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Abstract
Fungal infections impose a significant impact on global health and encompass major expenditures in medical treatments. 
Human mycoses, a fungal co-infection associated with SARS-CoV-2, is caused by opportunistic fungal pathogens and is 
often overlooked or misdiagnosed. Recently, there is increasing threat about spread of antimicrobial resistance in fungus, 
mostly in hospitals and other healthcare facilities. The diagnosis and treatment of fungal infections are associated with 
several issues, including tedious and non-selective detection methods, the growth of drug-resistant bacteria, severe side 
effects, and ineffective drug delivery. Thus, a rapid and sensitive diagnostic method and a high-efficacy and low-toxicity 
therapeutic approach are needed. Nanomedicine has emerged as a viable option for overcoming these limitations. Due to 
the unique physicochemical and optical properties of nanomaterials and newer biosensing techniques, nanodiagnostics play 
an important role in the accurate and prompt differentiation and detection of fungal diseases. Additionally, nano-based drug 
delivery techniques can increase drug permeability, reduce adverse effects, and extend systemic circulation time and drug 
half-life. This review paper is aimed at highlighting recent, promising, and unique trends in nanotechnology to design and 
develop diagnostics and treatment methods for fungal diseases.

Keywords  Anti-fungal · Nanodiagnostics · Nanotechnology · COVID-19-associated candidiasis (CAC) · COVID-19-
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Introduction

The incidences of fungal infections are increasing, and one 
leading risk factor for invasive fungal infection is modula-
tion in the immune system (Lockhart and Guarner 2019). 
Each year, there is a global incidence of more than 150 mil-
lion severe cases of fungal infections, contributing to an 
estimated 1.7 million annual fatalities (Kainz et al. 2020b).

The coronavirus disease 2019 (COVID-19) outbreak 
was a global emergency, with its rapid expansion and high-
mortality rate wreaking havoc (Fauci et al. 2020; Yang et al. 
2020a). People who suffer from severe COVID-19, such as 
those who are in an intensive care unit (ICU), are espe-
cially prone to fungal infections. These viral and fungal co-
infections are becoming more frequent, and they have been 

linked to serious sickness and death (Sanguinetti et al. 2019; 
Gangneux et al. 2020). Such rapid and accurate diagnosis 
becomes very important. Some of the most frequent fungal 
infections include aspergillosis, candidiasis, and mucormy-
cosis (Ghosh et al. 2021a).

COVID-19-associated candidiasis (CAC) is characterized 
by the occurrence of Candida fungal infections in individu-
als who have contracted the SARS-CoV-2 virus, leading to 
COVID-19 (Tsai et al. 2022). Candida albicans is the most 
prevalent species in infections; however, Candida auris has 
recently started generating drug-resistant infections, par-
ticularly in COVID-19 patients (Arastehfar et al. 2020a). 
COVID-19 patients may be at an increased risk of develop-
ing candidiasis due to factors such as prolonged hospitali-
zation, the use of broad-spectrum antibiotics, mechanical 
ventilation, and the presence of indwelling medical devices 
(Arastehfar et al. 2020a). The exact prevalence and impact 
of COVID-19-associated candidiasis are still being studied, 
but it is recognized as an important secondary infection in 
critically ill COVID-19 patients.
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COVID-19-associated pulmonary aspergillosis (CAPA) 
is one of the causes that has contributed to the elevated mor-
tality rates of COVID19 as per numerous studies (Araste-
hfar et al. 2020b). Invasive pulmonary aspergillosis (IPA) 
is becoming more common in patients as a potential co-
infection alongside COVID19 and acute respiratory distress 
syndrome (ARDS) (Maiese et al. 2021). The significance 
of SARS-CoV-2 in CAPA is yet unknown, and other addi-
tional risk factors, such as corticosteroid medication, may 
be responsible for the disease's progression (Ghosh et al. 
2021a).

COVID-19-associated mucormycosis (CAM), also known 
as black fungus or mucormycosis, is caused by a group of 
fungi called mucormycetes. Mucormycosis primarily affects 
individuals with weakened immune systems or underlying 
health conditions, and it often emerges as a secondary infec-
tion in COVID-19 patients treated with steroids and having 
uncontrolled diabetes (Selarka et al. 2021).

With the widespread use of antibacterial drugs and the 
increasing number of immunocompromised patients, the 
risk of drug resistance increases in the absence of a com-
plete understanding of fungal and bacterial co-infections. 
Also, the limited diagnostic methods and time-consuming 
detection methods have made it difficult to distinguish fun-
gal and bacterial co-infections from other pathogenic infec-
tions (Zhao et al. 2021). Such constraints have repercus-
sions; delayed diagnosis leads to delayed treatment. Rapid 
diagnosis is a major risk factor in patient outcomes, as early 
diagnosis of fungal infection is critical to effective treatment 
and reducing morbidity and mortality (Pappas et al. 2018).

The toxicity of antifungals and their interactions with 
other medications make fungal infections notoriously dif-
ficult to treat (Bicanic and Harrison 2014; Brunet et al. 
2018). Amphotericin B, for example, is commonly used in 
treatments because of its wide spectrum of activity, but it 
can produce significant nephrotoxicity and infusion-related 
complications (Roemer and Krysan 2014). Patients treated 
with the conventional antifungal medicines have been seen 
to fail to react due to drug resistance, resulting in infection 
spread, negative social, psychological, and occupational 
health impacts and a reduction in the patient’s quality of life 
(Rai et al. 2017). Overall, when new or drug-resistant fungi 
evolve, drug permeability, adverse effects, and non-targeting 
abilities of drugs are all factors that limit their effectiveness.

Nanotechnology-based approaches have the potential to 
provide highly sensitive and specific methods for detecting 
and treating fungal infection (Muhammad et al. 2020). The 
advantage of using NP for targeted drug delivery is depicted 
in Fig. 1. It has been used for pathogen detection and treat-
ment to overcome the shortcomings of traditional antifungal 
treatment and detection methods (Abd-Elsalam 2021). One 
of the advancements in nanotechnology that proves promis-
ing for efficient fungal detection is the use of biosensors. 
Nanotechnology is extensively used in the research and 
development of biosensors. The fact of the matter is that 
biosensors can be a worthy replacement for integrated sen-
sors for fast and efficient point-of-care detection (Lee and 
Jun 2019). The discovery of innovative antifungal medica-
tions has already been a focus of nanomedicine. Over the 
years, mycology and nanotechnology have developed a 

Fig. 1   Advantage of drug delivery using nanoparticles
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bidirectional interaction (myco-nanotechnology) (Asghari 
et al. 2016). Nanotechnology had already proven to be a 
promising strategy for increasing the potential and efficiency 
of conventional antifungals, allowing for a reduction in tox-
icity and cost, avoiding expected degradation, improving 
drug distribution by increasing circulation time and improv-
ing pharmacokinetics, and improving drug targeting, with 
promising in vitro and in vivo results (Souza and Amaral 
2017a). In the field of nanomedicine, the antifungal prin-
ciple is analogous to the antibacterial principle since fungi 
and bacteria have many similar cell structures. Antimicro-
bial action of NP is mediated by a variety of ways. Because 
of their interaction with proteins, nanometric particles can 
traverse the cell interstitium and release metal ions from 
the surface of the NP inside the cell, enhancing antibacte-
rial activity or causing damage to the cell wall, resulting to 
pathogen death (Oberdörster et al. 2005; Reddy et al. 2012).

