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a b s t r a c t 

Fungal infections pose a serious threat to human health and livelihoods. The number and variety of clini- 

cally approved antifungal drugs is very limited, and the emergence and rapid spread of resistance to these 

drugs means the impact of fungal infections will increase in the future unless alternatives are found. 

Despite the significance and major challenges associated with fungal infections, this topic receives sig- 

nificantly less attention than bacterial infections. A major challenge in the development of fungi-specific 

drugs is that both fungi and mammalian cells are eukaryotic and have significant overlap in their cellu- 

lar machinery. This lack of fungi-specific drug targets makes human cells vulnerable to toxic side effects 

from many antifungal agents. Furthermore, antifungal drug resistance necessitates higher doses of the 

drugs, leading to significant human toxicity. There is an urgent need for new antifungal agents, specifi- 

cally those that can limit the emergence of new resistant species. Non-drug nanomaterials have primarily 

been explored as antibacterial agents in recent years; however, they are also a promising source of new 

antifungal candidates. Thus, this article reviews current research on the use of inorganic nanoparticles as 

antifungal agents. We also highlight challenges facing antifungal nanoparticles and discuss possible future 

research opportunities in this field. 

Statement of significance 

Fungal infections pose a growing threat to human health and livelihood. The rapid spread of resistance 

to current antifungal drugs has led to an urgent need to develop alternative antifungals. Nanoparticles 

have many properties that could make them useful antimycotic agents. To the authors’ knowledge, there 

is no published review so far that has comprehensively summarized the current development status of 

antifungal inorganic nanomaterials, so we decided to fill this gap. In this review, we discussed the state- 

of-the-art research on antifungal inorganic nanoparticles including metal, metal oxide, transition-metal 

dichalcogenides, and inorganic non-metallic particle systems. Future directions for the design of inor- 

ganic nanoparticles with higher antifungal efficacy and lower toxicity are described as a guide for further 

development in this important area. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Fungal infections threaten multiple aspects of human liveli- 

ood including health [1] and food supply [2] . Focusing on human 

ealth, fungi can cause life-threatening infections (mycosis), poi- 

oning through the production of toxins (e.g., botulism), and aller- 

ic reactions to fungal proteins [3] . Fungal infections can be caused 

y endogenous, opportunistic species and exogenous pathogenic 

pecies [1] . Individuals with underdeveloped, suppressed, or weak- 

ned immune systems such as newborns, cancer patients receiving 

hemotherapy, organ transplant patients, burns patients, and pa- 

ients with acquired immune deficiency syndrome (AIDs) are more 

usceptible to invasive fungal infections [3] . 

The rate of invasive fungal infections has increased signifi- 

antly in recent decades. In fact, more than 1 billion people suf- 

er from fungal infections annually, resulting in 1.6 million deaths 

lobally [ 4 , 5 ]. Approximately 90% of fungal-related deaths are due 

o four fungal genera: Candida spp., Aspergillus spp., Pneumocystis 

pp. and Cryptococcus spp. [6] . More detailed introduction of these 

athogenic fungal species and the diseases they could cause can 

e found in the literature [ 7 , 8 ]. Invasive fungal infections caused

y Candida spp. and Aspergillus spp. in particular have high mor- 

ality rates of 30-50% [6] . Candida spp. are also of particular con- 

ern because they are responsible for up to 40% of the total mor- 

ality from all fungal infections [9] . Additionally, superficial infec- 

ions in patients are commonly associated with pathogens such as 

richophyton spp., Epidermophyton spp. and Microsporum spp. [10] . 

herefore, effective control of infections caused by these fungi is 

mportant for human health. The emergence of antimicrobial re- 

istance worldwide is challenging human health. Naturally occur- 

ing opportunistic fungal pathogens have developed resistance to 

 wide range of antifungals [11] . To avoid a global collapse in our

bility to control fungal infections, we must improve the manage- 

ent of existing antifungals, promote the discovery of new an- 

ifungals, and use emerging technologies to find alternative solu- 

ions. 

Nanoparticles are small particles with size ranging from 1 to 

00 nm [12] . Due to their small size and high surface area to

olume ratio, nanoparticles possess many unique physiochemi- 

al properties that are significantly different from bulk materials. 
57 
ased on these properties, nanoparticles have a wide range of ap- 

lications, such as in cosmetics, clothing materials, building ma- 

erials, agriculture, energy, catalysis, and medicine. Growing inter- 

st in the field of nanomedicine research has attracted significant 

ttention. The main applications of nanoparticles in medicine in- 

lude imaging, diagnostics, drug delivery, anti-cancer, and antibac- 

erial treatments. The many compositions and forms of these par- 

icles make specific, minimally invasive diagnostics and treatments 

ossible. Notably, nanoparticles can be modified to have different 

hysiochemical properties, such as stability, size, shape, and sur- 

ace charge, which can affect the biocompatibility and diagnos- 

ic or therapeutic functions of the nanoparticles. An overview of 

anoparticles for medical applications can be found in Ref. [13] . 

Fighting against microbes is always an important task to pro- 

ect human health. Nanoparticles with antibacterial abilities have 

ecome a hot topic over recent decades, as the challenge of antibi- 

tic resistance has grown. These nanoparticles can help to over- 

ome the limitations of traditional organic antibacterial drugs with 

egards to safety, broad-spectrum activity, and combating resis- 

ance, and have been applied in medical products like wound 

ressings. 

. Basics of fungal biology 

It is crucial to understand fungal biology to develop more effec- 

ive treatment and prevention methods for fungal infections. Fun- 

al pathogens can be divided into two major groups: filamentous 

ungi and yeasts [14] . Most of the primary pathogens are filamen- 

ous fungi, while most of the opportunistic pathogens (which cause 

nfections when a patient’s immune defences are compromised) 

re yeasts [14] . The basic biology of filamentous fungi and their 

ifecycle is shown in Fig. 1 (a) [15] . Filamentous fungi are generally 

omposed of elongated, branched hyphae with cell walls, and typ- 

cally reproduce sexually or asexually by producing a multitude of 

pores (as shown in Fig. 1 (a)) [15] . Their hyphae are multicellular, 

lamentous, branching structures, comprising apically growing se- 

ies of colourless cellular compartments separated by cell walls, as 

hown in Fig. 1 (b) [16] . The structures of the hyphae are unique

nd are not found in other kingdoms of multicellular life such as 

lants and animals [17] . Each fungus grows a vast number of hy- 
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Fig. 1. (a) Representative structures and life cycle of fungi; (b) septate branched hyphae and aseptate branched hyphae; (c) schematic of yeast cells dividing by binary fission 

or by budding; (d) schematic of a single yeast cell. 
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hae that are intertwined into a tangled web called mycelium [16] . 

n contrast, yeasts grow as discrete cells. Some of them proliferate 

ia fission, but proliferation by budding is more common as de- 

icted in Fig. 1 (c) [18] . 

Both mammalian cells and fungal cells are eukaryotic. As such, 

here is a significant similarity in their cellular structures as seen 

n Fig. 1 (b, d). For instance, the plasma membrane of both cell 

ypes is a phospholipid bilayer, and fungi share many common 

rganelles with mammalian cells, including a nucleus, ribosomes, 

olgi apparatus, mitochondria, and endoplasmic reticulum. How- 

ver, fungal cells do have some distinct cytoplasmic organelles and 

iosynthetic pathways that directly relate to their unique struc- 

ural and functional characteristics [19] . For instance, the double- 

ayered wall structure that encases fungal cells, known as the fun- 

al envelope, has an inner plasma membrane and an outer cell 

all [20] . Fungal cells differ from mammalian cells in that they 

ossess an outer cell wall that is commonly composed of glyco- 

roteins and polysaccharides, mainly glucan and chitin [20] . One 

ain role of the fungal envelope is to provide protection for the 

ungal cells from environmental stresses, and it is also the site for 

 variety of signalling pathways [20] . Although both mammalian 

nd fungal cells have cell membranes, their lipid compositions dif- 

er. Mammalian cells have a cholesterol-rich membrane, whereas 

ungal cells have a membrane composed mainly of ergosterol. Er- 

osterol is a molecule that serves a similar role in fungal cells as 

holesterol does in mammalian cell membranes and is critical for 

he function and biogenesis of the membrane [21] . Ergosterol can 

e recognised as a fungi-specific target for designing antifungals 

hat differ fungal cells from mammalian cells. Despite these dif- 

erences, fungi are metabolically similar to mammalian cells with 

ew pathogen-specific targets. More detailed descriptions of fungal 

tructures and fungal classifications can be found in books, such as 

hose by Webster et al [ 15 , 16 ]. 
58 
. Current antifungal drugs and challenges 

.1. Current antifungal drugs 

The overlap in cellular machinery between fungi and mam- 

alian cells hinders the development of antifungal drugs that only 

arget fungi, without causing additional undesirable side effects for 

he mammalian cells [6] . Compared with antibiotics, the number of 

ntifungal agents is small, and many antifungal drugs are toxic to 

ukaryotic host cells [22] . Ideas and techniques that have been ef- 

ective for the development of antibacterial drugs have not shown 

imilar efficacy upon translation to the development of antifungal 

rugs, as bacteria and fungi have critically different structures and 

omponents [23] . 

At present, approximately 80 types of antifungal drugs are clin- 

cally available. They can be categorised into five classes, includ- 

ng polyenes (such as amphotericin B), allylamines, azoles (such as 

uconazole, itraconazole, posaconazole), pyrimidine analogues, and 

chinocandins (such as caspofungin, micafungin and anidulafun- 

in) [6] . The antifungal mechanisms of these drugs can be further 

ivided into four common targeting techniques, which are outlined 

n Table 1 . The first common target for antifungal drugs is ergos- 

erol [24] . Ergosterol is required for the function and biogenesis of 

he plasma membrane, and inhibiting its synthesis, binding to it, or 

amaging it can be lethal to fungi [ 25 , 26 ]. Other common targets

or antifungal drugs include the cell envelope (both membrane- 

ctive and cell wall-active drugs are effective here) [27] ; inhibiting 

he biosynthesis of nucleic acids, proteins, chitin, and mannan [27] ; 

nd other mechanisms, such as producing reactive oxygen species 

ROS) or depleting adenosine triphosphate (ATP) [ 28 , 29 ]. Sulphur 

etabolism has been recently reported as a potential new antifun- 

al target as sulphur-related processes are a fundamental aspect of 

he fungal physiology of some species, such as Aspergillus fumigatus 
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Table 1 

Antifungal mechanisms of current antifungal drugs. 

Category of antifungal 

mechanisms Antifungal mechanism Representative drugs Refs. 

Targeting ergosterol Perturbing membrane function through binding to ergosterol Amphotericin B [ 14 , 31 ] 

Inhibiting ergosterol biosynthesis Imidazoles, triazoles, allylamines and morpholines [31] 

Targeting the cell envelope Disrupting membrane via pore formation Antimicrobial peptides [32] 

Inhibiting synthesis of fungal cell wall polysaccharides Triazoles and echinocandins [31] 

Targeting biosynthesis Inhibiting fungal protein synthesis Sordarins [31] 

Interfere with microtubule assembly Griseofulvin [31] 

Inhibits DNA synthesis Flucytosine [31] 

Inhibiting expression of mRNAs Hinokitiol [33] 

Inhibiting glycolysis Benoate [29] 

Other mechanisms Promoting ROS production Amphotericin B, Dill seed essential oil [ 28 , 34 , 35 ] 

Depleting ATP Benoate [29] 

Inhibiting the respiratory electron transport system Pyrrolnitrin [36] 
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30] . However, no antifungal drug that targets sulphur metabolism 

as been reported so far. 

Because yeasts and filamentous fungi differ in structure and 

omposition, some antifungal mechanisms may be effective against 

nly one or the other. For example, flucytosine exerts its antifun- 

al activity by incorporating into RNA and causing premature chain 

ermination or by inhibiting DNA synthesis. However, for this to 

ccur, it must be internalized into the cell and converted to its ac- 

ive form through the activity of two enzymes. Most filamentous 

ungi lack these enzymes, so the antifungal activity of flucytosine 

s limited to yeasts [31] . As another example, the allylamines in- 

ibit squalene epoxidase, which is involved in an early step in the 

rgosterol biosynthesis pathway in susceptible species, which in- 

lude many filamentous fungi but few pathogenic yeasts [31] . 

