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achieve a clear fungal growth inhibitory effect, demonstrating for
the first time the antifungal potential of siRNA against human fungal
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We developed siRNA-loaded anionic liposomes, co-encapsulating
low-dose amphotericin B, to enhance siRNA penetration through
the fungal cell wall of Aspergillus fumigatus. Targeting mRNAs of
three key genes, these liposomes visibly inhibited fungal growth,
demonstrating for the first time the antifungal potential of siRNA
against human fungal pathogens.

Introduction

Invasive fungal infections claim over 2.5 million deaths
annually."” Current treatment options are limited to three
antifungal classes, with no new classes approved in the last
two decades.® Additionally, existing antifungal drugs often
cause severe side effects, face increasing drug resistance, and
lack effectiveness.* To enhance the global response to fungal
infections and antifungal resistance, the World Health
Organization published its first fungal priority pathogens list
in 2022 to guide research and policy interventions.® Aspergillus
fumigatus, a critical pathogen on this list, causes invasive pul-
monary aspergillosis in about 2 million people annually, with
mortality rates up to 85%." Resistance of A. fumigatus against
all clinically available antifungal classes has been reported,®
underscoring the urgent need for novel antifungal solutions.
RNA interference (RNAi) is a conserved gene-silencing
mechanism in eukaryotes, including fungi.” Six RNAi-based
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drugs involving small interfering RNAs (siRNAs) have been
approved for genetic diseases,® and spray-induced gene silen-
cing shows promise against fungal diseases in crops.” Upon
entering eukaryotic cells, an siRNA duplex incorporates into
the RNA-induced silencing complex (RISC), a multiprotein
component. Within RISC, the siRNA strands separate, and the
antisense strand activates the complex, guiding it to bind to
complementary target messenger RNA (mRNA) sequences.
This leads to mRNA cleavage by the RISC component
Argonaute 2 (Ago2), temporarily silencing the target gene’s
expression.'® The advantages of siRNA-based therapeutics are
notable: they have a well-defined mechanism of action and the
potential to target virtually all expressed genes at the mRNA
level, including those deemed “undruggable” by traditional
small molecule drugs at the protein level."* Furthermore, RNAi
might be synergistically combined with conventional anti-
microbial drugs to silence genes involved in drug resistance,
such as efflux pump genes, thereby enhancing the therapeutic
efficacy of antimicrobials, particularly against drug-resistant
isolates."

Few studies have investigated synthetic siRNAs for gene
silencing in A. fumigatus. Jochl et al. found that this fungus
could uptake siRNAs from the culture medium, resulting in a
30-60% knockdown of target mRNA levels with no growth
inhibition."® This underscores the need for effective delivery
systems to enhance siRNA knockdown efficiency and protect
siRNAs from rapid degradation, which is crucial for clinical
translation. Previous attempts to encapsulate siRNA into cat-
ionic liposomes (LIP) or conjugate siRNA with the cell pene-
trating peptide PAF26 were ineffective for siRNA delivery into
A. fumigatus.'* Consequently, a significant challenge in
employing RNAi against human fungal pathogens persists: the
complex structure of the fungal cell wall acts as a formidable
barrier, preventing siRNAs from effectively entering the cells,
thereby limiting their ability to silence fungal gene
expression.”” This issue is exacerbated in clinical contexts
where fungi form complex 3D structures like nodules, bio-
films, and granulomas, complicating the siRNA delivery into
fungal cells even further.'®

This journal is © The Royal Society of Chemistry 2025
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In this study, we explored the potential of anionic LIP for
delivering siRNA into A. fumigatus, inspired by the use of
anionic LIP in AmBisome® for delivering amphotericin B, a
conventional antifungal drug."®

