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Abstract

broader horizons to improve patient survival rates.

Systemic infection with Candida albicans poses a significant risk for people with weakened immune systems and
carries a mortality rate of up to 60%. However, current therapeutic options have several limitations, including
increasing drug tolerance, notable off-target effects, and severe adverse reactions. Over the past four decades,

the progress in developing drugs to treat Candida albicans infections has been sluggish. This comprehensive
review addresses the limitations of existing drugs and summarizes the efforts made toward redesigning and
innovating existing or novel drugs through nanotechnology. The discussion explores the potential applications of
nanomedicine in Candida albicans infections from four perspectives: nano-preparations for anti-biofilm therapy,
innovative formulations of “old drugs” targeting the cell membrane and cell wall, reverse drug resistance therapy
targeting subcellular organelles, and virulence deprivation therapy leveraging the unique polymorphism of Candida
albicans. These therapeutic approaches are promising to address the above challenges and enhance the efficiency
of drug development for Candida albicans infections. By harnessing nano-preparation technology to transform
existing and preclinical drugs, novel therapeutic targets will be uncovered, providing effective solutions and

Introduction

Candida albicans is the most widespread fungal species
among human pathogenic. Candida albicans infections
is also a serious problem in intensive care units, where
it is the first most common pathogen isolated in patients
from Europe and the fourth in the USA [1, 2]. In recent
decades, there have been more than 600,000 cases of
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Candida blood infections worldwide each year, result-
ing in a mortality rate of over 60% [3, 4]. In the United
States, Candida albicans causes about 60,000 cases of
systemic infections each year, and the damage amounts
to 2 to 4 billion dollars [5, 6]. Candida albicans has a
broad spectrum of infections in the human body, rang-
ing from superficial mucosal and skin infections (such
as thrush, vaginal infection, and diaper rash) to deep
systemic infections (such as lung and spleen). Candida
albicans is generally harmless as a conditional patho-
gen in individuals with healthy immune systems and
maintains a balance with other members of the micro-
bial community in the body. However, when the micro-
biota of the host in our body changes (extensive use and
abuse of antibiotics) and the immune response of the
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host changes (stress, immunosuppressive therapy or che-
motherapy), this promotes the excessive proliferation of
Candida albicans, leading to its transformation from the
symbiotic state to the pathogenic state. Nowadays, the
probability of opportunistic fungal infection is increas-
ing due to the increasing number of patients with weak
immune function who are undergoing organ transplanta-
tion, chemotherapy, antibiotic therapy, and immunosup-
pressive drugs (dexamethasone and IL-6 inhibitors, etc.).
AIDS patients, patients in intensive care, and diabetics
have an increased risk of Candida albicans infection. In
the COVID-19 epidemic, many critical patients were also
infected with Candida albicans [7-9]. At the same time,
Candida albicans infection exacerbates existing diseases,
such as leukemia or AIDS, which led to a mortality rate
of 32% for fungal infections [4].

The antifungal drugs that can be used to treat Can-
dida albicans infection currently include polyenes,
azoles, and echinocandins [10]. Amphotericin B (AmB),
which is mainly used as a polyene drug, should be used
with caution due to its severe nephrotoxicity and hepa-
totoxicity although it has a good therapeutic effect [11].
Azoles can be divided into two subcategories according
to their chemical structure: Imidazoles, such as clotrim-
azole, ketoconazole and miconazole; triazoles, such

asfluconazole, itraconazole, voriconazole and posacon-
azole. Local application of imidazole drugs is used to
treat mucosal candidiasis, while triazole drugs are gener-
ally used to treat mucosal and systemic infections caused
by Candida albicans [12]. Echinocandins, which mainly
include caspofungin, micafungin, and anidulafungin, can
inhibit B-(1,3)-D-glucan synthase (an enzyme involved
in fungal growth) and then inhibit the production of
B-(1,3)-D-glucan, leading to loss of stiffness of the fun-
gal cell wall and cell lysis. In recent years, it is of concern
that the resistance of Candida albicans to echinocandin
is increasing in the clinic (Table 1) [13, 14].

Almost all existing clinical antifungal drugs have some
drawbacks, such as drug resistance, off-target effects,
high toxicity and side effects, and poor combination
efficacy. Antifungal drug resistance is not only caused
by clinical drug abuse but also by long-term contact
with drugs in daily life. Many antifungal drugs (such as
triazoles) are sprayed as pesticides on crops, directly or
through meat food, and eventually enter the human body
through the food chain [15]. Therefore, the rapid devel-
opment of drug-resistant strains and the limited number
of promising antifungal drugs are two major problems
hindering the treatment of infection [16]. In the last
forty vyears, scientific research and pharmaceutical
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Table 1 Existing antifungal drugs

Antifungal Target  Mechanism Disadvantages Timeto
Agent of Action Market
Clotrimazole  CYP51 Impair- Drug resistance, 1975
Fluconazole ment of cross-resistance, 1989
ltraconazole cytochrome  hepatotoxicity. 1992
Miconazole P45_0_ 1994
i activity and

Voriconazole decreased 2002

ergosterol

synthesis
Nystatin Ergosterol Extraction of Renal toxicity 1955
Amphoteri- €rgos- 1963
cinB terol from

fungal cell

membrane
Capofenjin 1,3-3-D-  Inhibition of Patients with poor 2001
Micafenjing ~ 9lucan synthesis of  adaptability 2002
Anidulafungin Synthase  1,3-8-D- 2006

glucan
5-Fluorocyto- DNA syn- Inhibition of = Serious drug 1971
sine thetase  fungal DNA  resistance

synthetase

development have made great progress worldwide, but
only echinocandins have entered clinical practice during
this time. Compared with the development of antifungal
drug resistance, the pace of research and development
of new antifungal drugs is really far behind. Although
there are some other new drugs against Candida albicans
in clinical trials, the antifungal activity, side effects and
cross-resistance caused by targeting common drug tar-
gets have become difficulties for developers [17]. There
is a $13 billion market for antifungal drugs worldwide,
but due to high drug resistance and the lack of selective
targets for antifungal drugs, large pharmaceutical com-
panies have always been skeptical about the commercial
viability of developing drugs against Candida albicans.

In this case, we urgently need to develop new targets
for treatment and improve traditional treatment methods
to increase the efficacy of drugs, reduce the side effects
of drugs, and figure out the problem of drug resistance.
The stagnation in the development of new antifungal
drugs also indicates that we need to pay more atten-
tion to the modification of the existing dosage forms of
antifungal drugs and some physical and biological treat-
ments. The application of nano-agents in anti-Candida
albicans therapy began in the 1990s, with the best-known
products being AmB liposome. AmB encapsulated in
liposomes reduces its filtration from the renal tubules
and its accumulation in the kidney, effectively reducing
the potent nephrotoxicity of AmB [18, 19]. Nano-carrier
drug delivery systems can be made of various materials
(lipid, polymer, protein, metal, and inorganic materials,
etc.). They can realize cross-barrier transport through
various mechanisms, which can optimize the delivery
of drugs to diseased sites, such as infection. At the same
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time, they can minimize the distribution of non-tar-
get drugs, improve the solubility and stability of drugs,
deliver multiple drugs synergistically, improve bioavail-
ability, mediate sustained or controlled release of drugs,
and improve treatment efficacy [20]. Given the difficul-
ties encountered by anti-Candida albicans drugs, nano-
preparation technology could provide us with further
ideas and solutions. It can increase the accumulation of
drug lesions, specifically identify Candida albicans, and
specifically distribute them to subcellular organelles in
Candida albicans cells, providing a breakthrough solu-
tion to the current difficulties [21].

Based on the problems of drug resistance, serious side
effects and off-target effects of drugs, and the advantages
of high efficiency and low toxicity of nano drugs, this
paper mainly summarizes the nano preparations against
Candida albicans and then develops new targets for
treatment. This article primarily discusses the possible
applications of nano-preparations in Candida albicans
infections from the following points of view: Nano-prep-
arations for anti-biofilm therapy; innovative dosage forms
for conventional drugs targeting cell membranes and
cell walls; reverse drug resistance therapy targeting sub-
organelles (nucleus, mitochondria, endoplasmic reticu-
lum, proteasome, and extracellular vesicles) of Candida
albicans; treatment based on polyphasic virulence depri-
vation. We emphasize investigating the intricate inter-
play between nano-drugs and cells, specifically tailored
to the unique characteristics of Candida albicans cells.
This approach transcends the conventional focus solely
on the antifungal properties of nanomaterials, offering
a fresh perspective that aligns with cellular dynamics.
At the same time, we focus on Candida albicans itself
rather than all pathogenic fungi. It enables us to uncover
superior treatment strategies and insights, advancing our
understanding and approach to therapy [22-26]. The
nanotechnology has great potential to overcome drug
resistance, enhance therapeutic effect, improve targeting
of lesions, mitigate side effects and support existing clini-
cal and preclinical experimental drugs to improve the
health of patients with Candida albicans (Fig. 1).