.2. Current antifungal challenges 

Current antifungal drugs aid in the management of fungal in- 

ections; however, many challenges remain. Specifically, many anti- 

ungal drugs exhibit toxicity, and fungi are increasingly developing 

esistance [31] . The rise of antifungal resistance is particularly con- 

erning, as this will limit the efficacy of future treatments, as is 

ccurring for antibacterial drugs. The number of reports of drug- 

esistant human pathogenic fungi has increased rapidly over the 

ast decades [11] . Drug resistance to common antifungal agents 

as greatly increased the difficulty of treating fungal infections 

linically [37] . The global spread of azole-resistant Aspergillus spp. 

nd rise of multidrug-resistant Candida spp. are particularly con- 

erning due to the high mortality associated with invasive infec- 

ions caused by these species [ 38 , 39 ]. Azoles are not only used for

he health protection of human, animal and crop, but also used 

or antifouling coatings and wood preservatives. The widespread 

se of azole has accelerated the evolution of azole-resistant fungi 

11] . In one surveillance study, the rates of resistant Candida spp. 

ncreased from 4.2% in 2008 to 7.8% in 2014 [40] , and some in-

titutional studies have reported higher rates of 10% or more [41–

3] . For instance, the prevalence of fluconazole-resistant Candida 

lbicans infections in The Ninth People’s Hospital of Chongqing in 

hina increased dramatically from 36% to 64% in only two years 

43] . 

Fungi have developed several resistance mechanisms including 

lterations in drug targets, alteration in cellular pathways (such as 

lteration in sterol biosynthesis), reduction in the intercellular con- 

entration of target enzyme, overexpression of the antifungal drug 

arget, activation of stress response signalling, and overexpres- 

ion of efflux pump proteins ( Fig. 2 ) [ 44 , 45 ]. Besides, fungi have

heir intrinsic resistance mechanisms to antifungal drugs, including 

iofilm formation, differences in cellular permeability, and some 

echanisms overlapping with those implicated in acquired resis- 
59 
ance including target incompatibility, stress response signalling, 

nd efflux pump proteins overexpression ( Fig. 2 ). 

Biofilms are communal structures of microorganisms encased in 

n extracellular polymeric matrix composed mainly of polysaccha- 

ides, lipids, proteins, external DNA (eDNA), and other molecules 

 46 , 47 ]. The composition of the extracellular polymeric substance 

aries across species and even growth conditions, and the com- 

osition of many biofilms remains unknown [ 4 8 , 4 9 ]. Biofilms

an form on both biotic and abiotic surfaces, and are known 

o often attach to medical devices, such as urinary and intra- 

enous catheters, artificial heart valves, endotracheal tubes, and 

rothesis joints [50] . Biofilms provide microorganisms protection 

gainst external factors such as temperature and pH variations, 

nd can evade immune defences and impart antimicrobial resis- 

ance [ 50 , 51 ]. The National Institutes of Health reported that more 

han 80% of human infections are associated with biofilm for- 

ation [52] . In the United States, biofilm-related infections af- 

ect more than 12 million people with an estimated annual eco- 

omic burden of 6 billion dollars [50] . Both yeast and filamen- 

ous fungi can form biofilms. The most common sites of fungal 

iofilm infections include mouth, lungs, burn wounds, lower gen- 

tal tract, gastrointestinal tract, skin, intravascular and catheter in- 

ertion sites [47] . Among fungal pathogens, Candida albicans are 

ost commonly associated with biofilm infections and induce high 

ortality [51] . Frequently, biofilms contain mixed populations of 

acteria and fungi, which make the treatment much more difficult 

53] . The limited number of antifungal agents, significant toxicity 

f these agents towards mammalian cells, the emergence of resis- 

ant species, and the protection provided by biofilms towards tra- 

itional antimycotic agents clearly illustrate the need to develop 

ew antifungal agents to effectively treat and control resistant fun- 

al infections [54] . 

. Antifungal inorganic nanoparticles 

Nanoparticles are promising next generation antimicrobial 

gents [55] . Their antibacterial properties have been extensively 

tudied, but their use as antifungal agents has received less at- 

ention [56] . However, nanoparticles have many properties that 

ould make them useful antimycotic agents. For instance, nanopar- 

icles are highly tuneable, they have high specific surface area, and 

heir unique physical and chemical properties allow them to attack 

icroorganisms via several different mechanisms [57] . Our group 

nd others have recently illustrated that attacking bacteria with 

anoparticles that exert several simultaneous mechanisms of ac- 

ion can be an effective strategy to prevent or significantly delay 

he onset of antibacterial resistance [ 58 , 59 ]. Investigating whether 

his strategy could also limit fungal resistance development is a 

romising line of inquiry. Additionally, nanoparticles have been 

hown to penetrate biofilms and inhibit biofilm formation, so they 
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Fig. 2. The mechanisms of fungal acquired and intrinsic resistance which can be developed through several mechanisms. Examples include overexpression of drug targets, 

target alteration by amino acid replacements, signalling through stress response pathways, overexpression of efflux pump proteins, or alterations in cellular pathways. 

Intrinsic resistance includes several mechanisms overlapping with those described in acquired resistance, such as target incompatibility, stress response signalling, and efflux 

pump overexpression. Besides, intrinsic resistance can be caused by the formation of fungal biofilms and differences in cellular permeability. Created using Mind the Graph. 

a

[

p

h

i

t

t

v

g

p

c

p

(

t

a

t

m

d

f

g

c

4

i

a

b

c

o  

f

b

B

C

d

M

c

t

d

s

m

c

I

s

c

A

n

t

p

f

o

v

g

re a promising tool to prevent or treat fungal biofilm infections 

60] . 

Both organic and inorganic nanoparticles with antimycotic 

roperties have been developed, and each type of nanoparticle 

as unique benefits and limitations. In this review, we focus on 

norganic nanoparticles because they have superior chemical and 

hermal stability compared to their organic counterparts, making 

hem more easily stored, transported, and used in challenging en- 

ironments [56] . We first discuss the existing research on antifun- 

al inorganic nanoparticles including metal (silver, gold, and cop- 

er), metal oxide (zinc oxide, titanium dioxide, iron oxide, and 

opper oxide), transition-metal dichalcogenide (molybdenum disul- 

hide and molybdenum diselenide), and inorganic non-metallic 

carbon, selenium and tellurium) particle systems [61–68] . Their 

oxicity limitations and what is currently known about their mech- 

nisms of action are reviewed to provide important insights into 

heir potential applications. The antifungal NPs reviewed here are 

ostly made by chemical reduction or biosynthesis methods, as 

escribed in Section 8 . Once existing research has been analysed, 

uture directions for this technology regarding the design of inor- 

anic nanoparticles with higher antifungal efficacy and lower toxi- 

ity are discussed. 

.1. Silver nanoparticles 

Silver nanoparticles (Ag NPs) are the most widely researched 

norganic nanoparticles for antimicrobial applications, including as 
60 
ntifungal agents [69] . They show broad-spectrum activity against 

acteria and have been applied as antibacterial agents in a range of 

ommercial products, including in wound dressings and as coatings 

n medical devices [70] . Ag NPs have also been found to have anti-

ungal activity against a wide range of species, including Aspergillus 

rasiliensis [61] , Aspergillus fumigatus [61] , Aspergillus oryzae [71] , 

ipolaris sorokiniana [72] , Candida albicans [73] , Candida auris [74] , 

andida glabrata [75] , Chaetomium globosum [76] , Cladosporium cla- 

osporioides [76] , Cryptococcus sp. [75] , Magnaporthe grisea [72] , 

ortierella alpine [76] , Penicillium brevicompactum [76] , Penicillium 

hrysogenum [71] , Rhizoctonia solani [77] , and Stachybotrys char- 

arum [76] . Importantly, this antifungal activity has also been 

emonstrated against drug-resistant fungal species [78] . Table 2 

ummarizes available data on their performance in terms of the 

inimum inhibitory concentration (MIC) and minimum fungicidal 

oncentration (MFC) of the Ag NPs against different fungal strains. 

t must be noted that these studies used Ag NPs with different 

izes and different stabilizer coatings, both of which can signifi- 

antly affect their interactions with cells. The mean sizes of most 

g NPs mentioned in this table were very small, less than 25 

m. In only a few cases, Ag NPs prepared using biological ex- 

racts as reducing agents were larger, up to 80nm [79] . The re- 

orts also used a variety of MIC or MFC testing methods and dif- 

erent fungal sources. Thus, the resulting MIC and MFC values vary 

ver a very wide range and the data from different reports are 

ery difficult to compare. Therefore, this table provides a general 

uide of the antifungal ability of silver particles against different 
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Table 2 

Minimum inhibitory concentrations (MIC) and minimum fungicidal concentrations (MFC) of Ag NPs 

against a variety of fungal strains. 

Fungal strains MIC (μg/mL) Refs. MFC (μg/mL) Refs. 

Aspergillus brasiliensis / / 1960 [80] 

Aspergillus flavus 0.5-2 [ 81 , 82 ] / / 

Aspergillus fumigatus 1 [ 81 , 82 ] / / 

Aspergillus niger 25-64 [ 83 , 84 ] / / 

Candida albicans 0.052-60 [ 79 , 81–93 ] 1.8-500 [ 80 , 86–90 ] 

Candida auris 50 [74] 100 [74] 

Candida dubliniensis 3.9-7.8 [86] 15.6-31.2 [86] 

Candida glabrata 0.4-15 [ 85 , 88 , 91 , 92 ] 1.68-980 [ 80 , 88 ] 

Candida parapsilosis 1.69 [87] 13-27 [ 87 , 88 ] 

Candida tropicalis 0.25-20 [ 81 , 82 , 87 , 88 , 92 ] 3.4-30 [ 80 , 87 , 88 ] 

Candida krusei 0.125-0.84 [ 81 , 82 , 88 ] 13-30 [ 80 , 88 ] 

Cryptococcus gattii 0.84 [88] 0.84 [88] 

Cryptococcus neoformans 0.25-8 [ 81 , 83 , 84 , 88 ] 0.42 [88] 

Fusarium moniliforme 4 [82] / / 

Fusarium oxysporum 2-16 [ 82 , 84 ] / / 

Fusarium solani 1-2 [ 81 , 82 ] / / 

Microsporum canis 200 [94] / / 

Microsporum gypseum 170 [94] / / 

Penicillium notatum 31.2 [95] / / 

Saccharomyces cerevisiae 12 [96] / / 

Sporothrix schenckii 0.25 [81] / / 

Trichophyton mentagrophytes 5-180 [ 79 , 94 ] / / 

Trichosporon ashii 0.5 [97] / / 
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ungal species but cannot be used to predict their performance 

efinitively. 

Despite the documented antimycotic properties of Ag NPs, few 

verarching conclusions about how Ag NPs should be designed for 

aximum antimycotic activity can be drawn. This is because many 

hysiochemical properties such as size, shape, and surface chem- 

stry influence the antifungal properties of the particles, but these 

arameters have not been rigorously and systematically explored 

o elucidate their structure-function relationship in the antimycotic 

pace. However, one consistent trend is that smaller Ag NPs gen- 

rally have greater antifungal efficacy [98] . This is consistent with 

bservations of the activity of Ag NPs against bacteria which also 

ends to increase as their size decreases [99] . Ag NPs are com- 

only thought to exert their antimicrobial effect through the re- 

ease of soluble ions. As such, the superior antimicrobial properties 

f the smaller Ag NPs is often attributed, at least in part, to their 

igher specific surface area that leads to faster soluble ion release 

 99 , 100 ]. 

