at 87.6 J cm–2) followed by treatment 1157 

with conventional antifungals (1× MIC). Data represent pooled results from three independent 1158 

biological replicates, each containing eight individuals (n = 24). (g) Fungal load of worms (n = 4) 1159 

infected with C. albicans or A. fumigatus subjected to monotherapy with visible-light-activated 1160 

MM 1 (1× MIC plus 405-nm light at 87.6 J cm–2), conventional antifungal agents (1× MIC), or 1161 

combination therapy with visible-light-activated MM 1 (1× MIC plus 405-nm light at 87.6 J cm–1162 

2) followed by treatment with conventional antifungal agents (1× MIC) 48 h after infection. (h) 1163 

Workflow used to study the anti-infective activity of MMs ex vivo. Created in Biorender.com. (i) 1164 

Fungal load of porcine nail samples (n = 9) infected with T. rubrum and subjected to five 1165 

consecutive rounds of monotherapy with visible-light-activated MM 1 plus 405-nm light at 87.6 J 1166 

cm–2, different topical formulations of the conventional antifungal ciclopirox ("Lotion" and 1167 

"Lacquer") or combination therapy with visible-light-activated MM 1 plus 405-nm light at 87.6 J 1168 

cm–2 followed by treatment with a conventional antifungal agent. Asterisks denote the significance 1169 

of the differences in pairwise comparisons performed in GraphPad prism. * p < 0.05, ** p < 0.01, 1170 

*** p < 0.001, **** p < 0.0001. unless otherwise stated, the results for MMs and DMSO are 1171 

always reported in the presence of light. 1172 

 1173 

Figure 7. Schematic representation of the mechanisms of action of antifungal MMs. MMs bind 1174 

cardiolipin and phosphatidylglycerol in the inner mitochondrial membrane, destabilizing the 1175 

electron transport chain. This leads to increased electron leakage and superoxide radical formation, 1176 

causing oxidative stress. Consequently, ATP synthesis and mitochondrial membrane potential are 1177 

reduced. ATP-dependent calcium transporters in the plasma membrane and intracellular organelles 1178 

stop functioning, leading to increased cytosolic calcium levels, which activate calcium-dependent 1179 

degradative enzymes. Increased water influx ensues, leading to swelling of organelles, which 1180 

eventually burst, releasing even more degradative enzymes and intramitochondrial contents to the 1181 

cytoplasm. Eventually, the integrity of the plasma membrane is compromised, and intracellular 1182 

contents leak out of the cell. Created in Biorender.com. 1183 
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