Anti-biofilm therapy

The biofilm is the outermost structure of fungi in contact
with the external environment, and it is also an impor-
tant reason for the mediation of fungal drug resistance.
The biofilm consists of a syntrophic collective of micro-
organisms, whereby the embedded cells can adhere to
each other. These cells within the biofilm produce the
extracellular polymeric substances (EPS), which are typi-
cally a polymeric combination of proteins, extracellular
polysaccharides, lipids and DNA. Extracellular matrix
protects the fungi from immune reactions and antifun-
gal agents [27, 28]. A common feature is that biofilm is
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Fig. 1 Schematic overview of the targeted drugs for the treatment of Candida albicans infections discussed in this article. These targeted nanomedicines
primarily target different organelles within Candida albicans. The outermost layer shows the mechanism of action of the individual targeted drugs on the

respective organelles

highly resistant to chemical and physical killing by drugs,
as the biofilm matrix can limit the penetration of antibi-
otics and other drugs and prevent them from reaching
the embedded cells [29, 30]. The latest research shows
that killing bacteria in biofilm requires a 1000 times
higher dose of antibiotics than killing bacteria in suspen-
sion 31, 32].

The biofilm is also an important structure of Candida
albicans infection in vivo. Candida albicans can form a
highly structured biofilm that protects the fungal patho-
gens from identification and attack by the host’s immune
system [33]. In addition, Candida albicans can also trap
drugs in dextran-rich matrix, significantly reducing the
effective concentration of drugs [34]. The resistance of
Candida albicans in biofilm to antifungal drugs such
as AmB, fluconazole, itraconazole and ketoconazole is
30~2000 times higher than that of planktonic cells [35].
Therefore, antifungal drugs in traditional therapy can
hardly eliminate the fungal pathogens in the biofilm, and
there is limited clinical evidence for biofilm eradication.

Achieving an acceptable therapeutic effect by high-dose
or long-term antimicrobial chemotherapy usually leads
to severe side effects [26, 36].

Given the major influence of the biofilm on the drug
resistance of Candida albicans, it is worth paying atten-
tion to breaking through the barrier of the biofilm to
improve the therapeutic effect of existing antifungal
drugs. Photodynamic therapy (PDT) means that the pho-
tosensitizer can generate reactive oxygen species (ROS)
under light irradiation of a specific wavelength. ROS can
oxidize and destroy extracellular polymeric substances
and other biological macromolecules such as phospholip-
ids, enzymes, and proteins, effectively inactivating patho-
genic microorganisms [37, 38]. PDT has emerged as one
of the most promising methods for treating infectious
agents, offering remarkable advantages such as negligible
drug resistance, high space-time control and low side
effects [39]. It has been found that nanoparticle-based
photodynamic therapy can effectively destroy biofilm
of Candida albicans by disrupting the quorum sensing
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of albinism. Oligo-chitosan (OC) is normally positively
charged, while the lipid layer on the surface of Candida
albicans is negatively charged. The nanoparticles deco-
rated with chitosan are more easily adsorbed on the
surface of Candida albicans. Tang et al. found that chi-
tosan-modified photodynamic nanoparticles (NaYF4@
NaGdF4@PpIX-OC and BaGdF5@PpIX-OC) exhibited
better binding efficiency to planktonic cells and stronger
drug penetration ability compared to unmodified chito-
san nanoparticles, thus showing a stronger inhibitory
effect on early biofilm formation. NaYF4@NaGdF4@
PpIX-OC and BaGdF5@PpIX-OC destroy lipids, pro-
tein and DNA molecules in the biofilm structure through
the production of ROS. On the other hand, NaYF4@
NaGdF4@PpIX-OC and BaGdF5@PpIX-OC also showed
the ability to regulate the quorum sensing molecules
tyrosol and farnesol Fig. 2A-B) [40]. Farnesol and tyro-
sol are typical quorum-sensing molecules of Candida
albicans that are secreted into the extracellular micro-
environment. Tyrosol can promote the growth of hyphae
and the formation of biofilms, while farnesol can inhibit
this process [41]. Photosensitizer Rose Bengal (RB) can
also produce ROS to destroy the biofilm of Candida albi-
cans. Maliszewska et al. synthesized gold nanoparticles
(AuNPs) which can be engineered to possess chemical or
photothermal functionalities and enhance photodynamic
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antimicrobial chemotherapy. The AuNPs were synthe-
sized by exposure of AuCl,-ions to the cell-free filtrate
of PenicilliumfuniculosumBL1, were chosen to enhance
the efficiency of the photoinactivation of planktonic and
biofilm cultures of Candida albicans. After 30 min of
Xe light irradiation, the killing rate of the RB combined
AuNPs group was 97.04% in biofilm, while that of the
RB group was 74.73% [42]. Compared to bacteria, fungi
have a denser biofilm, which can increase the penetra-
tion resistance of nanoparticles. Therefore, nanoparticles
of smaller size (10-50 nm) can better deliver drugs to
infected sites.

Nanoparticles, especially metal particles, have good
adhesion and biocompatibility and can be used as an
effective drug delivery system to increase the efficacy
of drugs and reduce side effects. Therefore, the load of
some drugs against fungal biofilm into metal nanopar-
ticles can achieve synergistic and attenuated side effects
and has become a common method for the treatment of
microbial pathogens [24]. Nazia et al. formed Fu-AuNPs
by loading fucoidan, a marine derivative previously found
to have a killing effect on Candida albicans, into gold
nanoparticles. Gold nanoparticles have good chemical
stability, can destroy the cell membrane, release ROS and
metal ions. The integration of drug with gold nanopar-
ticles not only plays a synergistic role in antifungal
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Fig. 2 (A) Schematic illustration of Chitosan-modified photodynamic nanoparticles destroying biofilm. (B) Inhibition efficiency of biofilm formation with
PDT. The biomass was measured immediately after PDT (+ Laser) and 21.5 h after PDT (+ Laser + 24 h). Reproduced with permission [40]. Copyright 2023,
American Chemical Society. (C) Schematic illustration of MLPGA antifungal strategy assisted by targeted degradation exopolysaccharides in the biofilms.
(D) 3D confocal images of SYTO 9 stained mature Candida. albicans biofilms after different treatments. Reproduced with permission [46]. Copyright 2022,

Wiley-VCH



Gao et al. Journal of Nanobiotechnology (2024) 22:568

activity, but also has good surface modifiability, which
can enhance the activity of many antibiotics through
a multivalent effect [43, 44]. Fu-AuNPs can effectively
destroy the biofilm generated by the group interac-
tion and thus effectively enhance the therapeutic index
of drugs [45]. He et al. constructed lyticase and gallium
ions nano-system (MLPGA), where lyticase can degrade
extracellular polysaccharides in mature biofilm, such as
1,3-B-glucan. After the biofilm is destroyed, gallium (III)
ions (Ga (III)) can enter the cells of Candida albicans.
The radius of Ga (III) is almost the same as that of Fe, and
it can act as a “Irojan horse” to simulate Fe. Ga (III) has
no function of nutrient supply, so the invade of Ga (III)
can block the iron metabolism of Candida albicans. The
abundant ROS produced by MLPGA interfered with the
transcription of genes related to antioxidants, extracel-
lular polysaccharides, iron ions related pathway, biofilm
development and virulence. Finally, MLPGA effectively
eliminated the mature biofilm and killed the planktonic
cells (Fig. 2C-D) [46].

Metal nanoparticles have helped many anti-biofilm
drugs to improve their efficacy in the treatment of Can-
dida albicans infection through their antifungal benefits
and unique physical properties. However, the shortcom-
ings of strict preparation conditions and high production
costs hinder the large-scale clinical application of metal
nanoparticles. At the same time, it should not be over-
looked that metal particles also have a certain physical
toxicity, so more caution is required when selecting mate-
rials. In addition, the complex antifungal mechanism of
inorganic nanoparticles needs further investigation.

Nano-preparations can empower many new drugs
with satisfactory biofilm inhibition through their strong
targeting ability and penetration ability. The collapse
of biofilm can attenuate the drug resistance of Candida
albicans. Nano-agents can integrate various benefits and
inhibit biofilm growth in multiple ways. In this way, more
promising compounds can become an effective and safe
drug.