In addition to particle size, researchers have reported that the 

hoice of particle stabilizer influences the antifungal activity of 

hese NPs [ 87 , 101 ]. For instance, the antifungal activities of dif-

erent surfactant- or polymer-stabilized Ag NPs were tested, with 

on-stabilized Ag NPs and ionic silver as controls [87] . In this 

ork, all the Ag NPs were spherical with a mean size of 25 nm. 

he MIC values of the non-stabilized Ag NPs were 0.21-0.42, 1.68 

nd 0.84 μg/mL against Candida albicans, Candida parapsilosis and 

andida tropicalis , respectively. By contrast, surfactant- or polymer- 

tabilized Ag NPs showed higher antifungal activity against the 

ame fungal strains, with lower MIC values of 0.052-0.21, 0.84 and 

.42 μg/mL, respectively. The authors ascribed the better antifungal 

ctivity of stabilized Ag NPs to the improved colloidal stability of 

he particles and the antimicrobial activity of the stabilizing sur- 

actants themselves. 

While some research has shown significant differences in an- 

ifungal properties among Ag NPs of different sizes and surface 

hemistries, there is debate in the literature. For instance, some re- 

earchers found that particle size and stabilization method had no 

ignificant effects on the antifungal activity of Ag NPs [91] . Mon- 

eiro et al. synthesized Ag NPs of different sizes (5, 10 and 60 nm)

nd used two different stabilizers, ammonia and polyvinylpyrroli- 
61 
one (PVP) [91] . The researchers found relatively consistent MIC 

alues against Candida albicans (0.4-0.8μg/mL) and Candida glabrata 

0.8-3.3 μg/mL). These results were rationalized by an aggregation 

rgument. It was postulated that the particles aggregated on the 

urface of the microorganism before exerting their antimicrobial 

roperties. As such, it would be the size of the aggregate, not 

he individual particles, that dictates the antimicrobial properties 

102] . However, experimental evidence was not provided to sup- 

ort this claim. 

Most of the data on the antifungal properties of Ag NPs is on 

ungal dispersions. However, fungi often exist in biofilms and in 

omplex biological environments. While little work has focused on 

he impact of Ag NPs in these complex environments, the exist- 

ng data is promising. For instance, in one study Ag NPs inhibited 

iofilm formation and destroyed pre-existing biofilms [85] . Addi- 

ionally, Ag NPs coated onto contact lenses were shown to ex- 

ibit antifungal properties in an eye infection model. Briefly, Ag 

Ps (25-50 nm) were coated on the contact lens surfaces using 

opamine as both a reducing agent and an adhesive (AG@PDA- 

.5) ( Fig. 3 (a) and (b)) [103] . The Ag NP coatings were stable, ex-

ibiting no significant changes after 20 min of ultrasonic cleaning 

 Fig. 3 (c)). Additionally, the Ag NP-coated contact lenses exhibited 

ood therapeutic effects in rabbits with fungal keratitis induced by 

spergillus fumigatus . After 3 days post-infection, the rabbits’ eyes 

n the control group became cloudy, while those with the Ag NP 

oated-contact lens remained clear. After 16 days, the rabbits’ eyes 

n the control group were uniformly opaque and showed heavy 

yphemia, while that in the Ag NP-coated group still had a dis- 

ernible pupil ( Fig. 3 (d)). Hematoxylin and eosin staining of the 

yes indicated that the cornea pathology was significantly ame- 

iorated in the Ag NP-coated lens group compared to the control 

roup ( Fig. 3 (e)). These data illustrate the potential of Ag NPs to 

ombat fungal infections, specifically as coatings on medical de- 

ices, and support the case for further research. 

Ag NPs were reported to be more effective on a mass basis 

han many antifungal drugs, such as amphotericin B, fluconazole, 

etoconazole, natamycin, griseofulvin, itraconazole, among others 

 79 , 81 , 82 , 97 ]; for instance, Ag NPs showed higher antibacterial ef-

cacy than amphotericin B against Candida albicans [ 92 , 104 , 105 ],

andida tropicalis [104] , and Saccharomyces cerevisiae [ 92 , 105 ]. 
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Fig. 3. Multilayer-Ag NPs-coated contact lenses for early treatment of bacterial and fungal keratitis: (a) schematic of multilayer Ag NPs coating; (b) photographs of contact 

lenses with and without Ag NP coating; (c) SEM images of Ag NP coated contact lenses after 10 and 20 min ultrasonic cleaning; (d) photographs of rabbit eyes infected with 

A. fumigatus ; (e) hematoxylin and eosin staining of rabbit eyes following 16 days of infection with A. fumigatus with and without Ag NP coated contact lens treatment [103] . 

(Adapted with permission from A mussel-inspired facile method to prepare multilayer-AgNP-loaded contact lens for early treatment of bacterial and fungal keratitis. X. Liu; 

J. Chen; C. Qu; G. Bo; L. Jiang; H. Zhao; J. Zhang; Y. Lin; Y. Hua; P. Yang. ACS Biomaterials Science & Engineering 2018, 4 (5), 1568-1579. Copyright 2018, American Chemical 

Society.) 
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ang et al. found that 16 nm Ag NPs had a significantly lower MIC 

han itraconazole against Fusarium spp. and lower MIC than flu- 

onazole against eight fungal strains [82] . Atef et al. reported that 

g NPs had lower MIC values than antifungal drugs griseofulvin 

nd Itraconazole against Candida albicans and Trichophyton menta- 

rophytes [79] . Xia et al. found that the MIC value of Ag NPs against

richosporon ashii was 0.5-1 μg/mL, which is lower than some 

ntifungal drugs including amphotericin B, 5-flucytosine, caspo- 

ungin, terbinafine, fluconazole, and itraconazole, but higher than 

oriconazole [97] . 

Although the antifungal properties of Ag NPs are impressive, 

ost of above-mentioned studies have only tested the antifungal 

fficacy of Ag NPs, and few have also assessed their toxicity to 

ammalian cells. When this has been investigated, many studies 

ave shown the significant cytotoxicity of Ag NPs relative to the 

oses required to prevent fungal growth. For example, 20-25 nm 

g NPs exhibited MICs of 25 μg/mL, 6 μg/mL and 3 μg/mL against 

spergillus niger, Candida albicans , and Cryptococcus neoformans , re- 

pectively. However, just 3 μg/mL of these Ag NPs caused approx- 

mately 60% death of human cells (THP-1), leaving no therapeu- 

ic window [83] . In another report, 35-55 nm Ag NPs showed a 

IC of 31.2 μg/mL against Penicillium notatum , but the IC50 (the 

ose at which cell viability falls to 50%) were only 2.5 μg/mL and 

.3 μg/mL to human breast epithelial cell line MCF7 and monkey 

idney epithelial VERO cells, respectively [95] . It has also been re- 

orted that 30 μg/mL Ag NPs with mean size of 25 nm can cause 

00% death of human fibroblasts [87] . Nonetheless, there are a 

andful of studies that reported more promising results. Ag NPs 

ith mean size 9.8 nm exhibited MIC of 0.4-0.5 μg/mL against 

andida species, and human lung cell line MRC5, human vascular 

ndothelial cells (HUVECs) and Chinese hamster ovary cells (CHO) 

etained viability higher than 80% after treatment with 2 μg/mL of 

hese NPs. However, the viabilities of these cells decreased sharply 

o lower than 60% when treated with 3 μg/mL Ag NPs [106] . Silva

t al. found that the concentrations of Ag NPs with a mean size of 

6 nm required to inhibit 90% of growth (MIC 90 ) were 2.7 μg/mL 

nd 0.54 μg/mL against Trichophyton rubrum and Trichophyton men- 

agrophytes , respectively [107] . The viability of keratinocyte epithe- 

ial cells at least 80% after 48 h with these Ag NPs at concentra-
62 
ions up to 2.7 μg/mL. Another study reported the MFC of Ag NPs 

ith mean size of 19 nm as 0.25-0.5 μg/mL against fluconazole- 

esistant Candida species, and 1.1 μg/mL of these Ag NPs only 

nduced a 7% decrease in viability of NIH/3T3 fibroblasts [108] . 

trangely, the report did not mention how long the cells were 

reated with the Ag NPs. Although these in vitro works reported 

he safe doses of Ag NPs for mammalian cells were higher than 

heir MIC values, these studies are still too limited and variable 

o confidently identify a useful therapeutic window of Ag NPs for 

ungal infection treatments. Thus, the feasibility of clinical applica- 

ion of these Ag NPs for antifungal applications is still unclear, and 

ore investigations are required to understand the mechanisms of 

oxicity following various modes and durations of exposure to Ag 

Ps. 

.2. Gold nanoparticles 

Compared to Ag NPs, the potential use of gold nanoparticles 

Au NPs) for antifungal applications has received much less ex- 

erimental attention. Most of the Au NPs used in these antifun- 

al studies were synthesized using so-called green methods with 

iological products as the reducing agents, such as plant extracts 

 62 , 109 , 110 ], bacterial filtrate [111] or fungal filtrate [112] . They are

enerally in the size range of 20-300 nm and have shown anti- 

ungal activity against a wide range of fungal species, including 

andida albicans [62] , Puccinia graminis tritici [62] , Aspergillus flavus 

 62 , 112 ], Aspergillus niger [ 62 , 110 ], Aspergillus terreus [112] , Fusar-

um Oxysporum [110] , Microphyton gypseum [111] , and Trichophyton 

ubrum [111] . An agar diffusion assay was adopted for antifungal 

ests in most of these studies, which is generally qualitative, mak- 

ng quantitative assessments and comparisons difficult. 

A few studies have provided quantitative antifungal results. One 

tudy fabricated two different sized Au NPs using different reduc- 

ng agents, and found that the MIC 80 of 25 nm and 30 nm Au 

Ps against Candida species were 16-32 μg/mL and 32-128 μg/mL, 

espectively [113] . This study indicated that the smaller Au NPs 

ay have greater antifungal efficacy, and a similar tendency was 

ound in some other studies [ 114 , 115 ]. Dananjaya et al. synthesized

u NPs (16-23 nm) using a polysaccharide solution extracted from 
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Fig. 4. (a) Transmission electron microscopy (TEM) image of Au NPs synthesized using a polysaccharide from Spirulina maxima alongside a photograph of the Au NP sus- 

pension; (b) growth curves of C. albicans after treatment with 0-32 μg/mL Au NPs at 30 °C, shown as optical density at 600 nm; 10 μg/mL Nystatin (an antifungal drug) was 

used as the positive control; (c) low- and high-magnification FESEM images of C. albicans : (c-i, c-iv) untreated control, (c-ii, c-v) treated with 32 μg/mL Au NPs, and (c-iii, 

c-vi) treated with 64 μg/mL ; (d) Efficacy of Au NPs therapy on C. albicans infection in zebrafish dorsal muscle at 72 hpi h post-inoculation: photographs of control fish (d-i) 

and Au NP treated fish (32 μg per fish) (d-ii), with histopathological examination of C. albicans infection in control fish (d-iii) and Au NP treated fish (d-iv). The red and 

blue arrows point to the C. albicans hyphae and cells, respectively. Here, the infected site showed the invading yeast-hyphae and inflamed tissues with cell infiltration [116] . 

(Reprinted from Process Biochemistry , 92, S. Dananjaya; N. T. Thao; H. Wijerathna; J. Lee; M. Edussuriya; D. Choi; R. S. Kumar, In vitro and in vivo anticandidal efficacy of 

green synthesized gold nanoparticles using Spirulina maxima polysaccharide, 138-148, Copyright (2020), with permission from Elsevier.) (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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yanobacteria as the reducing agent ( Fig. 4 (a)), and these Au NPs 

xhibited a MIC value of 32 μg/mL ( Fig. 4 (b)) and a MFC value of

4 μg/mL against Candida albicans , which showed notable morpho- 

ogical changes after treatment with Au NPs ( Fig. 4 (c)) [116] . An in

ivo test was performed to examine the effect of these Au NPs on 

. albicans replication in zebrafish ( Fig. 4 (d)). The zebrafish were 

njected into the dorsal muscle with C. albicans cells; at 72 h post- 

noculation (hpi), the control fish showed severe fungal growth 

 Fig. 4 (d-i)), while fish treated with Au NPs showed less fungal 

rowth at the injection site ( Fig. 4 (d-ii)). The fungal infection in the

reated fish disappeared by 120 h post-inoculation. Histopathologi- 

al analysis at 72 hpi showed that the control fish had an extensive 

rowth of C. albicans hyphae ( Fig. 4 (d-iii)) compared to the treated 

sh ( Fig. 4 (d-iv)). 