Results and discussion

We formulated anionic LIP with the same components as
AmBisome®, including DSPG (1,2-distearoyl-sn-glycero-3-phos-
phoglycerol), HSPC (hydrogenated soybean phosphatidyl-
choline), and cholesterol (Chol; Fig. S1, ESI{) in a molar ratio
of 0.8:2:1. We synthesized LIP via the “thin film hydration”
method,"”*® which involved dissolving lipids in an organic
solvent, forming a thin film, rehydrating it to create multila-
mellar LIP structures, and then converting them to unilamellar
structures via ultrasound and extrusion (Fig. S2, ESIf).'®"°
Dynamic light scattering analysis showed that five extrusion
cycles through a 100 nm polycarbonate membrane produced
LIP with a size of 143 + 2 nm and a Zetasizer count rate within
the recommended range.”® Additional extrusion cycles reduced
the size (137 + 3 nm after 11 cycles and 130 + 2 nm after 21
cycles) without affecting polydispersity or count rate, leading
us to select a maximum of 21 cycles for monodisperse LIP
(Table S1, ESIY).

To visualize the LIP, we synthesized fluorescently labeled
liposomes (RhoB-LIP) by incorporating 2 mol% rhodamine
DHPE (rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phospho-
ethanolamine, triethylammonium salt; Fig. S1%),>'* which
showed no differences in particle size or zeta-potential com-
pared to unlabeled LIP (Fig. S3, ESIf). We co-incubated
RhoB-LIP with A. fumigatus strain A1160p+ (MFIG001)*® in
Aspergillus minimal medium (AMM)*® for 16 h at 37 °C.
RhoB-LIP accumulated around the hyphal cell wall, but did
not enter the fungal cells (Fig. S4, ESIt). This suggested that
electrostatic interactions between the positively charged
hyphal cell wall*® and the anionic LIP were insufficient for LIP
entry. This observation aligns with previous findings where
anionic LIP were trapped in the cell wall of another human
fungal pathogen, Candida albicans.”’ Interestingly, in this pre-
study, anionic LIP loaded with amphotericin B
(AmBisome®) crossed the cell wall and reached the cell mem-
brane due to amphotericin B (AmB)’s high binding affinity for
ergosterol, a critical component of the fungal cell membrane.
Specifically, while anionic LIP were confined to the junction
between the outer and inner cell wall layers, AmBisome® pene-
trated the inner p-glucan-chitin layer and reached the cell
membrane. Anionic LIP loaded with both AmB and gold par-
ticles, which do not deform during passage, also successfully
reached the cell membrane. In contrast, gold particles alone
could not diffuse through the outer and inner cell wall layers,
suggesting that AmB-loaded anionic LIP can displace the poly-
saccharide chains of the cell wall. Brief exposure to
AmBisome® increased the cell wall’s relative porosity five-fold
without significantly affecting fungal cell viability. Notably, in
ergosterol-deficient Candida mutants, AmBisome® were

vious
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trapped at the junction of the outer and inner cell wall layers,
similar to anionic LIP, emphasizing the crucial role of the
AmB-ergosterol interaction in this process.”” Inspired by these
previous findings, we explored incorporating AmB as an adju-
vant into anionic LIP to potentially enable siRNA delivery into
fungal cells.

To load siRNA into LIP, we incorporated it into the aqueous
rehydration solution, as siRNA is hydrophilic. However, the
negative charges of siRNA and phospholipids can cause
electrostatic repulsion, impeding efficient encapsulation. We
used protamine, a protein rich in arginine residues, which
confers a high positive charge, to complex with siRNA and
neutralize its negative charge.”®** Protamine sulfate, which is
FDA-approved and widely used in medicine, is also a com-
ponent of neutral protamine Hagedorn (NPH) insulin for long-
acting delivery. Its extensive use in diabetic patients has
demonstrated minimal toxicity and immunogenicity,>® making
it a safe choice for our drug delivery system design. Moreover,
protamine sulfate has shown no inhibitory effect on the
growth of molds, including Aspergillus.** Protamine and siRNA
were co-incubated at an N/P ratio of 1:1 (N = positively
charged amino acids, P = negatively charged phosphate groups
on siRNA) before loading into LIP (Fig. S2}). Although free pro-
tamine from incomplete incorporation in the siRNA-prota-
mine complex may cause liposome aggregation,®” our experi-
ments with fluorescently labeled non-targeting siRNA (DY547-
SiRNA; Table S2, ESIt) showed no noticeable changes in LIP
characteristics, including size and zeta-potential (Table S3,
ESIf). In fact, protamine complexation improved siRNA
loading across various batches, compared to those without
protamine, resulting in more consistent and higher loading
percentages (Table S31). The concentration of loaded siRNA
was quantified using a calibration curve of free DY547-siRNA
(Fig. S5, ESIf). Thus, we included protamine as a standard
component in the LIP formulation.