Innovative formulations of drugs targeting cell
membrane and cell wall

The cell wall and cell membrane are the key factors in
maintaining the structural integrity of Candida albicans,
which are currently targeted by three types of clinical
antifungal drugs to combat Candida albicans. Azoles
inhibit the activity of 14-a-demethylase (CYP51) by bind-
ing to the heme group in its active site, thus blocking the
synthesis of ergosterol, a key component of the fungal
cell membrane, and exerting an antifungal effect [47].
The traditional view is that polyene drugs bind directly
with ergosterol and form a drug-lipid complex that is
introduced into the cell membrane of the fungus, leading
to leakage of intracellular components and eventual cell
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death. However, this theory has also been challenged in
recent years by structural and biophysical research. The
latest research results show that AmB extracts ergosterol
from the fungal cell membrane by forming extracellular
aggregates that act like a “sterol sponge” [48]. Echinocan-
dins exert an antifungal effect by destroying the cell wall,
which is not present at all in mammalian cells so that they
also have good fungal specificity. Echinocandins prevent
the synthesis of (1,3)-p-D-glucan by inhibiting (1,3)-p-D-
glucan synthase leading to a loss of cell wall integrity and
severe cell wall stress [49].

However, the adaptive mechanisms for inactivating
these drugs, such as alteration of the drug target, over-
expression of the efflux pump and the stress response
of the cells, lead to the drug resistance in clinical
infections(Fig. 3) [50, 51]. In addition, the serious side
effects of antifungal drugs have always limited their
use. AmB, for example, can easily bind with cholesterol,
resulting in high nephrotoxicity and inability to clear
Candida albicans [52]. The optimization of existing anti-
fungal drugs with the help of nanotechnology is therefore
a timely and feasible way to solve the problem of high
toxicity and drug resistance of existing drugs.

The cell membrane module represents an innova-
tive biomaterial and drug delivery system. By decorat-
ing nanoparticles, the cell membrane empowers them to
evade immune recognition, enhance their systemic cir-
culation lifespan, target recognition of pathogenic fungi
and neutralize toxins in combating Candida albicans
infections. These advantages make this transformational
approach a promising strategy for treating Candida albi-
cans infections [53-55]. Xie et al. encapsulated AmB
with cationic liposomes and decorated with red blood
cell (RBC) membrane to obtain RBC-LIP-AmB. Patho-
genic fungi can interact with host red blood cells, so
RBC-LIP-AmB is able to recognize Candida albicans and
neutralize the blood toxin (Fig. 4A). Domain of key trans-
membrane receptors within the cell membrane and the
corresponding peptide as a specific ligand, specifically
connecting the surface of ligand-modified nanoparticles
with the inner side of the cell membrane. The modifica-
tion ensures that the cell membrane has the correct ori-
entation and improves the targeting effect of AmB while
attenuating the toxicity of the drug [56]. Due to their
intrinsic expression, biomimetic nanoparticles derive the
expression of cell membrane receptors that can perform
target recognition, toxin neutralization, and immune
regulation [57, 58]. For example, the pattern recognition
receptors (PRRs) on immune cells can identify the patho-
gen-associated molecular patterns (PAMPs) in fungi.
PRRs such as dectin-1, dendritic cell-specific ICAM-
grabbing non-integrin (DC-SIGN) as well as TLR2 and
TLR4 interact with PAMPs such as B-glucans, N-man-
nan and O-mannan, respectively [59, 60]. The targeted
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Fig. 3 Schematic illustration of the most important resistance mechanisms of current drugs in Candida albicans infections. Mutations in certain genes,
including the ERG and FKS genes, result in alterations to the drug targets encoded by these genes. Additionally, mutations in two specific transcription fac-
tors trigger the upregulation of ABC transporters and MF transporters, ultimately leading to the overexpression of the drug efflux pump. Over-expression
of genes leads to an increase in the number of targets for drugs, such as ergosterol, thereby diminishing the therapeutic effectiveness of the drugs. When
drugs act on the cell membrane, it generates pressure, and this cell membrane stress can also impact certain regulators and upregulate certain genes,

thereby promoting drug tolerance

therapy of fungal pattern recognition receptors has also
led to encouraging results. The Dectin-1-coated lipo-
some AmB improved the antifungal ability of the drug
and attenuated the toxicity of the drug [61]. Existing
drugs are meticulously engineered into a precision bullet
through the innovative fusion of bio-bionics, advanced
material science, and cutting-edge technology. This tar-
geted approach ensures the drugs strike the intended
target with unprecedented accuracy, enhancing drug uti-
lization efficiency while safeguarding healthy tissues from
unnecessary exposure.

Stimuli-responsive drug delivery systems represent a
pivotal strategy in achieving precise drug administration.
These systems discern the environmental stimuli signals,
such as variations in pH, ionic strength, redox condi-
tions, and the presence of specific proteins or enzymes,
and consequently decide on the release of drugs. These
signals induce conformational alterations in nano-carri-
ers, modulate the interactions between drugs and their
carriers, and even disrupt the structural integrity of the
carriers, thereby facilitating precise and controlled drug
release [62, 63]. Park et al. have also developed a novel
carrier system for AmB based on pH-sensitive and
redox-sensitive polymers functionalized by coupling
with the antifungal peptide histatin 5. As a new ligand,
the antifungal peptide histatin 5 specifically targets fun-
gal pathogens in infected animal models, making it both
a targetable ligand and a synergistic antifungal molecule
against Candida albicans (Fig. 4B). The infection site,
characterized by an acidic environment, induces a verti-
cal orientation of the histidine 5 peptide. This structural

transformation enables the active form of histidine 5 to
target Candida albicans with precision. Additionally, the
immune cells residing at the site of infection, in response
to oxidative stress, produce substantial quantities of glu-
tathione and thioredoxin. These molecules disrupt the
redox-sensitive disulfide bonds of particles, ultimately
triggering the release of AmB. The pH reaction and the
redox-sensitive drug carrier improve the accuracy of
drug delivery and achieve lower clinical dosing, which
plays a role in improving drug efficacy and reducing tox-
icity [64, 65].

Interestingly, it has been shown that nanomaterials can
also act on the cell wall and cell membrane of Candida
albicans in addition to modifying existing drugs. This
has developed into a powerful weapon against Candida
albicans infection. Chitosan nanoparticles with positive
charge can bind to fungal cell walls and cell membranes
with negative charge, which will lead to increased per-
meability of cell envelopes and leakage of cytoplasmic
contents from the cells, including ions and protein [66].
Since chitosan is poorly soluble, the solubility in physio-
logical environment can be improved by preparing chito-
san into nanoparticles. Adding chitosan to nanoparticles
also increases the surface-to-volume ratio, resulting in an
increase in positive charge density at the surface, stron-
ger and more frequent association with cell walls and
membranes, and increased antifungal activity [67]. Ag*
is widely used in many antifungal materials because Ag*
can combine with negatively charged inorganic anions,
proteins and other molecules to disrupt the growth of
Candida albicans. Only at a certain concentration can
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they exert an antifungal effect, while the strong cyto-
toxicity also limits their clinical application. Nano silver
cannot be easily inactivated due to its particulate prop-
erties, and its controlled release also makes it unneces-
sary to use a large dose at one time. The properties of
nano-silver solve the problems of silver ions skillfully, so
it is also promising for clinical antifungal treatment. In
addition, with the continuous research on nano-silver,
it is gradually found that the antifungal effect of nano-
silver is antagonistic to Candida albicans through vari-
ous mechanisms. Radhakrishnan et al. found that silver
nanoparticles (AgNPs) can produce dose-dependent
ROS, which can alter the surface morphology, cell ultra-
structure, membrane fluidity, ergosterol content and fatty
acid composition, thus damaging the cell membrane
of Candida albicans. ROS can destroy the cell wall and
cell membrane of fungi. In addition to nano-silver, metal
nanoparticles such as zinc oxide, gold, iron oxide (Fe;O,)
and titanium oxide (TiO,) can also generate ROS, which
can be used to combat fungi [68—71]. This destruction
leads to an increase in the permeability of the fungi and
the loss of cytoplasm contents, which leads to the death
of the fungi [72]. Ashraf et al. synthesized silver, copper,
and chitosan nanoparticles individually, and then copper-
silver-chitosan nanocomposite was synthesized. Chitosan
nanoparticles were inserted in the polymer matrix and
dispersed on the superficies of the prepared bio-nano-
composites. Chitosan helps nanocomposite adhere to the
cell wall and membrane, and then silver nanoparticles
and copper nanoparticles play an antifungal role. Com-
pared with other combinations, this nanocomposite has
the best anti-Candida albicans effect. The therapeutic
effects of the investigated nanocomposite are comparable
to AmB as a standard material [73, 74].