In short, the use of nanomedicine as a method offers 
enormous potential to significantly advance the detection 
and treatment of fungal infections. Thus, the objective of 
this review article is to comprehensively gather and ana-
lyze existing and recent information on the utilization of 
nanotechnology for timely detection and treatment of above 
mentioned three common fungal infections. By establishing 
a knowledge base through the relevant research findings, this 
review is aimed at facilitating the design and development 
of diagnostic and treatment strategies for COVID-19-asso-
ciated fungal infections.

Fugal detection using nanomedicine

The term “nano diagnostics” refers to the use of nanotech-
nology in diagnosis. Nanodiagnostics has made important 
contributions to accurate and timely diagnosis of infectious 
diseases in recent decades; the unique physio-chemical and 
optical properties of nanomaterials have a significant role to 
play. Because of their high surface-to-volume ratio, nanopar-
ticles (NP) in biosensing design resulted in a considerable 
improvement in sensor performance with a reduced limit of 
detection (LOD) (Malhotra and Ali 2018).

Sensors are analytical tools that may convert chemical, 
physical, or biological data into usable analytical signals. 
A biosensor, according to the IUPAC, is “a device that 
detects chemical compounds using specialized biochemical 
reactions mediated by isolated enzymes, immunosystems, 
tissues, organelles, or whole cells, usually via electrical, 
thermal, or optical signals” (Jurado-Sánchez 2018). It is a 
self-contained integrated device that uses a biological rec-
ognition element (biochemical receptor) that is kept in direct 
spatial contact with a transduction element to provide spe-
cific quantitative or semi-quantitative analytical information 
(Bhattarai and Hameed 2020). A biosensor is a device that 

detects and produces electrical signals proportional to the 
concentration of an analyte in the reaction using a biomol-
ecule. The signal transducer attaches to the receptor mol-
ecule after the target analyte. This physically and chemically 
active transducer element transforms biological event into 
quantifiable signal. Different types of transducers used bio-
sensors are depicted in Fig. 2. Throughout the years, numer-
ous matrices have been used to immobilize biomolecules in 
order to facilitate recognition, including metallic electrodes, 
nanomaterials, biopolymers, self-assembled monolayers, 
and conducting polymers (Tang et al. 2018).

Currently, most fungal diagnostic approaches necessitate 
invasive samples, are time intensive, and/or have specific-
ity or sensitivity limitations. Nanoscale biosensors have 
been successfully used as a biological tool for large-scale 
infectious disease (including fungal diseases) detection, and 
this sector is quickly developing. NPs can detect dangerous 
microorganisms quickly, precisely, and at a minimal cost due 
to their unique physicochemical features (Wang et al. 2013; 
Sangiao et al. 2019).

NP’s optical and electrochemical qualities make them 
ideal candidates for detecting fungi. Electrochemical bio-
sensors play a vital role in fungal detection. Metal NP 
can increase electron transfer and act as a small conduc-
tion center, resulting in signal amplification and improved 
electrochemical biosensor sensitivity and accuracy (Lu 
et al. 2007). There are numerous forms of metal and metal 
oxide nanoparticles (NPs) that exhibit antimicrobial action, 
including titanium dioxide (TiO2), silver (Ag), silver oxide 
(Ag2O), zinc oxide (ZnO), calcium oxide (CaO), gold (Au), 
copper oxide (CuO), silica (Si), and magnesium oxide 
(MgO) (Shaikh et al. 2019). For example, Lee et al. cre-
ated a colorimetric sensor to find Aspergillus niger spores. 
This sensor contains AuNPs that had been altered to bind 
to these spores. When the spores of this fungus underwent 
sedimentation during the reaction, a change in the intensity 
of the color of the suspension created by AuNPs-fungus 
was measured using spectroscopy (Lee et al. 2021). Various 
magnetic nanomaterials are considered to be a candidate for 
the development of biosensors as they can be functionalized 
with dextran, polyethylene glycol, and polyvinyl alcohol, as 
well as functional groups like thiols, amines, and carboxyl 
(Ghosh et al. 2021b).

Nanomaterials such as carbon nanotubes, graphene, quan-
tum dots, metal nanoparticles, 2D layered metal oxides, 
magnetic nanoparticles, and transition metal nitride have 
been employed to create biosensors with exceptional prop-
erties. For example, graphene is compatible with antibod-
ies, nucleic acids, aptamers, enzymes, organisms, peptides, 
and bacteriophages which have been included into the sur-
face graphene to develop the biosensor. The covalent and 
non-covalent interactions formed between biomolecules 
and graphene improve its biocompatibility and solubility, 
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shielding it from interference from the surrounding envi-
ronment and improving pathogen identification and analysis 
(Jiang et al. 2020). Apart from graphene, carbon quantum 
dots are also utilized for detecting microbes. This quantum 
dots illuminate when exposed to light. High water solubil-
ity, exceptional optical and fluorescence capabilities, and 
a high emission quantum yield are all characteristics of 
carbon quantum dots (Malavika et al. 2021). Through cell 
tracking and DNA labelling, these fluorescent carbon dots 
have been extensively studied and employed in biomedicine, 
biosensing, and bioimaging. They can be used to identify 
phytopathogens (Shi et al. 2014).

To detect aflatoxin B1, Althagafi et al. developed new 
and fast electrochemical biosensors based on gold/graphene 
nanostructure-modified ITO electrodes (detection limit of 
6.9 pg/mL) (Althagafi et al. 2019). Also, Geleta et al. devel-
oped an electrochemical aptasensor for detecting aflatoxin 
B1 using the conductivity and surface modification of gold 
NP (detection limit: 0.002 fg/mL) (Geleta et al. 2018). The 
optical properties of NP, particularly those of metal NP 
that can transition from the ultraviolet to the near-infrared 
range, are extremely valuable for biosensors and biological 
imaging. Sojinrin et al. created unique gold NP that changed 

shape when exposed to spore-forming fungus, resulting in a 
color shift from red to blue. With 80% sensitivity and 95% 
specificity, this naked-eye approach may identify beriberi 
efficiently and promptly (2 min) (detection limit: 10 CFU/
mL) (Sojinrin et al. 2017). Hu et al. used nanotechniques 
to gather positively charged silver NP on the surface of a 
negatively charged fungal cell wall, boosting the surface-
enhanced Raman scattering (SERS) signal to identify and 
differentiate Cryptococcus neoformans from Cryptococcus 
gattii, and the method was a hundred percent accurate (Hu 
et al. 2020). Common types of biosensors used in fungal 
detection are depicted in Table 1. These biosensors are 
further divided into various subtypes. For instance, opti-
cal biosensors which are used for fungal detection are clas-
sified into fluorescence resonance energy biosensors and 
chemiluminescence-based biosensors. Fluorescence reso-
nance energy biosensors have been employed for multiple 
analytes label-free biodetection with great sensitivity in a 
number of medicinal applications. In this method, a fluo-
rescent bio-receptor is coupled to an optical transducer, and 
non-radioactive energy is transferred from the donor fluoro-
phore to the nearby acceptor molecule (Shi et al. 2015). The 
design of fluorescent biosensors involves attaching whole 

Fig. 2   Different types of transducers used in biosensors
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cells to the biosensor film. Typically, this film is placed at 
the tip of optical filaments to produce a fluorescent indicator. 
Carlson et al. developed a fluorometric biosensor for meas-
uring and detecting aflatoxins (Carlson et al. 2000). Addi-
tionally, fluorescent dye was used on 228 oral candidiasis 
specimens, which were identified by the blue fluorescence 
that surrounded their tubular or annular formations (Yao 
et al. 2019). This method provides a quick way to detect 
Candida. Apart from fluorescence biosensors, using light 
emission based on chemical reaction, chemiluminescence-
based sensors are a developing technique for the detection 
and diagnosis of fungi. They possess excellent sensitivity, 
quick dynamic response, and a wide calibration range and 
are low-cost devices (Ray et al. 2017).