Integrating AmB as an adjuvant in siRNA-loaded anionic
LIP aimed to keep the AmB content minimal to avoid inhibit-
ing fungal growth. More specifically, binding of AmB with
ergosterol in the fungal cell membrane can lead to membrane
disruption and ultimately cell death.*®?* While leveraging
AmB’s ability to enhance siRNA penetration into fungal cells,
it is crucial to minimize its potential adverse effects on mem-
brane integrity, particularly to avoid off-target interactions of
AmB with cholesterol in mammalian cell membranes.>> We
added AmB to the initial organic solution in a molar ratio of
0.8:2:1:0.01 (DSPG:HSPC:Chol:AmB). The concentration
of encapsulated AmB was determined using high-performance
liquid chromatography (HPLC) according to calibration curves
of free AmB (Fig. S6, ESIf). To assess AmB’s impact on the
interaction between siRNA-loaded LIP and A. fumigatus, we
used DY547-siRNA for visualization. After 16 h of co-incu-
bation with A. fumigatus, weak signals were detected on the
fungal cell wall with LIP loaded solely with siRNA (LIP x
DY547-siRNA). In contrast, siRNA signals were observed inside
the fungal hyphae when LIP were co-loaded with AmB and
SiRNA (LIP x AmB x DY547-siRNA; Fig. S7, ESIT). Importantly,
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microscopy revealed that hyphal growth remained largely
unaffected by AmB (final concentration: 0.43 pg mL™"). These
findings indicate that the concentration of AmB in this formu-
lation effectively facilitated siRNA delivery but was likely too
low to inhibit fungal growth, explaining the lack of visible anti-
fungal effects. In comparison to previous approaches, cationic
multilamellar liposomes used for siRNA encapsulation showed
no accumulation of siRNA on the hyphal cell wall of
A. fumigatus,"* whereas our anionic LIP formulation (LIP x
siRNA) achieved slight accumulation on the hyphal cell wall.
Furthermore, using the cationic cell penetrating peptide PAF26
for siRNA conjugation allowed a small amount of PAF26 to
penetrate the fungal hyphae, while siRNA was only observed
on the fungal cell wall, co-localized with PAF26, indicating that
PAF26 cannot translocate siRNA into A. fumigatus.'* In con-
trast, our LIP x AmB x siRNA formulation successfully deli-
vered siRNA into the fungal hyphae, demonstrating the poten-
tial of anionic LIP, coupled with low-concentration AmB as an
adjuvant, to facilitate siRNA entry into fungal cells.

Encouraged by these results with non-targeting siRNA, we
explored functional siRNAs targeting three transcription
factor-encoding genes in A. fumigatus: hapB, hapX, and sreA.
The hapB gene encodes a subunit of the CCAAT-binding tran-
scriptional regulatory complex (CBC), regulating over a third of
the genome.*® Deletion of hapB results in severe growth
reduction®” and attenuated virulence.’® The hapX gene
cooperates with the CBC for adaptation to low iron environ-
ments, and its deletion also reduces virulence.?®*® While the
sreA gene is involved in iron regulation®® and is dispensable
for virulence, the double deletion of sreA and hapX is lethal to
the fungus.*® Additionally, double deletions of sreA with hapB
or hapX are lethal in Aspergillus nidulans, closely related to
A. fumigatus."® These findings led us to target both individual
and combined gene silencing for antifungal effects via siRNA
treatment.