The lipid bilayer of liposomes containing antifungal
drugs can rapidly fuse with the plasma membrane of
microbial cells so that a high concentration of drugs can
be released into the plasma membrane or cytoplasm of
microorganisms at one time. In this way, liposomes can
bypass the resistance mechanism of poor drug uptake,
resulting in faster drug release and higher drug concen-
tration in the cytoplasm. When present in saturated con-
centration, the drug can overcome excretion through the
transmembrane pump, reducing the loss of the drug from
the microbial cells. Therefore, liposomes also overcome
the mechanism of drug resistance led by the efflux of the
drug [75, 76]. Some materials are used as agents against
Candida albicans, and their own properties play a major
role. These materials can also be processed into nano-
sized particles, which help the materials to improve the
bioavailability and stability, and overcome their toxicity.

The cell walls and cell membranes are the target of the
most drugs against Candida albicans. The cell wall, which
does not exist in the host cell, is unique to eukaryotes.
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The emergence of resistance and the complex resistance
mechanism pose a major challenge for current anti-Can-
dida albicans drugs. If the anti-Candida albicans drug is
limited to the target at the cell wall and cell membrane, it
will bring many unpredictable problems, such as “super
fungi” At the same time, some drugs that can attack the
cell membrane of the fungus will almost inevitably have
an impact on the cell membrane of normal tissues. The
optimization of existing drugs in terms of their structure
or dose form will improve drug performance or develop
new targets on cell walls and membranes. How to use
nanotechnology to help drugs overcome obstacles and
enter the cell is worthy of our further investigation.

Emerging targets-subcellular organelles

The main difference between Candida albicans and com-
mon bacteria lies in its eukaryotic properties, and the
structural features and physiological functions of fungal
pathogens are more similar to those of their hosts [77].
Saccharomyces cerevisiae as a eukaryotic model is due,
for example, to the fact that many basic biochemical and
cellular biological processes have been transferred from
fungi to humans, and that many active molecules that
have pharmacological effects in yeast are also effective in
humans. Therefore, the three types of clinical antifungal
drugs are also limited to the unique structure of fungi
as mentioned above [78]. The molecular structure and
expression level of fungal receptors are easily altered by
fungal mutations, which impairs the affinity of antifun-
gal drugs to them. This problem becomes increasingly
difficult the longer current clinical antifungals are used
[79, 80]. Therefore, it is particularly important to look
for some conservative antifungal targets that cannot be
easily mutated. Subcellular organelles in fungi are better
suited as therapeutic targets for super-fungi, such as fun-
gal mitochondria, nuclei, the endoplasmic reticulum and
extracellular vesicles (Fig. 5). When a mutation occurs,
the conservative properties of the subcellular organelles
(such as structure and composition) are not easily altered
[81]. Compared to molecules that are randomly distrib-
uted in the cytoplasm, drug molecules concentrated in
subcellular compartments are more difficult to excrete,
which improves the bioavailability of drugs while reduc-
ing the development of drug resistance [82, 83]. There-
fore, subcellular organelles are promising targets for the
development of organelle-specific antifungal therapy that
has a satisfactory killing effect and can reduce the risk of
antifungal drug resistance.

Nucleus

Flucytosine is one of the most common drugs used to
target fungal nuclei. Flucytosine enters the cell nucleus
through a cytosine permease found only in fungal cells
and is converted to fluorouracil, which replaces uracil
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Fig. 5 Schematic illustration of main organelles in Candida albicans as antifungal targets and their physiological functions

in the fungal DNA, thus blocking DNA synthesis [84].
However, the alteration of cytosine permease (encoded
by FCY2) and the mutation of deaminase (encoded by
FCY1) in Candida albicans lead to the increasing drug
resistance of flucytosine [85]. If flucytosine is used alone
in antifungal therapy, the fungi will acquire a strong resis-
tance to the drug in a short time. Therefore, flucytosine is
mainly used in combination with AmB in clinical appli-
cations [86]. Faced with the stubborn drug resistance
of flucytosine, researchers began to take a fresh look at
drugs targeting fungal DNA synthesis and developed the
corresponding nano-agents against Candida albicans.
Among them, nitroxide-releasing nanoparticles take
this as the main target and eliminate Candida albicans
by three mechanisms. Firstly, when the concentration of
released NO rises above 1mM, reactive nitroxide catego-
ries (RNOS) with antifungal activity are formed, which
react with the amino acid residues cysteine, methionine,
tyrosine, phenylalanine and tryptophan of the Candida
albicans protein, especially the plasma membrane pro-
tein. Secondly, RNOS causes direct nitrosation damage
to DNA, including chain breaks, formation of non-alka-
line sites and deamination of cytosine, adenine and gua-
nine. Increased production of H,0O, and alkylating agents
induced by RNOS in turn destroys DNA. DNA repair
enzymes can also be inhibited by RNOS. Finally, when
present at a high enough concentration, RNOS irrevers-
ibly binds to Fe (II) from heme, resulting in the removal
of heme from proteins and depletion of Fe in cells. RNOS
can also inactivate zinc metalloproteins and thus inhibit
microbial cellular respiration. In addition, NO can stimu-
late the innate immune response, activate macrophages
and promote the production of cytokines, thus inhibiting
Candida albicans invasion [87, 88].

Mitochondria

Mitochondria play a central role in the morphological
changes, virulence and drug resistance of fungi and are
considered the fatal weak point of fungi. Compared to the
model yeast Saccharomyces cerevisiae, the mitochondria
of fungal pathogens are different [89]. The function of the
electron transfer chain (ETC) in the mitochondria influ-
ences the pathogenicity of Candida albicans and includes
many aspects: the growth and development of the fun-
gus, the sensitivity to drug, the immune response of the
host and the transformation of the yeast into hyphae [90].
There are more than 1,000 proteins in the mitochondria,
most of which are encoded by the cell nucleus and are
highly conserved [91]. Therefore, mitochondria are con-
sidered as suitable target organelles for killing fungi [81,
83, 92]. In recent research, Zhou et al. have developed a
type of photodynamic therapy using mitochondria-tar-
geted luminophores (AIEgens) with aggregation-induced
emission properties. They chose a photosensitizer with
a cationic charge and suitable hydrophobicity, which is
more likely to target the mitochondria of eukaryotic cells.
The cationic AIE photosensitizer is able to distinguish
Candida albicans cells from normal cells due to the dif-
ferent surface membrane potentials of fungal and mam-
malian cells. Toxic 'O, is produced in the mitochondria
of Candida albicans, which destroys the integrity of the
mitochondria and Kkills Candida albicans. Therefore,
this photodynamic therapy can target fungal mitochon-
dria without damaging normal mammalian cells [39, 93].
Metal nanoparticles with multiple functions can also
eliminate fungi by targeting mitochondria. It has been
found that gold nanoparticles can interact with fun-
gal mitochondria, leading to inappropriate reduction of
molecular oxygen during adenosine triphosphate (ATP)
synthesis through coupled proton and electron transfer
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reactions and destruction of mitochondrial membrane
[94]. Studies have also found that nano-silver can pro-
duce ROS in fungal cells, which can lead to a significant
change in the redox situation of fungi and induce the
decrease of mitochondrial membrane potential, causing
the death of fungi [95].

In the development of antifungal agents, some com-
pounds have also emerged that can act directly on the
mitochondria. McLellan et al. found that the com-
pound ML316 can selectively inhibit the mitochondrial
phosphate carrier Mirl in fungi and then reduce mito-
chondrial oxygen consumption, leading to an unusual
metabolic catastrophe in which ATP production is inhib-
ited and fungal death [96]. Arylamidine drug T-2307
accumulates in yeast cells via specific polyamine trans-
porters, inhibits complexes III and IV of the respira-
tory chain and destroys the mitochondrial membrane
potential of yeast. In addition, it can selectively destroy
the mitochondria of pathogenic fungi without visible
effects on the mitochondrial function of rat liver. Sur-
prisingly, this drug has better efficacy than echinococcin
against echinococcin-resistant fungi. The drug is cur-
rently in clinical phase II [97, 98]. Currently, the effect of
these compounds on drug-resistant fungi is particularly
impressive, but general compounds could have some side
effects while naturally targeting the mitochondria. Care-
ful safety considerations and appropriate modification
of the dosage form are therefore required to ensure that
active substances targeting the mitochondria can really
be used clinically.