In recent years, nanoparticle-based biosensors have been 
devised for the diagnosis of Candidiasis. Membrane-based 
electrochemical impedance spectroscopy was used to iden-
tify C. albicans directly (Kwasny et al. 2018). For detect-
ing Candida albicans, Villamizar et al. created a field-effect 
transistor (FET) biosensor based on single-walled carbon 
nanotubes (SWCNTs) in which monoclonal anti-Candida 
antibodies functionalized SWCNTs work as particular 
binding sites for the adsorption of fungal antigens. In the 
presence of Cryptococcus albidus and Saccharomyces 
cerevisiae, the results demonstrated that this sensor could 
selectively detect Candida albicans at low concentrations. 
Furthermore, this sensor could aid in the early detection of 
unwell people, allowing for better drug and treatment admin-
istration (Villamizar et al. 2009). According to Asghar et al., 
a novel immuno-based microfluidic device for the fast detec-
tion of Candida albicans in human whole blood has been 
developed. However, due to low sensitivity, the microchip 
technology was only able to catch C. albicans in phosphate 
buffer solution with an efficiency of 61–78% for cell densi-
ties ranging from 10 to 105 CFU/mL. The principle, on the 
other hand, is portable, adaptable and has the potential to 
be modified to increase specificity and sensitivity (Asghar 
et al. 2019). Additionally, biofunctionalized upconverting 
CaF2:Yb, Tm nanoparticles were employed for Candida 
albicans luminescence detection. A multistep production 
process was used to uniformly distribute the doping ions 
within the nanoparticle’s volume, reducing luminescence 
quenching. The usefulness of the produced nanoparticles 
as bio-labels for Candida albicans was also demonstrated, 
and because of the existence of the linked molecules, this 
approach showed significant potential because of its high 
specificity (Misiak et al. 2017).

In miniaturized settings, detecting invasive aspergillosis 
(IA) caused by Aspergillus fumigatus is difficult. In a minia-
turized experimental setup, Bhatnagar et al. created an elec-
trochemical nanobiosensor for the sensitive detection of IA 
by sensing the lethal glip target gene (glip-T). UV–visible 
spectroscopy, electrochemical impedance spectroscopy, and Ta
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cyclic voltammetry are used to describe the biosensor. The 
sensor probe was made on a gold electrode using 1,6-hexan-
edithiol, and glip probes (glip-P) were self-assembled utiliz-
ing chitosan-stabilized gold NP. The results showed that the 
created sensor is simple, quick, cost-effective, generic, and 
reusable, making it a promising candidate for fabricating 
a tiny hand-held device for onsite glip-T detection for IA 
patients (Bhatnagar et al. 2018). Another study developed a 
plasmonic gold nanoparticle-based method for diagnosing 
Aspergillus fungal infections. It generated colored solutions 
with distinct tones by measuring the shape change of gold 
nanoparticles (Sojinrin et al. 2017). Aspergillus species have 
also been detected using SWCNT-based sensors. Jin et al. 
used SWCNT-integrated FETs functionalized with penta-
meric antibodies that specifically bind to Aspergillus species 
to establish a biosensor for real-time detection of Aspergillus 
species. With a low concentration of 0.3 pg/mL, a detection 
dynamic range of 0.5 pg/mL to 10 g/mL, and excellent sensi-
tivity, the sensor showed good selectivity towards Aspergil-
lus niger with no response to other fungus species Alternaria 
alternata (Jin et al. 2015).

Very few biosensors have been developed to diagnose 
mucormycosis. One study proposed using breath-based bio-
sensors to diagnose invasive mucormycosis. The volatile 
sesquiterpene metabolite profiles from murine breath were 
analyzed using thermal desorption gas chromatography/
tandem mass spectrometry (GC–MS/MS), and it was dis-
covered that each Mucorales species produced a consistent 
profile of sesquiterpene secondary metabolite that can be 
distinguished from aspergillosis (Koshy et al. 2017). In con-
trast to other fungal infections, where a wide range of fungal 
biomarkers such as mannan, galactomannan, mannan, beta-
glucan, and cryptococcal antigen have been investigated for 
the development of diagnostic methods, only one biomarker 
(cell wall fucomannan) has been used for the rapid detection 
of mucormycosis. The investigation involved the develop-
ment of a lateral flow immunoassay (LIFA) technique utilis-
ing a monoclonal antibody (mAb 2DA6) that targets the cell 
wall fucomannan of Mucorales. The monoclonal antibody, 
designated as mAb 2DA6, exhibits remarkable sensitivity 
towards fucomannan, which can be attributed to its apparent 
low degree of side chain substitution. Subsequently, it was 
employed as a biomarker to facilitate prompt diagnosis of 
invasive murine mucormycosis (Orne et al. 2018). Neverthe-
less, additional investigations were not conducted utilising 
this biomarker to cultivate sophisticated methodologies for 
prompt identification of mucormycosis. Hence, given its 
sensitivity, it is plausible to develop and utilize biosensors 
based on mAb 2DA6 for prompt detection and premature 
diagnosis of CAM (Samson and Dharne 2022).

The field of fungal diagnostics has experienced nota-
ble progress with the utilization of Matrix-assisted laser 
desorption ionization-time of flight mass spectrometry 

(MALDI-TOF MS) for the identification of fungal peptides 
that are specific to particular species. Marketing of two com-
mercially available MALDI-TOF MS platforms that have 
been approved by the Food and Drug Administration (FDA); 
the Bruker Biotyper, which is manufactured in Germany, 
and the Vitek MS, which is manufactured in France. The 
technique’s benefit is its ability to quickly identify fungal 
isolates or clinical specimens in approximately 30 min (Lau 
et al. 2019).