In our initial screening, individual candidate siRNAs were
co-incubated with germinated spores of A. fumigatus for 24 h
at 37 °C in AMM, followed by RNA isolation and quantitative
real-time PCR (qRT-PCR) assessment of target mRNA levels,
using primers listed in Table S4 (ESIT). We selected siRNAs for
each target gene (hapB-1, hapX-3, and sreA-1; Table S27) that
achieved 40-50% mRNA knockdown (Fig. S8A, ESI}) but did
not visibly inhibit fungal growth. Given the role of these genes
in iron regulation, we tested the effect of switching from iron-
replete to iron-depleted conditions after 18 h. This led to a
transient and ambiguous delay in fungal growth on day 2 for
siRNA-treated samples (Fig. S8BY), confirming the siRNAs’
functionality, but without clear growth inhibition.

Next, we co-loaded functional siRNA with AmB into anionic
LIP (LIP x AmB x siRNA) and co-incubated siRNA targeting
hapB (hapB-1) with germinated spores of A. fumigatus for 18 h,
followed by a medium shift to AMM-Fe. On day 2, we observed
no visible hyphal growth in samples treated with LIP x AmB x
hapB-1, while those treated with scrambled siRNA (LIP x AmB
x hapB-S) or LIP x AmB showed comparable growth to PBS-
treated controls. By day 3, sporulation (generation of green
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spores) was evident in controls but not in treated samples,
although hyphal growth resumed. By day 4, growth differences
disappeared (Fig. 1A). We then tested combinations of indivi-
dually encapsulated siRNAs (Fig. 1B), finding that dual siRNA
treatment extended inhibition to 4 days, and triple siRNA treat-
ment to 5 days. In contrast, scrambled siRNAs or LIP x AmB
showed growth similar to controls. These results suggest that
targeting hapB, hapX, and sreA simultaneously is more
effective than targeting hapB alone or in combination with
hapX or sreA.

Building on these encouraging findings, we tested whether
a second dose of siRNAs could prolong antifungal effects.
Upon shifting to AMM-Fe, we included a second dose of
siRNAs. Two doses of hapB-1 with two scrambled siRNAs
extended antifungal effects to 5 days, while two doses of all
three functional siRNAs achieved effects lasting at least 10
days (Fig. 1C), underscoring the antifungal efficacy of repeated
dosing.

In initial experiments, growth differences were noted
between samples and controls even before shifting to AMM-Fe.
The medium change, involving a centrifugation step, likely
introduced bias: shorter hyphae might be removed from
samples, while longer hyphae tend to adhere more strongly to
the well bottom in controls. Additionally, the medium change
could also account for the temporary variations in growth inhi-
bition observed among triplicates (e.g., Fig. 1C, day 6, in the
group treated with LIP x AmB X hapB-1/hapX-S/sreA-S), as it is
difficult to completely prevent the removal of short hyphae
from each well, leading to some degree of variation among the
triplicates. To minimize bias and variation, we conducted sub-
sequent experiments solely in AMM, despite AMM-Fe better
mimicking the in vivo iron-restricted conditions encountered
by A. fumigatus.*!

To better monitor the antifungal effects of siRNAs, we
measured the optical density of fungal cultures at 600 nm
(ODggo).*> Following siRNA treatment, ODgoo at 37 °C was
monitored for at least 45 h (Fig. 2A). Controls treated with PBS,
LIP x AmB, and scrambled siRNAs showed detectable fungal
growth at 15 h, reaching saturation (ODg, above 1.0) between
40-45 h. Treatment with hapB-1 and two scrambled siRNAs
delayed growth detection to 35 h, while three functional
siRNAs extended this to 52 h. Monitoring ODgg, was extended
to 60 h for these two cases (Fig. 2B): in hapB-1 and scrambled
SiRNA treatments, ODgqo reached 1.0 at 60 h, but stayed below
0.2 with three functional siRNAs, indicating clear fungal
growth inhibition even in iron-replete conditions.