One of the main problems with drugs that attack
organelles is that it is difficult for ordinary drugs to pen-
etrate cell walls and cell membranes and act on intra-
cellular organelles at the same time. Many biological
medicines can also show their unique advantages in this
situation. Wu et al. were inspired by the cell-penetrating
peptide octaarginine and expanded it to 28 residues poly
(D, L-homoarginine) to achieve effective toxicity against
fungi. The positive charge-shielding effect and partial
zwitterionic structure induced by a certain amount of
L-glutamic acid effectively reduce the normal cytotoxic-
ity of polypeptide polymers and the interaction between
polypeptide polymers and plasma proteins to avoid pro-
tein aggregation/precipitation. Polypeptide polymers
effectively penetrate the membrane structure of Can-
dida albicans, accumulate in the cytoplasm, destroy the
structure and integrity of the Candida albicans nucleus
and lead to the release of important contents such as
DNA or protein. At the same time, the mitochondria is
also destroyed. Polypeptide polymers therefore directly
destroy the organelles, show strong antifungal activity
and do not easily develop drug resistance [99]. In addi-
tion, an antifungal peptide, Histatin5, can also penetrate
the membrane along the potential into the cell, act on the
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mitochondria, cause ATP efflux without cell lysis, inhibit
mitochondrial respiration and destroy the integrity of
mitochondrial membrane, and finally cause the death of
Candida albicans [100].

Mitochondria is important sites for the nutrient
metabolism of fungi. Starvation therapy has been widely
researched in tumor treatment by interrupting the sup-
ply of nutrients to the tumor cells [101]. It is also fea-
sible to apply this idea to the treatment of Candida
albicans infections. Previous studies have shown that
there are many antifungal targets in the glucose metabo-
lism of Candida albicans [102]. By inhibiting some vital
enzymes, the energy intake of Candida albicans can be
effectively suppressed. Impairment of a-glucosidase, acid
trehalase, trehalose-6-phosphate synthase and class II
fructose diphosphate aldolase confers antifungal activi-
ties to some inhibitors. Energy metabolism plays an
important role in the virulence of Candida albicans. For
example, glycolysis is upregulated for improved virulence
during renal infection. During systemic infection in mice,
mutants with limited glycolytic flux are not toxic. These
results also show that Candida albicans adapt better to
the environment through metabolism [102, 103]. In most
cases, glucose is the preferred carbon source for Candida
albicans. However, when Candida albicans colonizes,
there is often a glucose deficiency. In this case, Candida
albicans adapt to the glucose deficiency by using lac-
tic acid, amino acids and N-acetylglucosamine. Mutants
of related genes in these metabolic pathways have been
shown to have low virulence [104, 105]. Furthermore, if
Candida albicans uses oleic acid rather than glucose as
a carbon source, its ability to cause a systemic infection
is reduced [106]. Ji et al. showed that glucose oxidase
(GOX)-modified MNPs (GMNPs) have high activity
against Candida albicans. GOX consumes oxygen upon
contact with Candida albicans biofilm and the induced
ROS can destroy the dense biofilm matrix. In addition,
GOX can block the metabolic pathway by consuming
oxygen and glucose, thus “starving” Candida albicans
[107]. However, when Candida albicans successfully
invades the host, Candida albicans is exposed to blood
containing 0.05-0.1%(3-5mmol/L) glucose or phagocytes
containing extremely low glucose, both of which are
far below the glucose concentration (1-2%) commonly
used for yeast cultures in the laboratory [108]. This also
shows that Candida albicans has a strong ability to adapt
to changes in the glucose level in the environment. It is
therefore difficult to distinguish whether the increase
in drug effect due to the above-mentioned particles is
a metabolic obstacle or other reasons. In addition, the
iron metabolism of fungi is now also on everyone’s lips.
VL-2397, a structural analog of the iron carrier, replaced
the iron carrier, which contains the element iron, and
entered the fungi. It enters the fungi by active transport
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via the siderophore iron transporter 1 (Sitl) and thus
inhibits the fungi’s iron metabolism. Sitl is not found in
mammalian cells, so the drug has good fungal specific-
ity and safety. The drug is currently in clinical phase II
research [109, 110]. There are currently few studies on
the metabolic blockade of fungi, and all of them gener-
ally block only one metabolic pathway. Fungi have an
admirable ability to adapt to the environment. Unilateral
metabolic blockade is often overcome by metabolic com-
pensation, autophagy and other mechanisms, and the
antifungal effect achieved is often limited [111, 112]. The
general mechanism of the mutual balance between the
metabolic pathways of fungi still needs further research,
but the inhibition of fungal metabolism from the per-
spective of multi-pathway and energy metabolism could
bring good results in terms of metabolic balance and pre-
vention of drug resistance.

Endoplasmic reticulum

In fungal cells, the endoplasmic reticulum plays a key
role in lipid synthesis, protein folding, modification and
secretion from eukaryotic cells, all of which are neces-
sary for the biosynthesis of cell walls (targets for azole
drugs). Due to the importance and specificity of the
endoplasmic reticulum in fungal cells, this organelle
is considered a promising target for antifungal agents
[113-115]. The specificity of the endoplasmic reticulum
is related to the expression of the enzyme CYP51, which
is an antifungal target. Azole drugs can be localized to
the endoplasmic reticulum, which can trigger an endo-
plasmic reticulum stress response and then kill Candida
albicans [111]. However, the efficiency of localization of
some azoles in the endoplasmic reticulum is compro-
mised. Some researchers have developed azoles by com-
bining 7-(diethyl)-aminocoumarin to the pharmacophore
of fluconazole to improve the efficiency of location.
This new compound is mainly located in the endoplas-
mic reticulum of cells, and its antifungal activity is 4 to
64 times higher than that of ordinary azoles [116-118].
With the help of nanotechnology, the therapeutic drugs
may have the ability to target and thus act on the endo-
plasmic reticulum to achieve the purpose of treating sys-
temic infection with Candida albicans. Many nano-drugs
have a targeting effect on the endoplasmic reticulum.
Mesoporous silicon is used to load adriamycin, which
exerts pressure on the endoplasmic reticulum [119].
Aluminum oxide nanorods are used to load the calcium
pump inhibitor of the endoplasmic reticulum thapsigar-
gin and the autophagy inhibitor 3-methyladenine(3-MA)
[120]. Quino-1-Fmoc-RACR, which is formed by cova-
lently linking amphiphilic quinoxaline derivatives with
Fmoc-modified Racr polypeptides, has self-assembled
into nanoparticles that target the endoplasmic reticu-
lum and have imaging functions [121]. After systemic
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administration, the nanodrugs must undergo the steps
of systemic transport in vivo, targeting to the cell mem-
brane, endocytosis, escape from endocytosis, targeting
to the endoplasmic reticulum, and so on. All properties
that can influence the performance of the above pro-
cesses determine the final therapeutic effect [122]. The
targeting of nano-drugs towards the endoplasmic reticu-
lum encompasses two primary strategies: active targeting
and passive targeting. During active targeting, nano-
drugs, once inside cells via phagocytosis or reticulum-
mediated endocytosis, are liberated from the confines
of endosomes or lysosomes. Subsequently, they actively
navigate towards the endoplasmic reticulum, facilitated
by specific targeting molecules or moieties recognizing
and binding to endoplasmic reticulum components. In
contrast, passive targeting involves nano-drugs entering
cells via selective endocytosis and subsequently undergo-
ing intracellular transport, where they accumulate within
the endoplasmic reticulum without specific targeting
molecules. This passive approach relies on the inher-
ent properties of the nano-drugs and cellular trafficking
mechanisms [123, 124]. Nano-drugs must first precisely
target cell walls and membranes before cellular entry,
ensuring they avoid infiltrating unintended cells and mit-
igating the risk of toxicity. The aforementioned cell wall
and membrane targeting technologies can be harnessed
in this context to enhance specificity. Additionally, the
ongoing development of endoplasmic reticulum-tar-
geted moieties and molecules offers promising avenues
for addressing this challenge [121, 125]. The creative
assembly and design of nanoparticles will bridge this gap,
enabling precise delivery of nano-drugs to their intended
destinations within the endoplasmic reticulum.