The utilization of quantitative polymerase chain reaction 
(qPCR) is a highly sensitive and expeditious approach for 
the detection of mucormycosis in individuals who are unable 
to undergo a biopsy or those who have hematological malig-
nancies with severe thrombocytopenia (Gurunathan et al. 
2022). In a study conducted by Millon et al., the efficacy 
of three qPCR assays targeting Absidia corymbifera (Lich-
theimia), Mucor/Rhizopus, and Rhizomucor 18S ribosomal 
RNA genes was evaluated for the detection of mucormyco-
sis in patient sera. The results indicated that this approach 
exhibited high sensitivity, a low detection threshold, and the 
ability to identify infections up to 68 days earlier than con-
ventional methods (Millon et al. 2013). The aforementioned 
results were validated in a subsequent investigation of said 
cohort in conjunction with ten additional establishments 
affiliated with the French network for monitoring invasive 
fungal infections (Millon et al. 2016). Legrand et al. con-
ducted a study utilising a qPCR method and discovered that 
the identification of circulating Mucorales DNA (cmDNA) 
facilitated the prompt diagnosis of invasive wound mucor-
mycosis (IWM) in burn patients who were severely ill, 
thereby enabling early initiation of treatment (Legrand et al. 
2016). Another study conducted by Springer et al. discov-
ered that hematological patients with invasive mucormycosis 
can be diagnosed earlier (by 21 days) than with conventional 
methods by utilising a rapid (4-h turnaround time) probe-
based Mucorales-specific real-time PCR assay (Muc18S) 
to detect Mucorales in blood and tissue samples (Springer 
et al. 2016).

Drawing upon the detection methods outlined above, 
employing a multidisciplinary approach to promptly detect 
and treat COVID-19-associated fungal infections in patients 
may prove pivotal in mitigating the mortality rate associated 
with these infections (Fig. 3).

Although there is less research on nano-based detection 
of fungal infection than there is on bacteria and viruses, 
nanomedicine nevertheless enhances fungal detection.

The current treatment

Azole, polyene, and echinocandin are the three main cat-
egories of antifungals used to treat fungal infections. Azole 
antifungals impede the 14-αdemethylation of lanosterol by 
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blocking cytochrome P450, a crucial enzyme in the path-
way that leads to the synthesis of ergosterol. Further, fungal 
growth is hindered because of a drop in the level of ergos-
terol and the build-up of harmful sterol intermediates in the 
cytoplasmic membrane (Shirvani and Fattahi 2021). Poly-
enes bind to ergosterol in fungal cell membranes, forming 
aqueous pores that enhance intracellular ion leakage and 
obstruct active transport mechanisms dependent on mem-
brane potential, resulting in changes in cell membrane per-
meability and cell death (Ahmed et al. 2022). Echinocandins 
induce cell death in fungi by inhibiting the transmembrane 
glucan synthase complex and thus disrupts β-(1,3)-D-glucan 
synthesis which is necessary for the synthesis of essen-
tial components of fungal cell wall (Gonzalez-Lara and 
Ostrosky-Zeichner 2020).

The preferred antifungal depends on factors such as dis-
ease severity, the presence of coexisting conditions, and 
prior fungal exposure (Gonzalez-Lara and Ostrosky-Zeich-
ner 2020).

Candidiasis

Patients receiving antibacterial, immunomodulating ther-
apy, undergoing hemodialysis, parenteral nutrition, having 
central venous catheters, mechanical ventilation, having 
renal insufficiency, or having diabetes mellitus—all of 

which are common in COVID-19 critical-care patients—
are at significant risk of developing invasive candidiasis 
(IC) (Riche et al. 2020; White 2021). Additionally, a cou-
ple of studies suggest that the use of immunomodulating 
medications, such as corticosteroids and tocilizumab, has 
been proposed as a risk factor for candidemia (Antinori 
et al. 2020; Riche et al. 2020; Mo et al. 2021).

The most common pathogens linked with CAC are 
Candida albicans and Candida glabrata, presenting as 
candidemia (Arastehfar et al. 2020a; Seagle et al. 2022). 
However, the developing pathogen and multidrug-resistant 
species C. auris predominated in specific geographic loca-
tions, most prevalent in India, which has taken over from 
C. albicans as the most common Candida species in at 
least one hospital in Spain (Mulet Bayona et al. 2021). 
C. auris is difficult to differentiate from other species of 
candida and is resistant to all available classes of antifun-
gal drugs (Spivak and Hanson 2018; Koehler et al. 2021). 
The most effective method of combating C. auris is not yet 
known. Echinocandins are recommended as the first line of 
treatment since they are effective against the majority of C. 
auris isolates in the United States (Chakrabarti et al. 2015; 
Larkin et al. 2017). Additionally, despite being resistant to 
azoles, isavuconazole was reported to be effective against 
several C. auris isolates (Larkin et al. 2017).

Fig. 3   Diagrammatic illustration of use of biosensors in fungal detection
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Aspergillosis

Early in 2020, China reported the first cases of CAPA. Mul-
tiple case series and cohort studies have since emphasized 
the significance of this potentially fatal secondary infection 
(Yang et al. 2020b; Arastehfar et al. 2020b). Patients with 
acute respiratory failure (severe lung damage) caused by 
COVID-19, particularly those taking systemic corticosteroid 
or tocilizumab therapy, are at high risk of developing CAPA 
(Hoenigl et al. 2022c). Additionally, according to a couple of 
studies, independent predictors of the development of CAPA 
are thrombocytopenia, vasopressor usage before CAPA diag-
nosis, receiving invasive ventilation, and widespread use of 
broad-spectrum antibiotics in intensive care units (Cox et al. 
2020; Xu et al. 2021; Prattes et al. 2022).

Aspergillus fumigatus is known to be the most common 
pathogen that causes invasive aspergillosis (IA). It is one 
of the Aspergillus species that has been studied the most. 
On the other hand, it was found that Aspergillus flavus is 
more virulent than Aspergillus fumigatus, even though they 
both cause the same clinical syndromes (Machado et al. 
2021). Based on existing data, there may be differences in 
where these pathogens are found. For example, most cases 
of Aspergillus fumigatus infections have been reported in 
Western Europe, while Aspergillus flavus infections are 
more common in Asia, the Middle East, and Africa (Rudra-
murthy et al. 2019). To combat Aspergillus spp., voricona-
zole or isavuconazole is used as first-line treatments and 
liposomal amphotericin B, posaconazole, or echinocandins 
as second-line treatments for potential, likely, and proven 
CAPA (Koehler et al. 2021). Also, itraconazole, along with 
posaconazole and echinocandins, is used in patients who 
are unable to tolerate primary antifungal treatment (Vahedi-
Shahandashti and Lass-Flörl 2020).

Mucormycosis

The burden CAM in India is estimated to be 70 times higher 
than the global rate, with an annual case count of more than 
200,000 (Prakash and Chakrabarti 2021). The prevalence of 
CAM has been connected to environmental factors such as 
fungal spore exposure and chronic illnesses such as poorly 
managed diabetic mellitus (Jeong et al. 2019; Prakash et al. 
2020). Additionally, widespread use of steroids, and broad-
spectrum antibiotics, contaminated oxygen, and burns are 
the most common risk factors of CAM (Bhanuprasad et al. 
2021; Palanisamy and Elango 2022).

Rhizopus and Mucor are the most prevalent agents of 
CAM (Jeong et al. 2019). Among COVID-19 patients with 
diabetes, rhino-cerebral mucormycosis manifests most fre-
quently (Palanisamy and Elango 2022). Several methods are 
used to treat mucormycosis, including surgical removal of 
infected tissue or organs, early administration of effective 

antifungal medication, and the implementation of other 
adjuvant therapy (Hassan and Voigt 2019). The first-choice 
treatment for mucormycosis is liposomal amphotericin B 
(Hoenigl et al. 2022a). However, ideal dosage, side effects 
associated with infusion, and increased risk of nephro-
toxicity are all major, potentially therapy-limiting factors 
(León-Buitimea et al. 2021). Additionally, posaconazole and 
isavuconazole have demonstrated efficacy in cases of renal 
failure (Cornely et al. 2019a). Various fungal infections, 
their incidence, risk factors, current line of treatment, and 
its limitations are depicted in Table 2.