In all experiments mentioned above, we had utilized the
A. fumigatus strain A1160p+. To ensure broad applicability, we
tested the efficacy of LIP X AmB x siRNA on three clinical iso-
lates: Af293, D141, and ATCC46645, compared to A1160p+.
These strains are widely used in research and show varied viru-
lence.*® After siRNA treatment, growth inhibition was consist-
ent across all strains on day 2 (Fig. S9, ESIt). By day 3, while
growth resumed in A1160p+ and Af293 targeting hapB alone,
D141 and ATCC46645 showed minimal growth. Targeting
hapB, hapX, and sreA uniformly suppressed hyphal formation

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr03225j

Open Access Article. Published on 07 November 2024. Downloaded on 11/3/2025 2:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

A

\/(p

Pre-incubation in AMM for 6 h ((

Add siRNA, further incubation for 18 h .w
=3

i ™

Medium shift to AMM-Fe
(iron depletion)

0106|900

Day 5 Day 7
Y Y

W00 QOOE
0199010000000 00
010010001000100900e©

Day 10
2 Y]

View Article Online

Communication

LIP x AmB (28 ng/mL) x hapB-1/ hapX-3 / sreA-1

LIP x AmB (28 ng/mL) x hapB-1/ hapX-3 / sreA-S
LIP x AmB (28 ng/mL) x hapB-1 / hapX-S / sreA-1

LIP x AmB (28 ng/mL) x hapB-1/ hapX-S / sreA-S
LIP x AmB (12 ng/mL) x hapB-S / hapX-S / sreA-S
LIP x AmB (28 ng/mL)

PBS

LIP x AmB (28 ng/mL) x hapB-1 / hapX-3 / sreA-1 (2x)
| LIP x AmB (28 ng/mL) x hapB-1 / hapX-S / sreA-S (2x)
| LIP x AmB (12 ng/mL) x hapB-S / hapX-S / sreA-S (2x)
LIP x AmB (28 ng/mL) (2x)

PBS (2x)

Fig. 1 Antifungal effect of liposomes co-loaded with amphotericin B and functional siRNA (LIP x AmB X siRNA) on A. fumigatus strain A1160p+. (A)
After 6 h pre-incubation of fungal spores in AMM, LIP x AmB x hapB-1 (final concentration: approximately 1.5 nM) was added for an 18 h co-incu-
bation, followed by a medium shift to iron-depleted AMM (AMM-Fe). This delayed hyphal growth until day 2 and sporulation until day 3. Equivalent
concentrations of scrambled control (LIP x AmB x hapB-S) and AmB (LIP x AmB) did not inhibit fungal growth. (B) After 6 h pre-incubation of fungal
spores in AMM, LIP x AmB X siRNA formulations (final concentration: approximately 1.5 nM each, 4.5 nM in total) were added for an 18 h co-incu-
bation, followed by a shift to AMM-Fe. Targeting hapB, hapX, and sreA simultaneously prolonged the antifungal effect, compared to targeting hapB
alone, hapB + hapX, or hapB + sreA. (C) Following the same initial procedure, a second dose of siRNAs (final concentration: approximately 1.5 nM
each, 4.5 nM in total) was included upon shifting to AMM-Fe. Two doses of siRNAs targeting hapB, hapX, and sreA showed an antifungal effect for at

least 10 days.

across all strains, with the effect lasting until day 4 in D141
and ATCC46645 but resuming in A1160p+ and Af293. Overall,
our findings confirmed that the LIP x AmB x functional siRNA
formulations are effective across various A. fumigatus strains,
albeit with some variation in the duration of RNA knockdown.
This variation likely stems from differing growth rates of the
tested strains, as evident on day 2 in the PBS-treated controls
(Fig. S7t), where green spores appeared in the wells of
A1160p+ and Af293, while only mycelial growth occurred in
D141 and ATCC46645.