Hsp90 is a molecular chaperone in the endoplasmic
reticulum and a highly conserved molecular chaperone
in eukaryotes that is involved in protein folding and sta-
bilizes the activity of important protein factors. When
pathogenic microorganisms are exposed to stress in the
host, Hsp90 becomes an important regulatory factor to
adapt to host stress and participate in the morphologi-
cal development of the cell. It can change the conforma-
tion of steroid hormone receptors, regulate the signal
transduction pathway of cells, improve the adaptability
of fungi to external stimuli and increase the viability of
fungi [126]. Hsp90 has multiple regulatory effects on
the growth, virulence and drug resistance of pathogenic
fungi. The targeting of Hsp90 holds great potential for
antifungal therapy, as Hsp90 affects the growth, viru-
lence and drug resistance of pathogenic fungi in a variety
of ways [127]. However, it is also highly conserved in all
eukaryotes (including human cells), leading to stagna-
tion in the development of specific inhibitors. Recently,
research focusing on the nucleotide binding domain
of Candida albicans Hsp90 has shown that Candida
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albicans Hsp90 has a unique conformational flexibility.
Based on the specific conformational properties, David S.
Huang et al. synthesized a series of amipyrazole-substi-
tuted isophthalic acid amides. They found that the inhibi-
tor CMLDO013075 possesses potent fungus-selective
Hsp90 inhibitory activity, which can block the changes
in the signaling network caused by the stress response,
thereby preventing the development of drug resistance of
Candida albicans and eliminating drug resistance after
development [50, 128, 129].

It is expected that the use of nanomaterials to coat or
combine antifungal drugs will better target the endoplas-
mic reticulum. The stress response of the endoplasmic
reticulum has been extensively studied, but the target
mechanism of the endoplasmic reticulum is not clear.
Compared with tumor treatment and immunotherapy,
there are still some problems to be solved in the treat-
ment of fungal infections, such as the lack of targeted
drugs and therapeutic mechanism. With further research,
there may be more old and new drugs that can be used
for this purpose.

Proteasome

The proteasome is a type of organelle that is responsible
for the degradation of proteins. It directly affects the
renewal of some proteins, including misfolded proteins
and many proteins that play an important role in life
activities. Proteasome inhibitors are used in the clini-
cal treatment of myeloma, such as bortezomib [130]. In
the development and screening of natural products, two
new antifungal agents, fellutamides C and D, were iso-
lated and clarified from fungal fermentations, which
exhibit proteasome inhibitory activity. These inhibitors
can prevent the degradation of false proteins produced
during the folding process of fungal proteins and then kill
the fungi, and have fungal-specific inhibition. These two
compounds are effective against Candida albicans and
the MIC of fellutamides against Candida albicans is less
than 4 pg/ml [131-133]. The Venetin-1 nanoparticle, a
protein-polysaccharide fraction or complex derived from
the coelomic fluid of the earthworm, exhibits potent
antifungal activity against Candida albicans. Notably,
this nanoparticle effectively inhibits the 20 S protea-
some without eliciting endocrine toxicity or cytotoxicity
toward normal cellular functions. Compared with con-
ventional synthetic inhibitors, natural protease inhibitors
like Venetin-1 demonstrate a greater potential in circum-
venting drug resistance mechanisms, boasting enhanced
stability, and reducing toxicity profiles [134, 135].

The eukaryotic properties of Candida albicans really
limit the understanding of drug targets, but there are
still some specific differences that could mean an effec-
tive breakthrough for us. Over a period of four years,
researchers have identified thousands of bioactive natural
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product extracts through adaptability testing and analy-
sis to isolate novel compounds with previously unchar-
acterized antifungal activity. The extracts were found to
be active against the translation elongation factor yef3
(yefafungin), cAMP homeostasis (campafungin), the 26 S
proteasome (fellutamide C and D), Microtubule dynam-
ics (12-deoxo-hamigerone) and the Fe-S cluster protein
dre2p (dretamycin), as well as other inhibitors of basic
eukaryotic processes (including fatty acids, ergosterol
and ribosome biosynthesis). These findings have created
many opportunities for the development of fungi-specific
drugs while expanding the ideas for the development of
fungi-specific targets [131]. It is also worth noting that
the difference in substrate specificity between fungi and
human enzymes may also lead to fungal specificity.

Extracellular vesicle

Another subcellular organelle that deserves our atten-
tion is the extracellular vesicle. In the process of biofilm
growth, vesicles with unique properties play a key role
in the transport of substances across the cell wall and
release some virulence proteins, such as secreted aspara-
gine protease and lysophospholipase precursors, which
strongly promote the development of drug resistance
[136-138]. Some studies have investigated an antifun-
gal agent called turbinmicin, which is found in marine
microorganisms, and tested its therapeutic effect in
the biofilm environment [139]. Zhao et al. found that
turbinmicin destroyed the delivery of extracellular vesi-
cles during biofilm growth, which impaired the subse-
quent build-up of the biofilm matrix. At the same time,
the elimination of the biofilm matrix also made drug-
resistant Candida albicans susceptible to turbinmicin
[140]. Secl4 is a cytoplasmic protein in yeast that plays
an important role in regulating various cellular functions
including intracellular transport. Turbinmicin blocked
the function of the Sec14 protein, which meant that yeast
fungi such as Candida albicans could no longer germi-
nate and multiply. No drug had previously targeted this
protein. Since its discovery, some drugs have been able
to act specifically on Sec14 of yeast, but not on Secl4 of
non-human origin [139].

Developing subcellular organelle targets of Candida
albicans has great advantages in treating drug-resistant
fungal infections. Targeting subcellular organelles is a
strategic approach that circumvents common gene muta-
tion targets and evades expulsion by efflux pumps [82].
Consequently, drugs aim at these organelles often exhibit
potent effects even against drug-resistant strains. Mito-
chondrial phosphate carrier Mirl inhibitor ML316 has
played a significant role in fighting fluconazole-resistant
fungi. The researchers isolate fluconazole-resistant Can-
dida albicans strains from HIV-infected people. The
MIC of ML316 to fluconazole-resistant strains can reach
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0.5 pg/ml, while the MIC of fluconazole is 128 pg/ml.
When ML316 is combined with fluconazole, it can also
significantly improve the antifungal ability of the drug. In
the mouse model of drug-resistant fungal infection, the
fungal load in the ML316 treatment group is reduced by
about 100 times, which is equivalent to that in the flu-
conazole treatment group. Remarkably, when ML316 is
administered in combination with fluconazole, the fungal
load plummeted by over 1000-fold [96]. CMLD013075,
an Hsp90 inhibitor, demonstrates equal growth inhibi-
tory potency against both drug-resistant and wild strains,
exhibiting synergistic effects when paired with flucon-
azole [129]. Given its distinct target mechanism com-
pared to traditional drugs like fluconazole, most of these
drugs can exhibit synergistic interactions with traditional
drugs.

From a technical perspective in nanoparticle prepara-
tion, it is crucial to ensure the delivery of drugs that can
efficiently target and destroy fungal subcellular organelles
at specific lesion sites. This precise delivery mechanism
helps to prevent undesired dispersion, absorption, or
hydrolysis by non-targeted organelles, thus enhancing the
efficacy of the treatment (Fig. 6). The fluid viscosity of the
cytoplasm and its combination with intracellular com-
ponents are thought to influence the diffusion factors of
solutes into the cells. The subcellular fate of drugs is also
influenced by the extent to which molecules can interact
or even bind with subcellular components (such as cell
membranes and organelles) [141, 142]. Due to the par-
ticular environment in the cell, we can select the carrier
targeting subcellular organelles mainly from two aspects.
The first is based on the inherent tendency of nanocarri-
ers to specific compartments, and the second is based on
the attachment of subcellular targeting ligands to the sur-
face of nanocarriers to redirect their accumulation into
the desired compartments [92]. If we find that the subcel-
lular organelles have specific protein expression or that
different molecules have the ability to accumulate in cer-
tain subcellular compartments when Candida albicans
is infected, we might find a method to target subcellular
organelles that are suitable for the treatment of Candida
albicans infections. The problem of cell permeability or
prodrug activation can be solved by the application of
nano-drugs wrapped in functional materials, due to their
controlled release ability. Therefore, the antifungal activ-
ity can also be maximally improved. At present, the drug
resistance of targeting subcellular organelles is lower, but
since there are fewer specific differences from mamma-
lian cells, there is a risk of toxicity. With nanotechnology,
this problem can be better avoided and toxicity to the
host can be reduced. Some promising drugs listed below
are expected to play a better role with the help of nano-
technology (Table 2).
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Polymorphism of Candida albicans