Fungal treatment using nanotechnology

Despite the constant progress in antifungal treatment, the 
efficacy of fungal therapeutics is hampered by a variety 
of therapy-related hurdles, such as poor drug penetration 
and the emergence of drug-resistant strains. Additionally, 
when new or drug-resistant fungi evolve, drug permeabil-
ity, adverse effects, and non-targeting abilities of drugs are 
factors that limit their effectiveness. It has been seen that 
patients treated with conventional antifungal medications 
fail to respond owing to drug resistance, resulting in the 
spread of infection, poor social, psychological, and occupa-
tional health effects, and a decrease in the patient’s quality of 
life (Kaur et al. 2021). Moreover, the toxicity of antifungals 
and their interactions with other medications make fungal 
infections notoriously difficult to treat (Brunet et al. 2018). 
The ever-growing number of research indicates that novel 
nanotechnology-based agents and approaches may help over-
come these limitations (Khezri et al. 2021).

Nanoparticles are currently gaining attention in the scien-
tific community due to their numerous potential therapeutic 
and diagnostic uses, including drug delivery and detection 
of biological and chemical agents, among others (Barrak 
et al. 2019). Furthermore, nanostructures are regarded as 
promising therapeutic alternatives due to their low toxicity, 
ability to cross many biological barriers, and capacity to 
be covalently conjugated with hydrophobic or hydrophilic 
drugs and macromolecules, enhancing solubility and stabil-
ity (Khan et al. 2019; Mitchell et al. 2021).

Several types of nanostructures are being studied for 
the administration of antifungal drugs and to improve their 
ability to function as adjuvants (Souza and Amaral 2017b). 
The antifungal activity of various types of nanoparticles is 
believed to involve a mechanism consisting of five distinct 
steps. The process of internalizing nanoparticles involves 
endocytosis and diffusion. This is followed by the disassem-
bly of the membrane and the release of nanoparticles into 
the cytoplasm. The induction of oxidative stress is a subse-
quent step, which leads to ROS-induced cell death. This is 
achieved through the activation of pro-apoptotic proteins and 
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ROS production, resulting in mitochondrial dysfunction and 
the endoplasmic reticulum stress-mediated apoptosis path-
way. The detailed mechanism of antifungal activity of NP 
is depicted in Fig. 4.

These nanostructures can be classified according to their 
composition into (Soliman 2017): polymeric NPs, phospho-
lipid-based vesicles, nanostructured lipid carriers (NLCs), 
dendrimers, nanoemulsions (NE), and metallic and magnetic 
NPs.

Considering the shape, size, and chemical and physical 
properties, nanoparticles can be classified as organic or poly-
meric, inorganic (metallic), and carbon nanoparticles. Vari-
ous nanotechnology based antifungal treatments are depicted 
in Table 3.

Candidiasis

The microbiota of humans includes species from the genus 
Candida. But when the immune system is compromised, or 
when biological barriers are lowered, these microbes can 
cause life-threatening infections. As discussed earlier, CAC 
has emerged as a major threat due to its multi-drug resist-
ance nature. Thus, several antifungal medications based on 
nanoparticles have been developed and are currently being 
tested against Candida spp.

Recent research indicates that AgNPs are effective against 
nosocomial infections and multidrug-resistant pathogens 
(Lara et al. 2020). For example, the effectiveness of AgNPs 
combined with propolis extract (PE) against mature bio-
films of Candida species and other fungi was assessed. It 
was discovered that the concentration needed for the formu-
lation to have fungicidal activity was lower than the cyto-
toxic concentration (Kischkel et al. 2020). Researchers also 

showed that AgNPs were effective against C. auris biofilm 
on colonized catheters and hospital fabrics. Importantly, the 
antifungal activity of AgNP-interlaced fabric fibers (such 
as elastic bandage wraps) was maintained even after multi-
ple washes(Lara et al. 2020). Apart from this, fluconazole-
resistant Candida albicans and Candida glabrata were 
considerably inhibited by the curcumin—AgNPs, and the 
degree of inhibition varied with the curcumin concentration 
used (Paul et al. 2018). In addition, it was discovered that 
curcumin-AgNPs were hemolytic; yet, the investigators pro-
posed that putting such nanoparticles into bacterial cellulose 
hydrogel might be an appealing method for exhibiting anti-
microbial activity against three common wound-infecting 
pathogenic microbes (Staphylococcus aureus, Pseudomonas 
aeruginosa, and Candida auris) in chronic wound infections 
(Gupta et al. 2020). AgNPs incorporated with fluconazole 
were able to reduce the biological activity of C. albicans 
biofilms, which was attributed to the ability of the NPs to 
promote the penetration of the azole, thereby disrupting the 
cell membrane (Różalska et al. 2018).

Trimetallic composite nanoparticles, comprised of silver, 
copper, and cobalt (Ag–Cu-Co), have been found to have 
more potent antimicrobial effects than their monometallic 
and bimetallic counterparts (Kamli et al. 2021). As per the 
recent study, these trimetallic nanoparticles exhibited higher 
stability, strong fungicidal activity, higher catalytic activ-
ity, and enhanced drug encapsulation efficacy (Kamli et al. 
2021). In addition, the same study suggested that these nano-
particles exert their effect on C. auris by inducing cellular 
apoptosis and stopping its cell cycle (Kamli et al. 2021).

Elemental bismuth is well known for its anti-fungal 
effects, particularly against Candida albicans. The same 
research found that bismuth nanoparticles (BiNPs) showed 

Fig. 4   Detailed mechanism of 
antifungal activity of nanopar-
ticles
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Table 3   Nanomaterial designed for antifungal treatment

Drug Nanocarrier Nanomaterial Fungal species 
tested

Use Exp. method Route of 
administra-
tion

Reference

Voriconazole Lipoid s100, 
lipoid

Transethosomes Aspergillus 
fumigatus

Antifungal In vitro N.A (Farooq et al. 
2022)

Butenafine N.A Bilosomes C. albicans and 
A. niger

Antifungal In vitro Topical (Zafar et al. 
2022)

Itraconazole Stearic acid and 
oleic acid

nanostructured 
lipid carriers

Aspergillus 
niger and 
Aspergillus 
flavus

Fungal infection 
(ocular)

In vitro Ocular (Kumar et al. 
2022)

Hsp90-CTD Polyethylen-
imine

Nanovaccine Candida albi-
cans

Fungal treatment In vivo (mice) N.A (Jin et al. 2022)

Titanium Oxide Chitosan (CTS-TiO2-Ag) 
nanocompos-
ite film

P. steckii Antifungal In vitro N.A (Xing et al. 2022)

Luliconazole N.A Spanlastic 
vesicles

Candida albi-
cans

Antifungal In vitro Topical (Marques et al. 
2022)