The antifungal mechanism of Au NPs is thought to operate via 

embrane damage and enzyme inactivation. For instance, damage 

f fungal cell membranes has been observed after treatment with 

u NPs [116] . They may also interact with the transmembrane pro- 

ein H 

+ -ATPase, an ATP-driven enzyme that transforms the energy 

rom ATP hydrolysis to electrochemical potential differences across 

iverse biological membranes via the primary active transport of 

 

+ . The proton gradients are used to drive secondary transport 

rocesses, essential for the growth of the fungal cell. Au NPs can 
F

63 
nteract with H 

+ -ATPase and disturb its activity, which in turn af- 

ects the metabolism of the fungus and leads to the death of fungi 

113] . 

Assessment of cytotoxicity is once again very rare in these an- 

ifungal Au NPs research studies. In the paper described above, cy- 

otoxicity analysis of Au NPs was done using human embryonic 

idney cells HEK293T and human lung adenocarcinoma epithelial 

ells A549. After 24 h treatment these Au NPs showed no cytotoxic 

ffects towards these two cell lines up to 64 ug/mL, which is the 

FC value of these Au NPs against Candida albicans [116] . The re- 

ult seems promising, but testing at higher doses would also be 

eeded. Future studies should include both antifungal studies and 

oxicity studies towards relevant human cells. Therefore, it is un- 

nown whether Au NPs can be safely used as antifungal agents in 

linical therapies. 

.3. Copper nanoparticles 

Copper nanoparticles (Cu NPs) were reported to have antifun- 

al activities against many different types of fungi, including Al- 

ernaria alternate, Aspergillus flavus, Aspergillus niger, Candida albi- 

ans, Candida tropicalis, Corticium salmonicolor, Curvularia lunata, 

usarium equiseti, Fusarium oxysporum, Fusarium culmorum, Phoma 
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Table 3 

MIC and MFC values of ZnO NPs against a variety of fungal strains. 

Fungal strains MIC (μg/mL) Refs. MFC (μg/mL) Refs. 

Alternaria alternata 64 [ 144 , 145 ] / / 

Aspergillus flavus 156 [146] 312 [146] 

Aspergillus niger 12.5-16 [ 141 , 144 , 145 ] 12.5 [141] 

Botrytis cinerea 128 [ 144 , 145 ] / / 

Candida albicans 6.25-200 [ 141 , 147–149 ] 6.25-2000 [ 141 , 142 , 148–150 ] 

Fusarium oxysporum 64 [ 144 , 145 ] / / 

Malassezia pachydermatis 200 [147] / / 

Penicillium expansum 128 [ 144 , 145 ] / / 
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estructive and Stachybotrys chartarum [ 64 , 117–123 ]. Comparing to 

g NPs, Au NPs and ZnO NPs, antifungal studies on Cu NPs have 

een quite superficially reported. Most of the Cu NPs in these re- 

orts were fabricated through chemical reduction methods with 

article sizes in the range of 2-350 nm. As discussed above, the 

gar diffusion method adopted for antifungal tests in most of these 

tudies which has inherent limitations. Nevertheless, Cu NPs were 

eported to have high antifungal efficacy with relatively low MIC 

gainst different fungal species. For example, Cu NPs (9-34 nm) 

ynthesized by thermal decomposition showed MIC of approxi- 

ately 2.5 μg/mL against Stachybotrys chartarum [64] ; ultrafine Cu 

Ps (2-4 nm) obtained by chemical reduction exhibited MIC of 7 

g/mL against Corticium salmonicolor [123] ; and carboxymethylated 

hitosan-stabilized Cu NPs (4-15 nm) fabricated by chemical reduc- 

ion exhibited MIC of 3.9 μg/mL against Candida tropicalis [122] . 

dditionally, Cu NPs have been coated on a variety of polymer sur- 

aces including PVDF, PVC, and PVMK, with promising antifungal 

esults [ 124 , 125 ]. However, data on the cytotoxicity of Cu NPs is

nce again scarce in antifungal studies. Tantubay et al. reported 

hat L929 fibroblasts only experienced a relatively slight decrease 

f 5% in cell viability after 24 h treatment with Cu NPs at their MIC

3.9 μg/mL) against Candida tropicalis [122] . Although these results 

ndicated the promising potential of using Cu NPs for antifungal 

pplications, more thorough testing with different species of fungi 

nd in vivo tests should be conducted to better assess the potential 

nd biosafety of Cu NPs for antifungal use. 

.4. Zinc oxide nanoparticles 

Zinc oxide nanoparticles (ZnO NPs) are the most widely re- 

earched metal oxide NPs for antifungal applications. Part of the 

eason for their prominence in the literature is the fact that fungi- 

ides commonly used in agriculture are mainly made of zinc com- 

ounds [63] . Zinc is an essential element to human beings, and 

nO is even provided directly to consumers as daily zinc supple- 

ents. ZnO NPs have been shown to have good biocompatibility 

owards human cells, and the 50% lethal dose (LD 50 ) of oral toxic- 

ty for ZnO is relatively high (240 mg/kg in rats) [ 56 , 126 ]. 

ZnO NPs have been found to have antifungal activity against a 

road range of fungal species, including Alternaria alternata [127] , 

lternaria solani [128] , Aspergillus aculeatus, Aspergillus brasilien- 

is [129] , Aspergillus flavus [130] , Aspergillus fumigatus [131] , As- 

ergillus niger [131] , Aspergillus nidulans [130] , Botrytis cinereal 

132] , Candida albicans [133] , Erythricium salmonicolor [134] , Fusar- 

um oxysporum [127] , Fusarium graminearum [135] , Microsporum ca- 

is [ 136 , 137 ], Mucor plumbeus [127] , Fusarium sp. [138] , Penicil-

ium expansum [132] , Pythium debaryanum [139] , Rhizopus stolonifer 

127] , Sclerotium rolfsii [ 128 , 139 ], Trichoderma harzianum [130] , and

richophyton mentagrophytes [ 136 , 137 ]. The MIC and MFC values 

f ZnO NPs against different types of fungi are summarized in 

able 3 . The sizes of the ZnO NPs used in studies cited in this table

ere 12-65 nm. The antifungal activity of ZnO NPs has been in- 

estigated in a concentration-dependent manner [140] , in addition 
64 
o studies which varied the sizes and shapes of the nanoparticles 

 134 , 135 , 139 ]. The relationship between the nanoparticle size and

ts antifungal activity is not clear; some research showed smaller 

nO NPs had higher antifungal activity [135] . while others found 

he opposite was true. For example, ZnO NPs with a mean size of 

5 nm exhibited a MFC value of 6.25 μg/mL against C. albicans , 

uch lower than the 100 μg/mL of 11.6 nm ZnO NPs [ 141 , 142 ].

ome studies have also claimed that particle size has no signif- 

cant effect on the antifungal activity of ZnO NPs [ 139 , 143 ]. The

ntifungal activities against Alternaria alternata, Aspergillus niger, 

otrytis cinerea, Fusarium oxysporum and Penicillium expansum of 

reen synthesized ZnO NPs (12-32 nm) and chemically synthesized 

nO NPs (12-63 nm) were also compared, and no significant differ- 

nce was found, indicating that any differences due to size in these 

anges did not have a large impact on the results [ 144 , 145 ]. 

ZnO NPs were reported to have better antifungal activities than 

ilica and other metal oxide NPs. Karimiyan et al. compared the an- 

ifungal activity of several metal oxide NPs against C. albicans , in- 

luding ZnO NPs (20 nm), MgO NPs (40 nm), SiO 2 NPs (10 nm) and

uO NPs (60 nm), and found that the ZnO NPs were most effec- 

ive. The MIC and MFC values for ZnO NPs against C. albicans were 

nly 200 μg/mL and 400 μg/mL, respectively. By contrast, both the 

IC and MFC values were 400 μg/mL for CuO NPs, and were each 

igher than 3200 μg/mL for both MgO NPs and SiO 2 NPs [148] . All

f the metal oxide NPs studied were far less effective on a mass 

asis than the antifungal drug amphotericin B, which showed MIC 

nd MFC values of only 0.5 μg/mL and 2 μg/mL, respectively [148] . 

eforming fungal hyphae, distorting and damaging conidia, and 

romoting ROS production were all reported as antifungal mech- 

nisms of ZnO NPs [ 132 , 134 , 143 , 146 ]. More detailed mechanisms

re described below in Section 5 . 

The cytotoxicity of ZnO NPs was rarely reported in the pa- 

ers mentioned above. Miri et al. reported that the IC 50 of 40- 

0 nm hexagonal ZnO NPs to breast cancer cells (MCF7) was 500 

g/mL, and the cell viability decreased to lower than 70% at only 

1 μg/mL, which is lower than their MIC (32-64 μg/mL) and MFC 

128-512 μg/mL) against C. albicans [149] . From these results, the 

linical application of these ZnO NPs as antifungal agents could be 

imited. 

.5. Titanium dioxide nanoparticles 

Titanium dioxide nanoparticles (TiO 2 NPs) have shown rela- 

ively low toxicity against mammalian cells and have a record of 

se in consumer products such as sunscreens [ 65 , 151 ]. They also

xhibit antifungal properties against various fungal species such as 

andida albicans [152] and Fusarium oxysporum [65] . TiO 2 NPs with 

izes of 70-100 nm, synthesized through the hydrolysis of titanium 

etrachloride (TiCl 4 ), showed significant inhibition of biofilm for- 

ation on both fluconazole-sensitive and -resistant C. albicans at 

 μg/mL [152] . It is hypothesized that the antimicrobial activity 

f TiO 2 NPs is derived through their photocatalytic activity. Dar- 

ari et al. tested this theory by coating TiO NPs on branched car- 
2 
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on nanotubes (CNTs), finding that, in the presence of visible light, 

here was clear evidence of photocatalytic antifungal effects lead- 

ng to the photodegradation of C. albicans biofilms. The authors 

onsidered that the CNTs doped with TiO 2 NPs had a band gap 

maller than that of pure TiO 2 , which caused the CNT/TiO 2 inter- 

ace to lead to excitation enhancement under visible light, and sub- 

equently the generation of an electron hole in TiO 2 . The photo- 

enerated holes could result in the generation of OH radicals on 

he surface of the microorganism, which could damage the cells 

153] . However, in most cases TiO 2 NPs use ultraviolet light (2-3% 

f sunlight) as an irradiation source, which limits the antimicro- 

ial effects of TiO 2 NPs [154] . Nitrogen and fluorine co-doped TiO 2 

Ps can take advantage of the whole spectrum of visible-light irra- 

iation to produce ROS, which in turn gives them relatively effec- 

ive antifungal activity in the presence of visible light [65] . Further 

nvestigation is necessary to evaluate the toxicity of these doped 

ntifungal TiO 2 NPs towards mammalian cells. 