Antifungal drugs are almost universally applicable in
clinical treatment, and the different fungi have differ-
ently well adapted to the various broad-spectrum anti-
fungal drugs. The main difference between Candida
albicans and common fungi is the biphasic nature of
Candida albicans. Candida albicans can transform into
yeast and hyphae. The division of labor between the two
forms is different (Fig. 7A). When Candida albicans is in
the blood, Candida albicans exists in the form of yeast,
which is suitable for Candida albicans to spread and
multiply in the blood. When Candida albicans needs
to invade internal organs, it uses hyphae to adhere and
penetrate better [149, 150]. At the virulence level, hyphae
is an important virulence factor of Candida albicans.
When Candida albicans passes from the yeast stage to
the hyphal stage, it releases candidalysin and secretes
aspartic protease 4, aspartic protease 5, and aspartic pro-
tease 6, and expresses several specific genes encoding
virulence factors. For example, HWP1, ALS3 and RBT5
encode cell wall proteins that are important for attach-
ment to host cells and uptake of nutrients from the host
[151, 152]. When Candida albicans is phagocytosed by
macrophages, Candida albicans activates many Candida-
specific genes, altering its metabolism and promoting the
transformation of forms that help Candida albicans to
transform from the yeast stage to the hyphal stage in the
cells. It activates the inflammation-induced programmed
death of macrophages via the caspase-1 pathway to com-
plete phagocytosis and escape, and then escapes from
the macrophages and returns to the tissue (Fig. 8A)
[153—155]. The process of hyphae formation is also part
of biofilm formation, and inhibition of hyphae formation
can also effectively inhibit biofilm formation [156, 157].
Therefore, the formation of hyphae is the main cause of
systemic infection by Candida albicans. The question of
how to better inhibit hyphae formation or kill Candida
albicans in hyphae form is of great importance for the
treatment of systemic infections with Candida albicans
and overcoming drug resistance.

As a potential solution to overcome antibiotic resis-
tance, a new treatment method, anti-virulence therapy, is
currently being applied in the field of killing pathogenic
bacteria, which has made great progress in recent years.
It is fully accepted as an ideal and practicable method
and is increasingly being researched and used in the
development of new antibacterial drugs [158, 159]. The
hyphae of Candida albicans can produce toxicity, which
is the main cause of virulence of the systemic infection.
Although anti-virulence therapy of Candida albicans is
not yet very advanced, experience with other pathogenic
fungi gives reason to believe that anti-virulence achieved
by inhibiting hyphal growth can effectively alleviate sys-
temic infection. Blocking the ideal virulence factor has
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Fig. 6 The process of antifungal drugs targeting specific organelles and their subsequent effect on those organelles. (A) Certain drug molecules inhibit
the proteasome, preventing the proteasome from degrading faulty proteins. (B) Many drugs can disrupt the structure of the mitochondria, damage the
respiratory chain, and inhibit ATP synthesis, which ultimately leads to depletion of the energy supply. (C) Modified drugs show improved targeting of the
endoplasmic reticulum and exert pressure on it. In addition, specific inhibitors of endoplasmic reticulum regulatory factors can attenuate drug resistance.
(D) Drugs that target the cell nucleus are primarily aimed at destroying nuclear and DNA structures. They can also inhibit certain DNA-related enzymes,
such as DNA repair enzymes. (E) Antifungal drugs hinder the transport of substances via extracellular vesicles and prevent the formation of biofilms by

suppressing vesicle-related proteins

no effect on the survival and reproduction of the target
flora, so that general selection pressure that controls the
evolution of the flora is not altered and the applied selec-
tion pressure is lower than that of antibiotics. Since most
virulence factors are only controlled by a single gene or
several closely related genes, and horizontal gene trans-
fer rarely increases the drug resistance of the recep-
tor, the problem of drug resistance is less serious with

antiviral drugs. Anti-virulence therapy can also circum-
vent harmful and long-known side effects of antifungal
drugs that have been ignored. Ordinary antifungal drugs
can kill many beneficial symbiotic flora while inhibit-
ing pathogenic fungi. These symbiotic fungi are part of
our microbial community that co-evolved with humans.
They play a key role in human health by promoting the
development of the immune system, improving our
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Table 2 Promising antifungal drugs
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Antifungal Targeted Target Mechanism of Action Advantages Status Ref

Agent organelle

MLPGa Biofilm Biofilm matrix Degradation of extracellular Attenuated drug resistance Preclinical  [46]
polysaccharides

Fosmanogepix Cell wall GPl-ankyrin Inhibition of GPl-ankyrin synthesis Negligible adverse reaction Phase Il [143]

(APX001)

Nikkomycin Z Chitin synthase Inhibition of chitin synthesis Synergistic activity with other Phase | [144]

antifungal drugs
Amphotericin  Cell membrane Ergosterol Extraction of ergosterol from fungal Taking orally and minor complica- Phase Il [145]

B Cochleate cell membrane tions of amphotericin B infusion
RBC-LIP-AmB Targeting Candida albicans Better targeting ability and at- Preclinical  [56]
tenuated toxicity
FN7 CYP51 Blockade of ergosterol synthesisand ~ Better drug penetration ability Preclinical  [146]
production of oxidative stress
Orotomides Nucleus Dihydroorotate Targeting dihydroorotate and inhibi- A unique mechanism of action Phase Il [144]
dehydrogenase tion of fungal pyrimidine biosynthesis  and excellent antifungal activity

Nitric oxide- Structure of DNA  Release of RNOS and destroyed DNA  Attenuated drug resistance and Preclinical  [88]

releasing structure better immune promotion

nanoparticles

Aryldiami- Mitochondria  Respiratory chain  Inhibition of respiratory chain complex Better antifungal effect Phase Il [97]

dines—T-2307 complex

AlEgens Mitochondria Production of toxic ROS Attenuated drug resistance and Preclinical  [39]

negligible toxicity

VL-2397 [ron ion Disruption of the iron metabolism Preferable safety Phase Il [109]

MGCD290 Endoplasmic  Hsp90 Inhibition of Hos2 histone deacetylase ~ Adjuvants for antifungal drugs Phase Il [147]
reticulum and Hsp90 and attenuated drug resistance

Fellutamides C  Proteasome Proteasome Inhibition of the function of Fungal specificity Preclinical  [132]

and D proteasome

Turbinmicin Extracellular Section 14 Inhibition of Sect. 14 protein High safety and satisfactory cura-  Preclinical  [140]
vesicle tive effect

AgNPS Hyphae Oleic acid Production of ROS and decreased Preferable safety, stability and Preclinical  [148]

oleic acid

multiple antifungal mechanisms

Hypha

Tissue Invasion
Nutrient Absorption
Toxin Release

O  Extracellular
Vesicles

" (Oleic Acid

Phenotypic Transformation

Fig. 7 (A) Schematic illustration of Candida albicans hypha and its physiological functions. (B) Inhibition of the phenotypic transformation can deprive
Candida albicans of virulence by lowering the content of iron ions and oleic acid and controlling the gene expression of hyphae

metabolic balance and resisting colonization by patho-
genic fungi. Once the balance of flora is destroyed, the
reduction of autoimmunity is not conducive to defense
against pathogenic fungi [159, 160]. At the same time,
the long-term use of antibiotics leads to a large number
of fungal groups that are insensitive to antibiotics, which

will lead to new infections and double infections [161]. In
the case of superficial infection with Candida albicans,
anti-virulence therapy may have some limitations, as it
cannot inhibit the growth of the pathogenic fungi. How-
ever, for systemic infection, antifungal drug therapy com-
bined with anti-virulence therapy can inhibit the growth
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Fig. 8 (A) Schematic diagram illustrating the role of hyphae in mediating macrophage death and facilitating Candida albicans escape from macrophages.
Reproduced with permission [178]. Copyright 2021, Springer Nature. (B) The filamentation morphology of positive controls, NPsAg-31 and NPsAg-43 of
both Candida albicans SC 5314 and ATCC 10,231, using fluorescence with Calcofluor white. Reproduced with permission [148]. Copyright 2021, Springer
Link. (C) Signal transduction pathways leading to expression of hypha-specific genes. Reproduced with permission [176]. Copyright 2011, Springer Na-
ture. (D) The filamentation morphology of Candida albicans after co-incubation with YM medium (control) and FeCl; using fluorescence with Calcofluor
white (unpublished data). (E) SEM images of Candida albicans after co-incubation with YM medium (control), and DFS with the concentration of 128 Hg

mL™! (unpublished data)

of fungi, reduce the release and invasion of toxins, and
overcome the negative effects of virulence factors on the
immune system, which can achieve better therapeutic
effect in infected patients with low immunity.
Conventional inorganic nanoparticles also have some
effect in inhibiting the formation of hyphae. Studies have
shown that the AgNPs can reduce the oleic acid con-
tent of Candida albicans, which is very important for
the morphogenesis of hyphae. Targeting fatty acids such
as oleic acid can influence toxicity and morphological
transformation and thus inhibit the transformation of
the yeast into hyphae (Fig. 8B). AgNPs also inhibit the
production of virulence factors and biofilms. Targeting

virulence could become a new paradigm for the develop-
ment of nano-silver therapies for the clinical application
of fungal treatment [72, 148]. To inhibit the virulence fac-
tor of Candida albicans hyphae, antisense RNA polymers
have also been developed to control the gene expression
of hyphae, but one of the problems of antisense polymers
is low stability and easy degradation. Cationic liposomes
can solve this problem, play a protective role, improve
stability and finally achieve an inhibitory effect of more
than 60% on the hyphae of Candida albicans [162, 163].
Extracellular vesicles secreted by human oral epithelial
cells have been shown to inhibit the growth of hyphae.
Their nanoscale size allows them to easily penetrate the



Gao et al. Journal of Nanobiotechnology (2024) 22:568

cell wall and enter the cell [164]. This also encourages us
to pay attention to particle size when developing antifun-
gal drugs in order to achieve better drug delivery.