Voriconazole Phytantriol Cubosomes Aspergillus 
flavus

Fungal infection 
(ocular)

In vitro Ocular (Alhakamy et al. 
2022)

Copper iodide Chitosan N.A Candida albi-
cans

Fungicidal In vitro N.A (Martínez-Mon-
telongo et al. 
2021)

Oregano essen-
tial oil

Soybean leci-
thin

Nanoliposomes Trichophyton 
rubrum

Antifungal In vitro N.A (Aguilar-Pérez 
et al. 2021)

Voriconazole N.A Nano-liposomes Candida albi-
cans

Antifungal In vitro N.A (Hassanpour 
et al. 2021)

Silicon dioxide N.A Nanoparticles Candida albi-
cans

Antifungal In vitro N.A (Alzayyat et al. 
2021)

Voriconazole Chitosan Nanoparticles C. albicans Fungal infection In vitro and 
Ex vivo

Topical (Shah et al. 2021)

Voriconazole-
clove oil

Soybean leci-
thin

Nanotransfer-
osomes

Aspergillus 
flavus

Fungal infections 
of the paranasal 
cavity

In vitro Nasal (Kammoun et al. 
2021)

Fluconazole Polyethylene 
glycol

Solid lipid nano-
particles

Candida albi-
cans

Fungal infection 
(ocular)

In vitro
In vivo (mice)

Ocular (Kakkar et al. 
2021)

Butenafine Compritol 
888 ATO, 
Labrasol

nanostructure 
lipids carriers

Candida albi-
cans

Antifungal In vitro Topical (Mahdi et al. 
2021)

Graphene oxide polyethylene 
glycol

Nanoparticles Candida albi-
cans

Antifungal In vitro N.A (Cheong et al. 
2020)

Propolis Silver nanopar-
ticles (AgNP 
PE)

Nanoparticles C. albicans Antifungal In vitro N.A (Kischkel et al. 
2020)

Amphotericin B Milli-Q water, 
glucose (5%)

Liposome Aspergillus 
fumigatus

Fungal infection 
(burns)

In vitro Topical (Laurent et al. 
2020)

Luliconazole Soya phosphati-
dylcholine

Lipogel, ethogel Candida albi-
cans

Fungal 
infection(topical)

In vitro
Ex vivo (rat 

abdominal 
skin)

In vivo (rat)

Topical (Kaur et al. 2020)

Amphotericin B N.A Liposomes A. fumigatus Antifungal In vitro
In vivo (mice)

N.A (Siopi et al. 
2019b)

Natamycin Precirol ATO 5 Solid lipid nano-
particles

A. fumigatus 
and C. albi-
cans

Fungal infection 
(ocular)

In vitro
Ex vivo (goat 

cornea)

Ocular (Khames et al. 
2019)
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promising action against all clades of planktonic C. auris. 
The IC50 values for biofilms showed that BiNPs have 
a moderate inhibitory effect on the biofilm phenotype 
(Vazquez-Munoz et al. 2020). Further studies of BiNPs are 
still required. Apart from bismuth, high doses of gallium 
(gallium nitrate) have been suggested to be used as a fungi-
static agent due to its proven antimicrobial activity against 
various pathogens (Bastos et al. 2019). However, the toxic-
ity of such high doses of gallium has not been investigated.

Nitric oxide (NO), a crucial element of the mammalian 
innate immune system, can be both cytotoxic and cytostatic 
against a variety of pathogens. NO has previously been 
shown to have antifungal effects on C. albicans (Bandara 
and Samaranayake 2022). These nanoparticles that induce 
a sustained release of NO inhibited both biofilm and plank-
tonic growth of the C. auris isolates. This provides further 
evidence that nitric oxide nanoparticles are a promising anti-
fungal treatment option for treating this drug-resistant fungal 
infection (Cleare et al. 2020).

The transformation of C. albicans from yeast to hyphae 
is one of the virulence elements that contributes signifi-
cantly to its pathogenicity. A molecule made by Candida 

albicans called farnesol is a crucial quorum-sensing mol-
ecule (QSM) that prevents hyphae from growing. A recent 
study conducted on farnesol loaded niosomes comprising 
gel formulation revealed that niosomal gel has higher anti-
fungal activity against Candida albicans. Additionally, it 
showed higher ex vivo skin permeation and no irritation 
when tested on rabbit skin (Barot et al. 2021). Addition-
ally, a mouse model of vulvovaginal candidiasis was used 
to assess the efficacy of chitosan NPs encapsulating farnesol 
and miconazole. Miconazole with farnesol did not show 
synergism in-vitro. However, chitosan nanoparticles (NPs) 
containing farnesol were found to be beneficial in lower-
ing pathogenicity in mice, and they also suppressed hyphal 
development in C. albicans (Costa et al. 2019). The precise 
mechanisms by which farnesol affects the planktonic and 
biofilm phenotypes of candida are not yet known, but it has 
been hypothesised that the decreased activity of drug efflux 
pumps and the downregulation of the genes encoding them 
(CDR1, CDR2, and SNQ2) may be the cause of such obser-
vations (Srivastava and Ahmad 2020).

Amphotericin B (AmB) is commonly used in antifungal 
treatments because of its wide spectrum of activity, but it 

Table 3   (continued)

Drug Nanocarrier Nanomaterial Fungal species 
tested

Use Exp. method Route of 
administra-
tion

Reference

Histatin 5 Polyethylene 
glycol, soy 
dipalmitoyl 
phosphati-
dylcholine, 
cholesterol

Liposome C. albicans Fungal infection 
(oral)

In vitro Oral (Zambom et al. 
2019)

Amphotericin B Polyethylene 
glycol

Liposome Aspergillus 
fumigatus

Antifungal In vitro N.A (Ambati et al. 
2019)

Garlic Phosphatidyl-
choline, oleic 
acid

Liposome Aspergillus 
niger

Aspergillus 
flavus

Antifungal In vitro N.A (Pinilla et al. 
2019)

Clove essential 
oil

Chitosan Nanoparticles Aspergillus 
niger

Fungicidal In vitro N.A (Hasheminejad 
et al. 2019)

Itraconazole Poly lactic-co-
glycolic Acid

Nanoparticles Candida albi-
cans

Antifungal In vitro
Ex vivo (rat 

small intes-
tine)

N.A (Alhowyan et al. 
2019)

Miconazole, 
farnesol

Chitosan Nanoparticles Candida albi-
cans

Fungal infection 
(vaginal)

In vitro
In vivo (mice)

Vaginal (Costa et al. 
2019)

Zataria multi-
flora essential 
oil

Precirol® ATO 
5

Solid lipid nano-
particles

Aspergillus 
ochraceus, 
A. niger, A. 
flavus, Alter-
naria solani, 
Rhizoctonia 
solani, and 
Rhizopus 
stolonifera

Antifungal In vitro N.A (Nasseri et al. 
2016)
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can produce significant nephrotoxicity (Roemer and Kry-
san 2014). Using AmB encapsulated in PLGA-PEG NPs 
(PLGA-PEGAmB), the in vivo and in vitro efficacy, toxicity, 
and oral bioavailability of these formulations were studied. 
Compared to free AmB, PLGA-PEG-AmB nanoparticles 
lowered C. albicans MIC. Additionally, using a hemolysis 
assay, NP formulations exhibited less toxicity than Fungi-
zone®. After a week of oral treatment of PLGA-PEG-AmB 
NPs to rats, blood urea nitrogen and plasma creatinine values 
remained normal in vivo. The addition of glycyrrhizin acid 
increased the bioavailability of PLGA-PEG-AmB nanopar-
ticles considerably (Radwan et al. 2017). Additionally, SLNs 
and NLCs that were easily loaded with AmB were synthe-
sized, and the NPs demonstrated decreased hemolytic activ-
ity when compared to Fungizone®. Also, these formulations 
were more effective against C. albicans than free AmB or 
Fungizone®. According to the research, these formulations 
may boost antifungal activity, increase AmB solubility, and 
reduce treatment toxicity (Jansook et al. 2018).