.6. Iron oxide nanoparticles 

Iron oxide NPs, including maghemite ( γ -Fe 2 O 3 ) and magnetite 

Fe 3 O 4 ) NPs have grown in popularity in recent years, as they 

ave proved their worth as a versatile and safe nanomaterial for 

iomedical applications. They are widely favoured due to their 

iodegradability, low cytotoxicity, and their active surfaces that can 

e altered with biocompatible coatings [155] . Research on iron ox- 

de NPs has mostly been focused on their magnetic capabilities, 

hich have been utilized for medical diagnostic imaging [156] , 

argeted drug delivery [157] , and various other biofabrication and 

herapeutic applications [ 158 , 159 ]. However, recent studies have 

lso investigated the potential antifungal and antibacterial appli- 

ations of these nanoparticles [66] . Fe 2 O 3 NPs with sizes of 10- 

0 nm, synthesized using tannic acid as both a reducing agent 

nd stabilizer, showed MIC of 16-63 ug/mL against Alternaria al- 

ernata, Aspergillus niger, Cladosporium herbarum, Penicillium chryso- 

enum and Trichothecium roseum [160] . Fe 3 O 4 NPs were found to 

ave some relevant antifungal activity against Candida species , with 

IC and MFC values of 62.5-500 μg/mL and 50 0-10 0 0 μg/mL, re-

pectively [161] . Fe 3 O 4 NPs also showed inhibitive effects on fun- 

al biofilm formation; specifically, Fe 3 O 4 NPs at 50 μg/mL caused 

round 70% inhibition of biofilm produced by Candida albicans , and 

t reached 100% inhibition of biofilm formation at 200 μg/mL [162] . 

etallocarbonyl-functionalized Fe 3 O 4 NPs at 50 μg/mL were also 

eported to reduce approximately 70% of the biofilm mass formed 

y flucytosine-resistant Candida albicans ; the authors hypothesized 

hat this change was due to the presence of Fe 3 O 4 NPs improving 

he sensitivity of cells in the biofilm matrix to the metallocarbonyl 

omplexes, by affecting the cell viability and reducing the biofilm 

ass [163] . The antifungal mechanisms of iron oxide NPs are still 

ar from being fully understood and more research is required. The 

oxicity towards mammalian cells of the specific iron oxide NPs 

eing considered for antifungal applications also needs to be de- 

ermined, as important properties, such as their size, shape, and 

urface chemistry, may differ from the NPs used in other biomedi- 

al applications. 

.7. Transition-metal dichalcogenide nanoparticles 

Recently, transition-metal dichalcogenide nanoparticles (TMDC 

Ps) were found having great promise in antimicrobial activity. It 

s reported that molybdenum disulfide (MoS 2 ) nanosheets showed 

ertain antifungal activity against Alternaria alternata by ROS gen- 

ration under ambient light. Unfortunately, the study did not spec- 

fy the amount of MoS 2 used for antifungal tests [164] . Saha et al.

repared molybdenum diselenide (MoSe 2 ) nanosheets dispersed in 

he cationic polymer chitosan (CS) using a sonication method, as 
65 
hown in Fig. 5 (a) [165] . The MoSe 2 /CS nanosheets had an aver-

ge area and thickness of 2449 nm 

2 and 8.7 nm, respectively. They 

xhibited MIC of 0.78-37.5 μg/mL and MFC of 6.25-75 μg/mL for 

iverse filamentous and yeast strains, including Aspergillus fumiga- 

us, Candida parapsilosis, Candida albicans, Cryptococcus gattii, Cryp- 

ococcus neoformans, Issatchenkia orientalis , and Saccharomyces cere- 

isiae , while the safe concentration of the MoSe 2 /CS nanosheets 

as considered to be 150 μg/mL based on an in vitro hemolysis 

ssay and a cytotoxicity assay towards human embryonic kidney 

HEK 293) cells. The MoSe 2 /CS nanosheets were considered to in- 

uce fungal cell death by causing membrane damage, membrane 

epolarization, metabolic inactivation and cytoplasmic leakage. As 

ig. 5 (b) shows, the bright red fluorescence arises from the FUN 1 

ell stain coming from the cytoplasm of metabolically active cells, 

here they form dense aggregates, whereas metabolically inactive 

ungal cells were indicated by the absence of bright red aggregates. 

he SEM images showed that fungal cells treated with MoSe 2 /CS 

anosheets exhibited distinct membrane damage, breaking of fila- 

ents and deformed cells ( Fig. 5 (c-i, c-ii, d-i and d-ii)), while TEM 

mages further confirmed membrane damage and cytoplasm leak- 

ge ( Fig. 5 (c-iii, c-iv, d-iii and d-iv)). 

Although the research on antifungal MoSe 2 /CS nanosheets 

eems promising, the research on antifungal TMDC NPs has only 

egun in the last few years, and the antifungal efficacy and 

iosafety of such NPs need to be explored further. 

.8. Selenium nanoparticles 

Similar to zinc, selenium is a nutritional element for humans, 

aking it an attractive material to investigate for antimicrobial ap- 

lications [166] . In this vein, the antimicrobial activity of selenium 

anoparticles (Se NPs) has been increasingly researched in the past 

ecade, with promising results demonstrated, particularly for an- 

ibacterial applications [ 58 , 166–169 ]. Se NPs have been reported to 

ave antifungal activities against Aspergillus flavus, Aspergillus fumi- 

atus, Aspergillus niger, Candida albicans, Candida glabrata, Candida 

rusei, Candida tropicalis , and Trichophyton rubrum [ 67 , 170–173 ]. In- 

erestingly, Se NPs used in some of these reports were biosyn- 

hesized intracellularly in bacteria. For example, Se NPs with sizes 

f 90-320 nm, biosynthesized by the Gram-negative bacteria Kleb- 

iella pneumoniae, exhibited MICs of 250 μg/mL and 20 0 0 μg/mL 

gainst Aspergillus niger and Candida albicans , respectively [67] . Se 

Ps with sizes of 120-140 nm, biosynthesized by the Gram-positive 

acteria Bacillus species Msh-1, showed MICs of 100 μg/mL and 

0 μg/mL against Aspergillus fumigatus and Candida albicans , re- 

pectively [172] . Cremonini et al. biosynthesized Se NPs using both 

he Gram-positive bacteria Bacillus mycoides and the Gram-negative 

acteria Stenotrophomonas maltophilia , and obtained particle mean 

izes of 161 ± 52 nm and 171 ± 35 nm, respectively. These Se 

Ps showed MIC of 512 μg/mL and 256 μg/mL against Candida al- 

icans , respectively [173] . On the other hand, up to 500 μg/mL of 

hese particles did not show any toxicity to human dendritic cells 

nd human primary fibroblasts, and at concentrations below 250 

g/mL they did not induce a significant increase in the release of 

ro-inflammatory and immunostimulatory cytokines. These results 

ndicated promise for the use of Se NPs at safe doses for antifun- 

al applications. The antibiofilm activity of Se NPs was also re- 

orted. The above-mentioned biosynthesized Se NPs displayed ap- 

roximately 60% and 80% inhibition of Candida albicans biofilm for- 

ation at 50 μg/mL and 400 μg/mL, respectively [173] . Chitosan- 

apped Se NPs with a mean size of 96 nm showed a potent in- 

ibitory effect against a pre-formed C. albicans biofilm in a dose- 

ependent manner, with 50% inhibition occurring at 3.5 μg/mL and 

pproximately 80% inhibition occurring at 10 μg/mL. The IC50 of 

hese chitosan-capped Se NPs was found to be 26.3 μg/mL towards 

etinal pigment epithelial cells (derived from the cell line ARPE- 
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Fig. 5. (a) Schematic illustration of fabrication process of MoSe 2 /CS nanosheets (a-i) and the photograph of the obtained MoSe 2 /CS nanosheets dispersion (a-ii) as well as 

the TEM image of MoSe 2 /CS nanosheets (a-iii). (b) Fluorescence images of fungal cells by confocal scanning laser microscopy, the green colour shows the fungal cell walls 

and red colour shows the metabolically active cytoplasm. The viable cells are pointed with cyan arrows. The absence of red aggregates in the cells signifies loss of viability 

or dead cells (red arrows pointed). (c) are SEM (c-i and c-ii) and TEM (c-iii and c-iv) images of C. albicans after treatment with MoSe 2 /CS nanosheets. (d) are SEM (d-i 

and d-ii) and TEM (d-iii and d-iv) images of A. fumigatus after treatment with MoSe 2 /CS nanosheets [165] . (Adapted with permission from S. Saha; M. S. Gilliam; Q. H. 

Wang; A . A . Green, Eradication of Fungi Using MoSe 2 /Chitosan Nanosheets, ACS Applied Nano Materials 2022, 5 (1), 133-148. Copyright 2022 American Chemical Society.) (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

66 
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9) and the cells’ viability was higher than 80% at concentration of 

0 μg/mL [168] . This result further supported the promising thera- 

eutic window of Se NPs for antifungal applications. The antifun- 

al mechanisms of Se NPs that have been reported so far include 

embrane destruction and influence on the expression of proteins 

 168 , 174 ]. 

.9. Carbon-based nanomaterials 

Carbon nanomaterials are widely researched in biomedicine, 

nergy, and sensing fields [175] , but the number of reported an- 

ifungal studies is very limited. Graphene oxide (GO), fullerenes 

C 60 ), and carbon nanotubes (CNTs) were the most researched 

arbon-based antifungal nanomaterials. These carbon-based nano- 

aterials were found to have significant antifungal activities 

gainst Fusarium graminearum, Fusarium poae and Botrytis cinerea 

176–178] . It is reported that the carbon atom content enables 

he destruction of pathogen cell walls [179] , and these carbon 

anomaterials can pass through the cell membranes to reach to 

he cytoplasm of the pathogens. CNTs were reported to be able 

o alter oxidative enzyme activities [180] , and GO is able to re- 

uce mycelial biomass and branching, and alter proteins, lipids and 

ther metabolites in fungal cells [176] . 

Although the antifungal properties of carbon nanomaterials 

ave been reported in some literature, to the best of authors’ 

nowledge, no quantitative antifungal studies of plain carbon 

anomaterials (without combining with other antifungal agents) 

ere reported so far, and the quantitative antifungal efficiency 

MIC and MFC values) of carbon nanomaterials based on standard 

est methods needs to be assessed [181] . Also, these carbon nano- 

aterials often induce distinct toxicity towards mammalian cells 

nd activate different immune cells. Therefore, the application of 

hese carbon nanomaterials in human and animal health care may 

e challenging [182] . Most of the reported studies to date were fo- 

using on applying these antifungal carbon-based nanomaterials in 

lants. Using carbon nanomaterials for the treatment of fungal in- 

ections in humans and animals should be further studied to ex- 

lore their application prospects in this field. 

.10. Other nanoparticles 

Apart from the NPs already discussed in this review, a variety 

f other types of NPs of interest have been explored as potential 

ntifungal agents. Nanoparticles made from platinum and palla- 

ium, which are noble metals like gold and silver, also showed 

ntifungal activity. Velmurugan et al. fabricated platinum (Pt) NPs 

ith sizes of 10-50 nm and found that they were efficient antifun- 

al agents against Colletotrichum acutatum and Cladosporium fulvum 

183] . Palladium (Pd) NPs with different mean sizes from 200 nm 

o 550 nm were fabricated and their antifungal properties against 

olletotrichum gloeosporioides and Fusarium oxysporum were inves- 

igated [184] . It was found that the size of Pd NPs played a critical

ole in their antifungal activity, with the smallest of these parti- 

les showing the highest antifungal efficacy. Pd NPs larger than 350 

m did not show antifungal effect against Colletotrichum gloeospo- 

ioides . Unfortunately, these works did not quantify the antifungal 

ctivity of these nanoparticles or explore their antifungal mecha- 

isms. The cytotoxicity of these Pd NPs towards mammalian cells 

as not been evaluated, to the author’s knowledge. 

Some antifungal bimetallic and trimetallic NPs have been re- 

orted in recent years [185–188] . They were synthesized by mixing 

etal salts as precursors with plant extracts, which acted as both 

educing agents and particle stabilizers. The results showed that 

he multimetallic NPs had relatively low MIC and MFC against non- 

rug resistant Candida albicans and Candida auris , with MIC lower 

han 5 μg/mL and MFC lower than 10 μg/mL. Ag-Ni and Ag-Cu NPs 
67 
lso exhibited antifungal activity against fluconazole-resistant Can- 

ida albicans . These multimetallic NPs can induce cell apoptosis, 

ell cycle arrest in G2/M phase and disturbances in primary and 

econdary antioxidant enzymes [ 185 , 188 ]. However, these NPs at 

heir MIC or MFC induced haemolysis at much higher rates than 

he acceptable criterion of 5%, according to ASTM standard F7560- 

8 [189] , leaving no therapeutic window. The cytotoxicity of these 

ultimetallic NPs towards mammalian cells other than blood cells 

as not been reported to the author’s knowledge. Thus, the value 

f developing antifungal multimetallic nanoparticles is not clear at 

resent. 