In summary, co-loading siRNA and AmB into anionic LIP
effectively delivers siRNA into fungal cells. Minimal AmB facili-
tates LIP crossing the fungal cell wall, enabling siRNA entry.
Targeting hapB, hapX, and sreA inhibited fungal growth across
four A. fumigatus strains for 3-4 days under iron-replete con-
ditions, reflecting the temporary nature of RNAi knockdown.
This study represents the first in vitro demonstration of

This journal is © The Royal Society of Chemistry 2025

siRNA’s antifungal potential against A. fumigatus, highlighting
RNAi-based gene silencing as a promising new strategy for
antifungal therapy. Furthermore, our strategy of targeting mul-
tiple regulatory genes simultaneously has proven effective, par-
ticularly with combinations that have been shown to be lethal
to fungi when deleted concurrently.

Further research should explore additional targets to extend
the antifungal effect or achieve a fungicidal outcome through
extensive gene expression perturbation. One promising avenue
involves targeting the 18 transcription factor-encoding genes
that play critical roles in A. fumigatus pathogenicity.** Our pre-
liminary data suggest that combining multiple target genes
could be the most effective strategy to enhance RNAi-based
antifungal efficacy. Additionally, due to cytotoxicity concerns
with AmBisome® to human cells,*® and the potential off-target
effects of siRNAs on human genes, which may not be fully
mitigated by targeting fungal-specific genes or avoiding hom-

Nanoscale, 2025, 17, 7002-7007 | 7005
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Fig. 2 Antifungal effect of LIP X AmB X siRNA under iron-replete con-
ditions. (A) & (B) After 6 h pre-incubation of fungal spores in AMM, LIP x
AmB X siRNA formulations (final concentration: approximately 1.5 nM
each, 4.5 nM in total) were added. ODggo measurements were taken at
37 °C at 10 min intervals (in triplicates). (B) Due to observed delays in
fungal growth, measurements were extended to 60 h to compare the
effects of siRNAs targeting hapB, hapX, and sreA simultaneously vs. tar-
geting hapB alone. A two-way ANOVA with multiple comparisons was
performed at each time point against the PBS-treated control group in
(A) and between the two groups in (B). Significant differences (****: p <
0.0001) are highlighted for the final time points (45 h in A and 60 h in B).
No significant difference was found between the PBS group (grey) and
the LIP X AmB X hapB-S/hapX-S/sreA-S group (blue) at 45 h (p = 0.67).

ologous mRNA regions, further optimization of our delivery
system is essential. For instance, incorporating a fungal-
specific ligand, such as dectin-1 (binds to B-glucans in the
fungal cell wall),>* could reduce off-target effects of both AmB
and siRNAs on host cells, thereby improving the safety profile
of RNAi-based antifungal therapies. Moreover, the need for
fungal-specific delivery systems extends beyond RNAI to other
RNA knockdown strategies, such as antisense oligonucleotides
(ASOs) that induce RNase H-dependent mRNA degradation,*®
and CRISPR-mediated interference (CRISPRi) utilizing dCas9
(a nuclease-deactivated form of CRISPR-associated protein 9)
to block transcription by binding temporarily to the gene’s
regulatory region.’”” ASO strategies have successfully silenced
mRNA in C. albicans; however, they exhibit toxicity to mamma-
lian cells at concentrations exceeding 40 nM,*® indicating
unspecific uptake. Similarly, CRISPRi has been successful in
gene knockdown in C. albicans, but is predominantly a tool for
genetic analysis and requires lithium acetate-based transform-
ation for fungal cell entry.*® Given these challenges, our future
research will focus on developing fungal-specific siRNA deliv-
ery strategies, which could also improve the clinical applica-
bility of the other RNA-targeting approaches mentioned.

7006 | Nanoscale, 2025,17, 7002-7007
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Conclusions

Co-loading siRNA and AmB into anionic LIP effectively delivers
siRNA into fungal cells. Targeting key fungal regulatory genes
with functional siRNAs achieves a clear growth inhibitory effect,
demonstrating the potential of this novel antifungal strategy.
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