In short, the use of a nanotechnology-based approach in 
the treatment of CAC can be beneficial. However, further 
research is warranted on the modes of action, toxicity, and 
dosage of these nanonovel formulations.

Aspergillosis

Aspergillosis members are characterized as opportunistic 
pathogens that can cause allergic reactions and systemic 
infections in humans. During the initial months of the epi-
demic, CAPA cases began to surface. However, incidence 
rates varied substantially, likely because CAPA is challeng-
ing to diagnose in COVID-19-associated acute respiratory 
distress syndrome (ARDS) patients (Hoenigl et al. 2022c). 
The need for newer treatment options is necessary as many 
challenges are arising while treating COVID-19-associated 
fungal infections. For example, the emergence of azole 
resistance in A. fumigatus has led to treatment failures.

Metal nanoparticles have great potential in treatment of 
fungal infections. Various studies based on marketed metal-
lic nanoparticles are carried out. As per study conducted on 
commercial AgNPs against Aspergillus fumigatus showed 
that treatment with 100 mg/L of AgNPs resulted in 54% 
growth of A. fumigatus when compared to 100% growth in 
control on potato dextrose agar (Ogar et al. 2015). Simi-
larly, study focusing on antifungal activity of commercial 
AgNPs in comparison with natamycin against Aspergillosis 
spp. showed that, AgNPs (MIC50: 0.5 µg/mL) exhibited 
potent in vitro activity when compared to that of natamycin 
(MIC50: 32 µg/mL) (Xu et al. 2013). In one study, cross-
linked chitosan biguanidine (CChG) that had been loaded 
with AgNPs (CChG/AgNPs) and Chitosan biguanidine 
hydrochloride (ChG) was tested for antimicrobial activity. 
The results showed that The ChG and CChG/AgNPs shown 

superior antimicrobial activity against A. fumigatus in com-
parison to chitosan and CChG. Additionally, CChG/AgNPs 
showed lower cytotoxicity to breast cancer cells (MCF-7) 
along with improved thermal stability (Salama et al. 2016).

Various polymers can be enhanced or given new capabili-
ties by the addition of metal nanoparticles, such as the ability 
to inhibit the development or adhesion of potentially hazard-
ous microbes (Vazquez-Rodriguez et al. 2020). In a related 
work, a nanosponge composite made of polyurethane cyclo-
dextrin co-polymerized phosphorylated multiwalled carbon 
nanotube-doped Ag-TiO2 nanoparticle (pMWCNT-CD/Ag-
TiO2) was created, and its antifungal properties were tested 
against Aspergillus ochraceus and Aspergillus fumigatus. 
The MIC of this nanocomposite was 437.5 g/mL, which is 
lower than the MIC of the undoped nanosponge, which was 
1750 g/mL. The TiO2 and Ag NPs dopped onto the material 
are thought to have caused the antifungal action by engaging 
with the functional groups of the fungus membrane, which 
caused ROS generation and breakdown of the cell wall mem-
brane (Leudjo Taka et al. 2020). Another study investigated 
the antifungal activity of two core–shell bimetallic nanopar-
ticles (Cu-Ag and Ag–Cu) synthesized in a polyvinyl alcohol 
(PVA) matrix. This study reported that Cu-Ag core–shell 
NPs outperformed Ag–Cu NPs, creating an inhibition zone 
of 23 and 16 mm, respectively, at 0.1 M. In contrast, Ag–Cu 
had a better fungicidal impact than Cu-Ag, with MFCs of 15 
and 25 g/mL, respectively, causing destruction to the fungal 
cell wall as revealed by scanning electron microscope (SEM) 
images (Sabira et al. 2020).

The nano-formulation of conventional antifungal agents 
allows for greater control of active ingredient release by 
altering the outer shell of the nanocapsules, resulting in 
better treatment of diverse ailments. The most research has 
been done on nanoformulations for AmB delivery because 
it is a first-line antifungal for treating fungal infections. 
AmBisome® is one of the most frequently cited AmB for-
mulations in publications comparing the efficacy of different 
nanoformulations. In one study, the toxicity and efficacy of 
AmBisome® and Lambin® were examined in mice. Both 
formulations considerably reduced the fungal burden in the 
lungs of mice treated after A. fumigatus infection. However, 
a single 50 mg/kg dose of the Lambin® resulted in 80% 
mortality and a similar dose of the AmBisome® resulted 
in 0% mortality (Olson et al. 2015). Another study devel-
oped AmB-entrapping plain, anionic and PEG (polyethylene 
glycol)-Lipid nanoparticles. The antifungal activity of this 
nanoscale drug carrier was compared with Fungizone® and 
AmBisome® both in vivo and in vitro. The in vitro anti-
fungal activity of the AmB-entrapping LNPs was higher 
than that of Fungizone® but not AmBisome®, with MICs 
of 0.025, 0.25, and 1 g/mL for LNPs, AmBisome®, and 
Fungizone®, respectively. However, in an in vivo model 
(mice infection-A. fumigatus) AmB-entrapped LNPs showed 
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higher survival rates than AmBisome® (Fukui et al. 2003). 
One study evaluated the kinetics of AmBisome® and Abel-
cet® accumulation in the lungs of immunocompromised 
mice with invasive pulmonary aspergillosis. This study 
reported that Abelcet® transports active AmB to the lung 
more quickly than AmBisome® at 5 mg/kg/day, resulting 
in a quicker reduction in fungal load (Lewis et al. 2007). 
Another study examined the antifungal activity of poly(D, 
L-lactide-co-glycolide (PLGA) NPs loaded with AmB 
against different fungal infections, including A. fumigatus. 
In comparison to AmB, Fungizone®, and AmBisome®, 
AmB-loaded PLGA NPs had much stronger antifungal activ-
ity against A. fumigatus in vitro. They also shown decreased 
cytotoxicity towards MRC-5 cells and hemolytic activity 
towards red blood cells. Similarly, when applied in vivo at a 
dosage of 5 mg/kg, the AmB-loaded PLGA NPs generated 
a considerable reduction of A. fumigatus in comparison to 
Fungizone® and a 2-times more effective reduction than 
AmBisome® (Van De Ven et al. 2012). According to a study 
conducted on mice, the recommended doses of AmBisome® 
for neutropenic patients and non-neutropenic patients with 
isolates of A. fumigatus with MICs between 0.5 and 1 mg/L 
are 7.5 to 10 mg/kg and 1 to 3 mg/kg, respectively (Siopi 
et al. 2019a). Another study evaluated the clinical response 
and renal toxicity of AmBisome® in 71 patients for chronic 
pulmonary aspergillosis therapy. This study showed that, 
in 48 patients (73.8%), the first AmBisome® treatment was 
effective. Improvements in quality of life (QOL) were seen 
in 37 (92.5%) of the 40 patients. However, acute kidney 
injury occurred in 25% of the patients, indicating that these 
drugs should be used with caution (Newton et al. 2016).