Some other metal oxide NPs have been researched for anti- 

ungal applications. CuO NPs were also reported to have antifun- 

al activity against Candida albicans [190] , Candida glabrata [191] , 

andida tropicalis [191] , Fusarium culmorum [192] , Aspergillus niger 

193] , and Aspergillus flavus [193] . However, their antifungal ac- 

ivity is relatively low, requiring a very high concentration (10 0 0 

g/mL) to cause around 85% growth inhibition of Aspergillus niger 

nd Aspergillus flavus [193] . The antifungal efficacy of CuO NPs has 

een even poorer when used as coatings; for example, with CuO 

P-coated polycaprolactone (PCL) fibres, very high concentrations 

 ∼80 0 0-160 0 0 μg/mL) of the CuO NPs only resulted in around

0% growth inhibition of Candida species [191] . Aluminium ox- 

de (Al 2 O 3 ) NPs and magnesium oxide (MgO) NPs were reported 

o have potential antifungal activity against Fusarium oxysporum 

 194 , 195 ]. Zirconia (ZrO 2 ) NPs exhibited growth inhibition effects 

gainst Candida albicans and Aspergillus niger [196] . Unfortunately, 

here are only qualitative studies on the antifungal properties of 

hese particles, without quantitative results. The antibacterial ef- 

ectiveness of these particles is unknown, and their antifungal 

echanism remains to be investigated. Bismuth trioxide (Bi 2 O 3 ) 

Ps at 311 μg/mL displayed antifungal activity against Candida al- 

icans with 85% inhibition of growth and a complete inhibition of 

iofilm formation. The MIC value of Bi 2 O 3 NPs against Candida al- 

icans was 699 μg/mL [197] . Although the authors described that 

onkey kidney (Vero) cells with and without treatment of Bi 2 O 3 

Ps at 932 μg/mL showed no difference in DAPI stained images, 

dditional work is required to confirm that the Bi 2 O 3 NPs are not 

oxic to mammalian cells. 

Among the inorganic and non-metallic elements, many of the 

halcogens have been explored to make antifungal NPs. In addition 

o the Se NPs discussed above, sulfur (S) NPs and tellurium (Te) 

Ps were also researched for antifungal applications. S NPs were 

eported to have promising inhibitory effects on the fungal growth 

nd sporulation of Aspergillus niger and Fusarium oxysporum , signif- 

cantly reducing their phospholipid content; however, more than 

0 0 0 μg/mL was required to completely prevent spore germination 

198] . This same study also indicated that smaller S NPs showed 

elatively higher levels of antifungal activity than larger ones. Rod- 

haped Te NPs exhibited antifungal properties against Candida albi- 

ans , albeit with relatively high MIC and MFC values of 10 0 0 μg/mL

nd 20 0 0 μg/mL, respectively. It was suggested that Te NPs im- 

arted their antifungal properties through inhibition of squalene 

onooxygenase [68] . None of the research in this section reported 

he toxicity of these NPs towards mammalian cells, so questions 

emain about their potential utility. 

. Nanoparticles as antifungal drug delivery vehicles 

In addition to nanoparticles themselves being used as antifun- 

al agents, they have potential to be used as vehicles for antifungal 

rug delivery. Organic nanoparticles have also been extensively ex- 

lored for this purpose, as reviewed previously [199] . Herein, we 

ocus on inorganic nanoparticles and their development as anti- 

ungal drug delivery vehicles. 
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.1. Antifungal drug conjugated nanoparticles 

.1.1. Silica nanoparticles (SiO 2 NPs) 

SiO 2 NPs have been widely researched for potential drug de- 

ivery applications, due in large part to the facile synthesis routes 

vailable to create SiO 2 NPs with high porosity, tuneable pore 

izes in the micro- to mesopore range, and large specific sur- 

ace areas. Although the antifungal efficacy of SiO 2 NPs themselves 

s low, using them as carriers of antifungal drugs has achieved 

ery good results [ 148 , 200 ]. One study found that amphotericin 

-functionalized SiO 2 NPs (with sizes of 5 and 80 nm) could kill 

everal strains of Candida species, and their efficacy was higher 

han that of 10 nm Ag NPs [200] . Additionally, these particles could 

e reused for up to 5 cycles without losing their efficacy. Another 

tudy incorporated amphotericin B-immobilized SiO 2 NPs into den- 

al resins, which showed long term antifungal activity and exhib- 

ted no toxicity to human skin fibroblasts and human umbilical 

ein endothelial cells [201] . Didodecyldimethylammonium bromide 

DDAB), a quaternary ammonium cationic surfactant, was likewise 

oated onto SiO 2 NPs and showed higher antifungal activity than 

oluble DDAB against Candida albicans , with MIC values of 25 ± 4.5 

g/mL and 125 μg/mL, respectively. These particles were relatively 

table as no measurable loss of antifungal activity was observed 

fter 60 days of storage in suspension [202] . 

.1.2. Silver nanoparticles 

Although silver nanoparticles are already good anti-fungal 

gents on their own, their antifungal activity can be further im- 

roved by conjugating with antifungal drugs. For instance, Ag NPs 

onjugated with Miconazole exhibited higher antifungal efficacy 

gainst Candida species than either Ag NPs or Miconazole alone 

106] . Meanwhile, Tutaj et al. directly used antifungal macrocyclic 

olyene amphotericin B (Am B) as both the reducing agent and the 

tabilizing agent to fabricate Ag NPs, finding that these Am B-Ag 

Ps exhibited much more effective growth inhibition of Aspergillus 

iger, Candida albicans and Fusarium culmorum than dodecanethiol- 

apped Ag NPs (with a mean size of 4 nm). The authors ascribed 

he high antifungal efficacy of Am B-Ag NPs to the synergistic ef- 

ect between Am B and Ag + ions [203] . Shi et al. used iturin as

oth the reducing agent and the stabilizer to synthesize Ag NPs 

73] . Iturin is a lipopeptide with antifungal activity produced by 

acillus subtilis . The iturin-Ag NPs showed better antifungal activ- 

ty than iturin and poly-N-vinylpyrrolidone (PVP) stabilized Ag NPs, 

howing synergistic activity between iturin and Ag NPs. The MIC 

alues of iturin-Ag NPs against Candida albicans were 1.25, 2.5 and 

 μg/mL at the fungal concentrations of 10 5 , 10 6 and 10 7 CFU/mL, 

espectively. It was suggested that these iturin-Ag NPs could dam- 

ge the fungal cell membrane and promote ROS production. The 

iability of human HaCaT cells remained higher than 80% after 24 

 of treatment with these NPs at up to 10 μg/mL, which is higher

han their MIC values against Candida albicans . 

.2. Silver NP coated particles 

Because of the high antimicrobial activity of Ag NPs, they have 

lso been used as coatings for other, larger particles to optimize 

hem for potential antifungal applications. One study reported that 

 nm Ag NPs coated on 350 nm SiO 2 NPs (Ag@SiO 2 NPs, as shown

n Fig. 6 ) showed 99.9% growth inhibition against Botrytis cinereal 

t 50 μg/mL [204] . Another study coated 5 nm Ag NPs on 70 nm

e 3 O 4 NPs (Ag@Fe 3 O 4 NPs), which also showed significant antifun- 

al activity against four Candida species [155] . This combination 

ith magnetic nanoparticles may also provide benefits for targeted 

pplication and subsequent removal of these nanocomposites via 

n external magnetic field. 
68 
. Synergistic effects of drugs and bioactive molecules and NPs 

Besides conjugating antifungal drugs on nanomaterials, simply 

ixing antifungal drugs with nanomaterials or mixing two differ- 

nt nanomaterials has also been investigated as an effective ap- 

roach to achieve synergistic antifungal effects, which are defined 

s the combined antifungal effects of at least two antifungal agents 

aking an impact that is more significant than both of them could 

ave shown individually [205] . For instance, many antifungal drugs 

ere found to have synergistic effects with Ag NPs [206–208] . 

he combination of Ag NPs and fluconazole has thus far been the 

ost researched of these pairings, and showed synergistic anti- 

ungal activity against a broad spectrum of fungi species, includ- 

ng Aspergillus fumigatus, Aspergillus flavus, Candida albicans, Cryp- 

ococcus neoformans, Fusarium semitectum, Phoma glomerate, Phoma 

erbarum , and trichophyton rubrum [206–208] . The MIC values of 

uconazole, griseofulvin and biosynthesized Ag NPs individually 

gainst Trichophyton rubrum were 40, 0.8 and 10 μg/mL, respec- 

ively [208] . The antifungal activities of fluconazole and griseoful- 

in were increased in combination with Ag NPs, with MIC val- 

es against T. rubrum of 2.5 μg/mL Ag NPs + 10 μg/mL flucona- 

ole, and 2.5 μg/mL Ag NPs + 0.2 μg/mL griseofulvin, respectively. 

he combination of Ag NPs and fluconazole caused a significant 

ose-dependent decrease in the viability of both initial and ma- 

ure biofilms of C. albicans , while the Ag NPs alone exhibited no 

ignificant inhibitory effect on these biofilms [209] . The combina- 

ion of the drugs nystatin or chlorhexidine digluconate with 5 nm 

g NPs also exhibited potential ability for biofilm disruption [210] . 

ynergistic effects of Ag NPs with the antifungal drug ketoconazole 

gainst Aspergillus niger, Aspergillus fumigates, Aspergillus flavus, and 

usarium species have also been reported [211] . 

Synergistic effects of antifungal drugs used in tandem with 

etal oxide NPs have been reported as well. The combination of 

nO and three different fungicides, carbendazim, mancozeb and 

hiram, showed interesting synergistic antifungal effects against 

everal different fungal species [212] . CuO NPs combined with flu- 

onazole showed significant synergistic activity against Candida al- 

icans , with a MIC of 200 μg/mL CuO NPs in combination with 300 

g/mL fluconazole against Candida albicans , while the MICs for in- 

ividual CuO and fluconazole were 900 μg/mL and > 400 μg/mL, 

espectively [213] . A synergistic fungicidal effect of ZnO NPs and 

uO NPs was reported against Alternaria citri as well [214] . The 

echanism behind this synergistic effect needs further study to be 

nderstood. 

. Antifungal mechanisms of inorganic nanoparticles 

Published reports have demonstrated a variety of different 

echanisms by which inorganic nanoparticles exert their antifun- 

al effects, including release of mycotoxic ions [54] , damage to the 

embrane [93] , protein [215] , DNA [132] , and other critical cel- 

ular components, ROS overproduction [216] , and ATP depletion 

217] ( Fig. 7 ). It is well established that the antimicrobial effects of 

g + ions and Ag NPs with positive surface charge can be attributed 

ue to the electrostatic interactions between Ag + ions and/or Ag 

Ps with the negatively charged cell membrane. As a result, Ag 

Ps frequently attach to the cell membrane and/or penetrate in- 

ide the microorganism, causing changes in cellular structure, dis- 

upting the cell wall and cytoplasmic membrane and inducing in- 

racellular component leakage, damaging proteins, DNA and other 

ellular contents, and increasing the production of reactive oxygen 

pecies (ROS) which leads to mitochondrial dysfunctional apopto- 

is [ 79 , 88 , 93 , 216 , 218–224 ]. Apart from the antifungal activity of the

g NPs themselves, Ag + ions released from the NPs could also ex- 

ibit antifungal effects [ 54 , 218 , 225 ]. Vazquez-Muñoz et al. evalu-

ted the antifungal effects of Ag NPs (3-60 nm) against Candida 
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Fig. 6. (a, b) FE-TEM images of PVP-stabilized Ag NPs; (c, d) FE-TEM images of SiO 2 NPs; (e, f) FE-TEM images of Ag-SiO 2 NPs; (g, h) FE-SEM images of Ag-SiO 2 NPs 

[204] . (Reprinted from Colloids Surf. Physicochem. Eng. Aspects , 275(1-3), S.-D. Oh; S. Lee; S.-H. Choi; I.-S. Lee; Y.-M. Lee; J.-H. Chun; H.-J. Park, Synthesis of Ag and Ag–SiO2 

nanoparticles by γ -irradiation and their antibacterial and antifungal efficiency against Salmonella enterica serovar Typhimurium and Botrytis cinerea, 228-233, Copyright 

(2006), with permission from Elsevier). 