Toenjes et al. have investigated the biological activities
of 480 molecules, of which 53 molecules are cytotoxic to
Candida albicans and 16 molecules can inhibit hyphal
transformation without affecting germination and mul-
tiplication. 16 types of hyphal transformation inhibitors
affect protein kinase, protein phosphatase, Ras signaling
pathway, G protein-coupled receptor, calcium homeo-
stasis, nitric oxide and guanylate cyclase signal trans-
duction and apoptosis of mammalian cells, respectively
[165]. This shows that many targets can affect hyphal
transformation, and screening of compounds is helpful
to find out the parts that can inhibit the hyphae. Plant
products, such as resveratrol and curcumin [166, 167],
microbial products, such as biatriosporin D, soporo-
lipids, and lichen-derived usnic acid [168—170], animal
products, such as ToAP2, centipede oil, have been shown
to inhibit hyphae of Candida albicans [171, 172]. Among
them, curcumin has hindered its practical use due to
its poor solubility, acid and enzyme tolerance and other
limitations. Sophorolipids (SL) is a biologically derived
surfactant that can be used as an effective carrier for
hydrophobic molecules. A curcumin-sophorolipid nano-
composite (CU-SL) with stable properties was prepared.
The subinhibitory concentration of Cu-SL (9.37 pg/mL)
significantly inhibited the adhesion of fungi to substrates
and subsequent biofilm development, maturation and
filament formation [167]. Ethanolic extract of propo-
lis-loaded poly(lactic-co-glycolic acid) nanoparticles
(EEP-NPS) were prepared to solve the problem of poor
water solubility of propolis. EEP-NPs mediate effective
anti-Candida activity and attenuate virulence factors by
reducing the virulence-related proteins, thus destroying
the existence of Candida albicans hyphae and weaken-
ing its virulence [173]. Various plant extracts were loaded
into the Ag, Au and ZnO nanoparticles, which caused
inhibition of hyphae and attenuation of toxicity [174,
175]. Therefore, many promising compounds can be
investigated when considering hyphae as a toxic target of
Candida albicans. Nano-delivery technology is the right-
hand for these new compounds, solving many applicable
problems with the physical and chemical properties of
the compounds.

The causes for the formation of hyphae are compli-
cated. In the vitro model, hyphal growth is influenced by
temperature, serum, CO, and some other signals (such
as starvation) [176]. In the host environment, the inter-
nal environment and the immunological environment
influence the growth of hyphae, such as pH, CO,, glucose
and ferritin levels of the different organs in the growth
environment and phagocytosis of macrophages (Fig. 8C)
[152, 176-178]. Previous studies have shown that
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Candida albicans can extract iron from ferritin and that
the hyphae have a greater ability to absorb iron [152]. Our
research has shown that free iron as a nutrient can pro-
mote the growth of Candida albicans hyphae (Fig. 8D).
We therefore chose an iron chelating agent to specifically
inhibit the growth of hyphae. It has been proven that iron
chelating agents such as deferasirox (DFS) can inhibit the
growth of fungi. In recent years, studies have also shown
that they have an inhibitory effect on Candida albicans,
but the mechanism of action is still unclear(Fig. 8E)
[179]. From the viewpoint of promoting hyphal growth
by free iron, we found that DFS can inhibit the hyphal
growth of Candida albicans yeast type by chelating iron
ions in the growth environment and then realizing the
treatment of Candida albicans infection. The nano-lipid
vesicles of DES developed by us have a significant inhibi-
tory effect on hyphae in vivo experiments and consid-
erably improve the survival of infected mice. MLPGA
nanoparticles can destroy the biofilm, the Ga (III) ions
can penetrate the cells of Candida albicans, and the
radius of Ga (III) is almost the same as that of Fe, which
blocks the iron metabolism of Candida albicans. The
research focuses on destroying the biofilm and killing
the planktonic cells. Further studies of the effect on Can-
dida albicans hyphae could broaden the scope of appli-
cation and increase the value of MLPGA nanomedicine
in severe Candida albicans infections [46]. In addition,
hyphal growth is regulated by many genes and signaling
pathways, of which the hyphal G1 cycle 1 (Hgcl) is essen-
tial for hyphal growth. There are two pathways, namely
the MAPK pathway, which is mediated by Cphl, and the
cAMP-PKA pathway, which is mediated by Efgl [180,
181]. The mechanism of hyphae formation in the human
body is still unclear, which is a major obstacle to drug
development. Future research should focus more on how
Candida albicans accomplishes hyphal transformation
in the human physiological environment and identify the
key factors that trigger the process of hyphal transforma-
tion and invasion. The problem of systemic infection with
Candida albicans can be solved more easily by restricting
Candida albicans to the yeast (Fig. 7B).

Conclusion and prospect

With the increasing use of immunomodulation therapy,
the number of patients exposed to the risk of Candida
albicans infection is rising. We confront a formidable
challenge characterized by a surging number of high-risk
patients, a growing prevalence of refractory microorgan-
isms, and a sluggish pace in the development of novel
drugs. A pivotal reason contributing to this sluggish
progress stems from the scarcity of viable targets for drug
discovery, primarily attributed to the eukaryotic nature of
Candida albicans. Another major obstacle to the devel-
opment of new drugs is that therapeutic agents cannot
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be delivered precisely to the target site of anti-Candida
albicans.

Among the targets of Candida albicans, besides the
traditional cell wall and cell membrane, the subcellular
organelles deserve our attention as they have high anti-
fungal activity and low drug resistance, which has led to
the natural antifungal benefits of these targets. Currently,
there is a growing body of research focused on antifungal
drugs that target mitochondria, many of which demon-
strate potent inhibitory effects on drug-resistant fungi.
For instance, T-2307 exhibits significant in vivo efficacy
against uncommon echinococcosis-resistant strains.
Constructing drug-resistant standard Candida albicans
strains involves inducing them through stress conditions,
gene editing, and isolating them from patients. It is cru-
cial to employ diverse methods to construct these strains
and validate their efficacy in developing novel clinical
drugs to combat drug resistance. While some drugs show
promise in mouse infection models, the complexity of
fungal drug resistance formation, diverse human environ-
ments, and significant individual variabilities often lead
to disappointing outcomes in clinical trials. The feasibil-
ity of these drugs for clinical application and the potential
for nanotechnology to enhance drug delivery and tar-
geted therapy require extensive verification through arti-
ficial intelligence and rigorous experimentation.

Currently, there exists a notable dearth of research
focusing on the development of novel targets for Can-
dida albicans, particularly at the subcellular organelle
level. Nevertheless, this domain holds immense poten-
tial and significance for applications, underscoring the
urgency for heightened investment to expedite research
breakthroughs, particularly in the realm of ‘super fungi’
Furthermore, the treatment of Candida albicans infec-
tions is frequently subsumed under generalized clinical
fungal therapies, overlooking the distinct characteristics
and heightened toxicity of Candida albicans, particu-
larly its virulence mediated by hyphal formation, which
sets it apart from other fungal species. The superficial
infection with Candida albicans is quite common in our
lives and the public is less concerned about it. However,
once Candida albicans infection occurs in special people
with low immunity, the mortality rate from deep sys-
temic infection is also an unacceptable tragedy. Emerg-
ing nano-agents are a promising means of drug delivery
in modern pharmaceutical technology. They can refine
drug attributes, minimize toxicity while enhancing effi-
cacy, pinpoint individual targets, and drive inherent anti-
fungal properties. We believe novel nanomedicine can hit
crucial areas like a rifle bullet to improve the therapeutic
prognosis of systemic Candida albicans infection.
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