In short, the implementation of nanotechnology in the 
treatment of fungal infections, such as aspergillosis, has 
great potential since it allows for the targeted and efficient 
delivery of antifungal agents, enhanced drug stability, and 
improved therapeutic outcomes.

Mucormycosis

Mucormycosis is caused by various species of fungi belong-
ing to the order Mucorales and is considered an opportun-
istic pathogen. Various types of fungi, such as Rhizopus 
spp., Mucor spp., Rhizomucor spp., Syncephalastrum spp., 
Cunninghamella bertholletiae, Apophysomyces spp., and 
Lichtheimia spp., have been identified as causative agents 
of mucormycosis (Skiada et al. 2020). COVID-19 pandemic 
has paved way for this secondary fungal infection (CAM) in 
many countries. This infectious condition has a significant 
mortality rate. Additionally, the Mucorales have developed 
multi-resistance to existing antifungals used to treat the 
infection, including amphotericin B, posaconazole, and isa-
vuconazole. Thus, there is need for more advanced treatment 
options (Dogra et al. 2022).

Various metal nanoparticles have demonstrated their 
antimicrobial activity against Mucorales. Silver has been 
employed as a nanomaterial in the treatment of antifungal 
and antibacterial. Silver nanoparticles have long been known 
for their biocidal effects, which include antibacterial, anti-
fungal, antiviral, and anticancer properties (Chatterjee et al. 
2023). In one study, it was observed that β-cyclodextrin-
encapsulated silver nanoparticles exhibited the capability 
to combat Mucorales, resulting in a decrease in the growth 
of M. ramosissimus (George et al. 2011). Considering this 
data, silver nanoparticles can be a viable antifungal strategy 
to prevent the progression of mucormycosis. Another new 
antifungal treatment that has emerged uses zirconium oxide 
(ZrO2NPs) nanoparticles. Only a few studies have been con-
ducted so far on the antifungal properties of zirconium oxide 
nanoparticles. However, it has been feasible to show that 
they can suppress a number of Mucor and Rhizopus spp. 
(Dogra et al. 2022). Apart from ZrO2NPs, the antifungal 
activity of Saussurea lappa plant root-mediated zinc oxide 
nanoparticles was observed against various fungal strains 
including Rhizopus oryzae (Kolahalam et al. 2021). A study 
focusing on copper and nickel nanoparticles reports that, 
copper nanoparticles (DPMMCuNPs) and nickel nanopar-
ticles, stabilized by Schiff base ligand 2-(4,6-dimethoxypy-
rimidin-2-ylimino)methyl)-6-methoxyphenol (DPMM), 
demonstrated antibacterial and antifungal effects that were 
dependent on the administered dose. Research has been con-
ducted on the efficacy of DPMM-CuNPs and DPMM-NiNPs 
in inhibiting the growth of Mucor indicus and Rhizopus spp. 
(Adwin Jose et al. 2018).

Another therapeutic option for treatment is the utilization 
of nanoemulsion NB-201. NB-201 incorporates a surfactant 
known as benzalkonium chloride (BZK), which exerts a fun-
gicidal effect by disrupting the cell membrane of the fun-
gal organism (Brunet and Rammaert 2020). According to 
in vitro susceptibility studies, NB-201 significantly inhibits 
the growth of Mucorales, including several Rhizopus and 
Mucor isolates (M. circinelloides, R. microsporus, and R. 
delemar). This finding implies that mucormycosis may be 
treated topically with nanoemulsion NB-201 (León-Bui-
timea et al. 2021).

In short, the integration of nanotechnology in the treat-
ment of mucormycosis signifies a notable advancement. 
However, more research is warranted on medications based 
on nanoparticles to treat this infection.

Toxicity of NP

Nanoparticles have gained significant attention in various 
biomedical applications, including the field of infectious 
disease management. However, alongside their potential 
benefits, concerns regarding the potential toxicity of nano-
particles have also emerged. When nanoparticles enter the 
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human body, they can pass through multiple cellular barriers 
and reach the most sensitive organs, such as the liver, lung, 
and kidney, causing mitochondrial damage, deoxyribonu-
cleic acid (DNA) alterations, and finally cell apoptosis or 
death (Tan et al. 2018). One of the main mechanisms of NP 
toxicity is the generation of reactive oxygen species (ROS), 
which can result in oxidative stress, inflammation, and sub-
sequent damage to proteins, cell membranes, and DNA (Fu 
et al. 2014; Fard et al. 2015). The amount of ROS produced 
by nanoparticles is determined by various factors, including 
particle size, surface, shape, composition, solubility, particle 
absorption, aggregation/agglomeration, and the presence of 
mutagens and transition metals associated with the particles 
(He et al. 2018; Jeevanandam et al. 2018). For example, a 
study conducted by Rizk et al. showed that the genetic dis-
turbance began at a high dose of exposure (500 mg/kg body 
weight) and for a lengthy period of time (45 days), while the 
liver function enzymes, oxidative stress markers, and liver 
histological pattern were all significantly influenced by the 
dose and time of titanium oxide nanoparticles (21 nm) (Rizk 
et al. 2017). Furthermore, Steckiewicz et al. showed that the 
geometry of gold nanoparticles affected their cytotoxicity. 
The most cytotoxic gold nanoparticles were discovered to be 
gold nanostars with the highest anticancer potential, while 
gold nanospheres with low anticancer potential were found 
to be less harmful (Steckiewicz et al. 2019).

Nanoparticles are often introduced into the human body 
through ingestion (gastrointestinal tract), breathing (respira-
tory tract), injection (blood circulation), and skin contact 
(Wu and Tang 2018). Conditions associated with these entry 
points are depicted in Table 4.

Conclusion

Prevalence and spread of invasive fungal infections and 
co-infections with viruses are increasing at alarming rate. 
These infections are extremely difficult to treat and pose 
great challenges to clinicians. In addition, like in bacteria, 
antimicrobial resistance is spreading in fungi which can 
make existing treatments ineffective. Additionally, the num-
ber of active agents that can be used for treating pathogenic 
fungi is limited. Rapid diagnosis and effective treatments of 

fungal infections are the need of an hour. Nanotechnology 
has offered advanced technologies and tools to diagnose and 
treat fungal infections. On an account of its nanosize and 
unique optical and physicochemical properties, nanomate-
rials developed from lipids, polymers, and different metals 
have great promise to offer a wide range of solutions to cur-
rent problems associated with fungal diagnosis and treat-
ments. However, several factors including nanotechnology-
explicit risks must be taken into account while developing 
strategies for diagnosis and treatment of fungal infections 
using these materials and as a future work, more research 
is warranted to evaluate the safety of complex and hybrid 
nanomaterials.
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