Fig. 7. Schematic showing some of the possible antifungal mechanisms of inorganic NPs. Inorganic NPs could adsorb on the surface of fungal cells and then enter the cell 

by transportation or endocytosis. Once inorganic NPs are in contact with the cytoplasm, they can affect the function of mitochondria and promote the production of ROS 

[216] . ROS and ions released from inorganic NPs may trigger irreversible biological damage and alterations in some key genes’ expression levels [ 54 , 79 , 88 , 93 , 216 , 218–224 ]. 

The schematic illustration is created using Mind the Graph. 
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Fig. 8. TEM images of Candida albicans after 24 h treatment without Ag NPs (a) and with Ag NPs at their MIC (b) show that the Ag NPs were agglomerated and surrounded 

the fungal cells [226] . (Adapted with permission from the authors.) SEM images of spores of powdery mildew after 4 days treatment with water (c) and 50 μg/mL Ag 

NPs (d) show that the spores treated with Ag NPs were wrinkled and deflated [228] . (Adapted with permission from the authors.) SEM images of hyphae of Colletotrichum 

gloeosporioides after 3 days treatment with water (e) and 100 μg/mL Ag NPs (f) show that the hyphae were clearly damaged after treatment with Ag NPs [231] . (Adapted 

with permission from the authors.) 
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lbicans [226] . TEM images revealed a high degree of accumulation 

f Ag NPs around the outside of the cells, as shown in Fig. 8 (b).

he authors proposed that the Ag NPs used in this study did not 

enetrate the cells, but instead released Ag + ions which infiltrated 

nto the cells and lead to the formation of NPs through chemical 

eduction by organic compounds present in the cell wall and cy- 

oplasm [226] . Ag NPs were also reported to exert their antifungal 

ctivities by inhibiting the conidial germination [ 93 , 222 ], inhibiting 

he growth of sclerotia and mycelia [77] , damaging fungal spores 

conidia) ( Fig. 8 (d)) [ 227 , 228 ] and hyphae ( Fig. 8 (f)) [ 222 , 227–230 ].

The specific antifungal mechanisms of Au NPs have also re- 

ently been proposed in the literature. Au NPs have been shown 

o be able to easily attach to the surface of microorganisms and 

ause damage to the cells, with complete destruction of the flag- 

lla [232] . Au NPs can also restrict the transmembrane H 

+ efflux 
70 
n fungal cells [114] , and inhibit the H 

+ -ATPase leading to intracel- 

ular acidification and cell death [113] . 

Although the exact underlying antifungal mechanisms of ZnO 

Ps at the molecular level are yet to be elucidated, there are 

ome reported mechanisms which have also been found in Ag NPs 

233] . The antifungal mechanisms of ZnO NPs identified thus far 

nclude promoting ROS production [ 142 , 234 , 235 ], disrupting the 

ungal cell membrane, resulting in decreases of fungal enzymatic 

ctivity [138] , inhibiting the conidial development and distorting 

he conidiophores [132] , impairing nucleic acids [132] , damaging 

ungal hyphae [ 132 , 143 ] and conidia [143] , inhibiting the spore ger-

ination capabilities of the fungi [127] , and inducing leakage of 

roteins from the targeted fungal cells [130] . In addition to these 

iscoveries, light illumination has been shown to further enhance 

he antifungal activity of ZnO NPs by increasing their promotion of 



T. Huang, X. Li, M. Maier et al. Acta Biomaterialia 158 (2023) 56–79 

Fig. 9. Illustration of selected typical inorganic nanoparticle fabrication methods. A typical physical method is laser ablation, which focuses a laser beam on a bulk of 

material immersed in a liquid solution. The mechanism is mainly thermal evaporation, in which plasma and vapor are generated when a focused laser beam heats the bulk 

material, which then interact with the liquid medium to form nanoparticles through nucleation and growth steps [245] . A typical chemical method is chemical reduction, 

which uses reducing agents to reduce the ions from precursors into elemental nanoparticles, and stabilizers to stabilize nanoparticles [ 107 , 108 ]. Biosynthesis methods take 

use of enzymes like nicotinamide adenine dinucleotide-dependent reductase in the microorganisms to convert ions from precursors into elemental nanoparticles [250] . 
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OS production in fungal cells [139] . Similar to Ag NPs, Zn 

2 + was 

ound to have significant antifungal activity as well [54] . 

In addition to the specific mechanisms listed above, the attrac- 

ive antifungal activity of these NPs can also benefit from their 

haracteristic small diameters. With a large surface area to volume 

atio, NPs can effectively cover the microorganisms and reduce 

xygen supply for respiration, providing another possible method 

f fungal damage [236] . 

. Fabrication methods of antifungal inorganic nanoparticles 

Physical, chemical, and biosynthesis methods can be used 

o prepare inorganic antimicrobial NPs. Physical methods are a 

ottom-up approach in which nanomaterials are fabricated from 

ulk materials. It generally involves two basic steps, the evap- 

ration of the bulk material followed by the rapid controlled 

ondensation to produce the required particle size. The material 

an be vaporized by γ -irradiation [204] , laser ablation [168] and 

igh-voltage arc discharge methods [237] . Chemical methods gen- 

rally take use of various chemical reactions to convert high- 

alence states of elements to zero-valence nanoparticles. Chemical 

ethods include acid decomposition [238] , chemical precipitation 
71 
 198 , 239 ], sonochemical methods [66] , sol-gel methods [ 240 , 241 ],

hemical reduction [ 107 , 114 , 139 , 242 ], and catalytic reduction [243] ,

olvothermal synthesis [244] and thermal decomposition [245] , 

mong which the chemical reduction technique is the most com- 

only used. Biosynthesis involves microorganisms capturing target 

ons from the environment and then converting the ions into ele- 

ental nanoparticles by enzymatic reactions [246] . 

Nanoparticles in solution generally represent a relatively unsta- 

le colloidal system because nanoparticles tend to aggregate to re- 

uce their high surface energy [247] . Due to the short distance be- 

ween nanoparticles, adjacent nanoparticles are easily attracted to 

ach other by van der Waals forces in solution and tend to aggre- 

ate [248] . Therefore, providing a stabilizer on their surface that 

eparates nanoparticles from each other is the most common way 

o improve the stability of nanoparticles [249] . A wide range of 

olymers or surfactants can be used as stabilizers for NPs, and 

ifferent stabilizers may give rise to different antifungal efficacies 

f the resultant NPs. Fig. 9 illustrates selected typical inorganic 

anoparticle fabrication methods. 

Green synthesis falls under the category of a chemical reduction 

ethod. The term green synthesis is generally used to distinguish 

t from normal chemical reactions mainly because it uses biological 
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Fig. 10. (a–c) TEM images of Se NPs with different sizes fabricated at various concentrations of reducing agent [166] ; ( Reproduced from Ref. [161] with permission from 

the Royal Society of Chemistry.) (d–f) TEM images of Ag NPs with different sizes fabricated at various reaction temperatures [258] ; (Adapted from S. Peng, J.M. McMahon, 

G.C. Schatz, S.K. Gray, Y. Sun, Reversing the size-dependence of surface plasmon resonances, Proceedings of the National Academy of Sciences , 2010, 107(33), 14530-14534, with 

permission from PNAS) (g) Au nanorods [260] ; (Reprinted by permission from Springer Nature: Springer, Nano-Micro Lett ., Angle-resolved plasmonic properties of single gold 

nanorod dimers, J. Wu; X. Lu; Q. Zhu; J. Zhao; Q. Shen; L. Zhan; W. Ni, Springer(2014).) (h) Au nanocubes [261] ; (Reprinted from Chemical Engineering Journal , 288, M. Thiele; 

J. Z. E. Soh; A. Knauer; D. Malsch; O. Stranik; R. Mueller; A. Csaki; T. Henkel; J. M. Koehler; W. Fritzsche, Gold nanocubes–Direct comparison of synthesis approaches reveals 

the need for a microfluidic synthesis setup for a high reproducibility, 432-440, Copyright (2016), with permission from Elsevier.) (i) Au nanooctahedra [262] . (Adapted with 

permission from A facile polyol route to uniform gold octahedra with tailorable size and their optical properties. C. Li; K. L. Shuford; M. Chen; E. J. Lee; S. O. Cho. ACS nano 

2008, 2 (9), 1760-1769. Copyright 2008, American Chemical Society.) 
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roducts as reducing agents and stabilizers. These biological prod- 

cts can be further categorized into three classes: plant sources, 

nimal sources, and bacterial and fungal filtrates. The plant sources 

nclude leaf extracts [ 78 , 95 , 251 ], seed extracts [252] and flower ex-

racts [253] from different species of plants, whereas the animal 

ources include materials such as cow’s milk [254] . Green synthe- 

is is a very popular fabrication method for antifungal inorganic 

anoparticles in the research literature. The main advantage of us- 

ng biological products rather than industrial chemicals is their 

enerally mild reaction conditions [255–257] . Many types of NPs 

ould be fabricated using green synthesis methods, including Ag 

Ps, Au NPs, ZnO NPs, CuO NPs, Se NPs, ZrO 2 NPs, Pt NPs, and

o forth [ 62 , 109 , 110 , 128 , 169 , 183 , 192 , 196 ]. However, most of these

tudies did not address the specific active components of these bi- 

logics, and the mechanisms of these reactions are unclear. This 

ends to make the syntheses poorly controlled. Besides, individual 

ifferences among organisms and biological samples lead to differ- 
72 
nces in the composition of these biological extracts, resulting in 

oor reproducibility. 

Another method, biosynthesis is achieved through enzymatic 

eactions, as found in cellular metabolism [246] . Several particle 

ypes like Se NPs could also be directly fabricated through bio- 

etabolism by microorganisms, such as bacteria or fungi [ 67 , 82 ]. 

oor reproducibility is also a thorny issue for biosynthesis due to 

he differences between individual organisms. 

As mentioned above, size and shape may influence the an- 

imicrobial activity of nanoparticles by influencing cell uptake and 

ther factors [ 134 , 135 , 139 ]. Particles of different sizes and shapes

an be produced by changing the preparation procedures, such 

s varying the concentrations or types of reagents, changing the 

eaction temperature, and altering the addition rate of reagents. 

or example, different sizes of Se NPs were fabricated by chang- 

ng the concentration of the reducing agent, with lower concen- 

rations leading to larger Se NPs ( Fig. 10 (a–c)) [166] . Other studies 
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ave altered other variables to vary the particle size and shape; 

eng et al. , for example, fabricated different sizes of Ag NPs by 

eeping the reagent concentrations constant whilst changing the 

emperature ( Fig. 10 (d–f)) [258] . The shape of Se NPs was changed

o needle-like nanorods via the interaction of the anionic sele- 

ium precursors with positively charged chitosan molecules dur- 

ng in situ synthesis within porous chitosan scaffolds [259] . Au 

Ps have historically been fabricated mainly based on the reduc- 

ion of chloroauric acid in the presence of stabilizing agents. Apart 

rom the conventional colloidal Au NPs with spherical morpholo- 

ies, methods to generate other shapes of Au NPs have been de- 

eloped in recent years. The production of non-spherical Au NPs 

s a rather complex process and requires a multistep synthesis 

ncluding surface blocking detergents such as cetyltrimethylam- 

onium bromide (CTAB) and cetyltrimethylammonium chloride 

CTAC). Gold nanorods, for instance, can be prepared via a seed- 

ediated growth technique, using CTAB as the stabilizing agent 

 Fig. 10 (g)) [260] . The fabrication of gold nanocubes usually needs 

hree distinct steps: the synthesis step, where the seed particles 

ill be formed initially, followed by two independent growth steps 

 Fig. 10 (h)) [261] . Li et al. reported a one-pot reaction method us-

ng chloroauric acid as a gold source, along with liquid polyol as 

he reducing agent and poly(diallyldimethylammonium chloride) 

s the surfactant to obtain Au nanooctahedra ( Fig. 10 (i)) [262] . 

mitha et al. synthesized Au NPs using the leaf broth of Cinnamo- 

um zeylanicum as the reducing agent [110] . They found that at 

elatively low concentrations of leaf broth, a mixture of triangular 

nd spherical Au NPs was produced, with a decrease in size de- 

ected with an increase in leaf broth concentration, while spherical 

articles were made almost exclusively at a relatively high concen- 

ration of the leaf broth. 

Besides, the surface properties, such as surface charge and 

ydrophobicity, are also important factors which can potentially 

odulate the nanoparticle-fungi and nanoparticle-cell interactions. 

he stabilizing agents on NPs can also directly act with cells and 

ungi [100] . The use of antifungal chemicals to functionalize NPs 

an create synergistic effects [100] . The surface hydrophobicity can 

rovide a barrier to limit the fungal growth on the surface or in 

he structure of the materials [263] . Microbes usually have a neg- 

tive charge cell membrane consisting of lipid layers and peptido- 

lycan. Hence, the positive net surface charge can enhance the in- 

eraction of NPs-microbes. The effect of a positive net charge has 

een confirmed to be helpful for enhancing the antibacterial activ- 

ty of NPs [ 58 , 167 ]. This can also enhance antifungal activity. The

urface properties of NPs can be easily modulated through ligand 

ngineering to generate particles with new and emergent proper- 

ies [ 264 , 265 ]. Therefore, the surface chemical modification of NPs 

ith different chemicals plays a pivotal role in the fabrication of 

Ps with high antifungal efficacy. 

. Conclusions and potential future directions 

In this review, we discussed the development of inorganic 

anoparticles as next-generation antifungal agents. Although inor- 

anic NPs in antibacterial applications have been widely explored, 

esearch on antifungal inorganic NPs is a relatively new field, as it 

as just blossomed in the past two decades. The antifungal prop- 

rties of metallic, metal oxide, transition-metal dichalcogenide, and 

on-metallic nanoparticle systems have been illustrated. Addition- 

lly, these particles exhibit a wide range of antifungal mechanisms 

ncluding release of mycotoxic ions, damage to the membrane or 

ther critical cellular components, ROS production, and ATP deple- 

ion. 

Among the particles that have been explored for antifungal ap- 

lications, Ag NPs are the most researched, followed by ZnO NPs. 

any reports confirmed that Ag NPs can have effective antifun- 
73 
al activity with suitable fabrication procedures, and Ag NPs were 

ound to have higher antifungal efficacy than most other types 

f nanoparticles, such as Au NPs, Cu NPs, ZnO NPs, and Se NPs 

 84 , 90 , 227 , 266 , 267 ]. However, Ag NPs also exhibited higher toxic-

ty to mammalian cells and tissues, with relatively low IC 50 values 

owards many different types of mammalian cells [ 95 , 106 ]. Ag NPs

ave also exhibited genotoxicity to human cell lines [268] , and in- 

uced changes in blood cell counts [269] . Prolonged exposure to 

oluble silver or uptake of high doses of silver may also induce ir- 

eversible pigmentation in the skin (argyria) [270] and cause dam- 

ge to the kidneys and liver through an increase of inflammatory 

ytokines [271] , potentially limiting their use. The antifungal re- 

earch results for Au NPs are promising, but the number of studies 

s small, and more research is needed to thoroughly evaluate the 

pplication prospects for Au NPs as antifungal agents. Additionally, 

old is not a nutritional element and is highly stable. Long-term 

se may lead to accumulation in the host’s organs and cause harm, 

o biodistribution studies would also be needed before clinical use 

ould be deemed safe. Cu NPs also showed high antifungal activ- 

ty, but with relatively high cytotoxicity [272] . TiO 2 NPs need light 

ideally ultraviolet) to exert their antifungal activity, which lim- 

ts their application. Nanomaterials that are less effective against 

ungi, such as CuO NPs, Fe 3 O 4 NPs, S NPs and Te NPs, need doses

f hundreds to thousands (or even more) micrograms per millil- 

tre to exert sufficient antifungal activity [ 161 , 191 ]. At such high

oncentrations, their acute and long-term toxicity to tissues would 

e a huge barrier to their use. Systematic research on the biodis- 

ribution and potential toxicity of antifungal nanoparticles at their 

ffective concentrations is crucial, but the reports on this are very 

imited so far. Additionally, in vivo tests must be considered to fur- 

her validate the safety of clinically applying these NPs as antifun- 

al treatments. More research assessing the possible negative ef- 

ects of these nanoparticles in detail will be required to find suit- 

ble synthesis and modification methods which can broaden their 

herapeutic windows. 

The NPs made of nutritional elements for humans and animals, 

uch as ZnO, Se and MgO, are promising in antifungal applica- 

ions as they might function as a nutritional supplement and allow 

igher doses without toxicity. However, these types of inorganic 

Ps show much lower antifungal activity compared to Ag NPs, so 

here is a distinct trade-off. The effect of a positive net charge has 

een confirmed to be helpful for enhancing the antibacterial ac- 

ivity of NPs. 163 This can also enhance antifungal activity. For ex- 

mple, positively charged chitosan particles also showed good anti- 

ungal activity, and their positive charge was considered to interact 

ith negatively charged phospholipid components of fungi mem- 

rane [273] . As mentioned above, the antifungal activity of NPs is 

enerally affected by particle size as well. Therefore, finding the 

ptimal particle size to get the highest antifungal efficacy and mak- 

ng NPs with positive net charges might also be a feasible way to 

nhance the antifungal activity of the NPs discussed in this review. 

owever, the smaller sizes and positive net charges may also lead 

o higher toxicity towards mammalian cells. 

Besides, taking advantage of synergistic fungicidal effects of an- 

ifungal drugs with inorganic NPs is a simple and effective way to 

educe the dosage of both NPs and antifungal drugs, thereby re- 

ucing the toxicity caused by NPs and antifungal drugs. Simultane- 

usly, the combination of the attacking targets of antifungal drugs 

nd NPs has the potential to improve the antimicrobial efficiency, 

roaden the antifungal spectrum, and reduce the risk of fungal re- 

istance. 

Despite the potential of inorganic nanoparticles as antifungal 

gents, significant research is required before these materials can 

chieve their maximum clinical impact. First, many of the existing 

tudies have significant limitations. For instance, many studies only 

ualitatively analyse the antifungal properties of inorganic NPs us- 
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ng agar diffusion methods, and this lack of quantitative fungicidal 

ata limits comparisons between different particle types and the 

onclusions that can be drawn. Moreover, many of the quantita- 

ive results are not implemented in accordance with unified stan- 

ards, further hindering the comparison of results between differ- 

nt studies. The Clinical and Laboratory Standards Institute (CLSI) 

as developed and published reference methods for antifungal sus- 

eptibility testing of both yeasts and filamentous fungi [274] . We 

ecommend that these methods or other standardized quantitative 

tudies are done in the future to help develop a more comprehen- 

ive and in-depth understanding of the factors that dictate the an- 

ifungal efficacy of inorganic NPs. 

A second major limitation with many studies is the lack of 

ytotoxicity testing towards human cell types. This is a critical 

ap in the research because a clear therapeutic window must 

e illustrated before these nanoparticles can achieve clinical use. 

his is especially true for antifungal nanoparticles because fungi 

nd mammalian cells have many similar structures and cellular 

rganelles, given they are both eukaryotic. Thus, the antifungal 

gents have high chance of showing toxicity towards mammalian 

ells as well. In future research, we recommend that all newly 

eveloped antifungal particles are also assessed for cytotoxicity 

ith relevant human cell types using standardized and quantita- 

ive methods. 

The use of nanomaterials as next generation antifungal agents is 

till in its nascency, and we propose several key areas of research 

hat could lead to significant advances in the field. To date, most of 

he antifungal mechanisms that have been explored are based on 

stablished antibacterial mechanisms. Using antimicrobial mecha- 

isms that simultaneously inhibit or kill both bacteria and fungi 

ould be valuable to address polymicrobial infections. However, 

iven that the structures and behaviours of fungal cells are dis- 

inctly different from those of bacterial cells, there may be some 

pecific antifungal mechanisms correlated to the biological struc- 

ures of fungi yet to be elucidated which provide new avenues for 

ptimisation of antifungal performance (e.g., sulphur metabolism). 

his is particularly important because the antifungal activity of in- 

rganic NPs is generally significantly lower than their antibacte- 

ial activity. Improving our understanding and potentially unveil- 

ng undiscovered antifungal mechanisms may provide avenues for 

he design of the next generation of antifungal agents in the fu- 

ure. Besides, designing nanoparticles that can act on distinct tar- 

ets of fungal cells rather than mammalian cells will be crucial 

or reducing the cytotoxicity of antifungal nanoparticles. There are 

everal structural differences between fungi and mammalian cells. 

or instance, fungal cells have outer cell walls that do not present 

n mammalian cells. Hence, some components in the outer cell 

all can be recognised as fungal specific targets. Furthermore, fun- 

al cells have different lipid components in their membranes from 

ammalian cells, such as ergosterol. Although there are antifungal 

gents that specifically act on ergosterol currently available, inor- 

anic nanoparticles designed with antifungal mechanisms against 

ungal specific targets have not yet been reported, to the authors’ 

nowledge. There is a need to design future antifungal inorganic 

anomaterials to act on fungi-specific targets, such as via surface 

hemical modification of nanoparticles to carry molecules that can 

ind to specific targets. The discovery of more specific fungal tar- 

ets would also aid in the design of future antifungal agents and 

ould also make it easier to prepare nanoparticles with multiple 

echanisms of antifungal action, thereby slowing down the devel- 

pment of resistance to these materials. 

Furthermore, many NPs used in the antifungal studies reported 

o date have been produced by green synthesis methods, which 

se biological extracts as reducing agents and stabilizers. The re- 

roducibility of these NPs tends to be poor because of the diver- 

ity of individual organisms and resulting reagents. Additionally, 
74 
he specific active chemicals involved in the reactions remain un- 

nown, and the compounds coating the NPs are uncertain. This 

akes it difficult to assess the influence of these chemicals on 

he NPs’ antifungal performance and their consequential antifungal 

echanisms. Future research should seek to clarify the identity of 

he chemicals coated on the surface of antifungal NPs to improve 

nderstanding of which chemicals or chemical properties have a 

eneficial effect on the antifungal ability and cytotoxicity of these 

Ps to guide the preparation of safer and more effective antifungal 

articles in the future. 

To sum up, antifungal research on inorganic nanoparticles is 

till at a very early stage. There remains a pressing need and sig- 

ificant opportunity for further research to explore more effective 

ntifungal inorganic nanomaterial design strategies which optimise 

erformance and safety for future human and animal health treat- 

ents. More research needs to be done in the future using stan- 

ardized testing methods to provide quantitative antifungal assess- 

ents of inorganic NPs that can be meaningfully compared. Spe- 

ific material compositions and properties of the antifungal NPs 

eveloped should be clarified, and their antifungal mechanisms 

hould be explored to guide future design improvements. These 

teps will move the field towards a more comprehensive under- 

tanding of the antifungal capabilities of nanoparticles and the 

ost promising directions for enhancing their performance. Crit- 

cally, in vitro and in vivo biosafety evaluations on any NPs con- 

idered for future human or animal applications need to be con- 

ucted to determine their safe therapeutic windows and progress 

hese promising materials to provide commercial and clinical im- 

act. 
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