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Abstract

Fungal infections pose a significant global health concern, prompting the WHO to prioritize fungi needing novel therapies.
Photodynamic inactivation (PDI), which uses light, a photosensitizer (PS), and oxygen to produce oxidative stress, has
shown promising results against fungi. Engineered nanoparticles (NPs) have emerged as a promising ally to enhance PDI.
This systematic review examined the combined effects of PDI and NPs on the WHOQO's priority fungal pathogens. After
screening Embase, Pubmed, Scopus, and Web of Science, ten studies were selected based on criteria including consistent
NP characterization, PDI protocol, and a focus on critical and high priority fungi. Most studies targeted Candida albicans,
with only one of them on Fusarium keratoplasticum. Only 4 studies reported the effects of PDI mediated by NPs on biofilms.
Nanostructures applied included metallic, superparamagnetic iron oxide, micelle, and polymeric NPs. Findings indicate that
i-) NPs can enhance the solubility of PSs by carrying hydrophobic compounds; ii-) NPs may improve the chemical stability
of PSs avoiding aggregation, which could reduce the PS performance; iii-) NPs can be engineered to reduce the required PS
concentration for effective fungal elimination, and iv-) Metallic NPs can improve the photophysical properties of PSs, such
as enhancing the generation of reactive oxygen species by localized surface plasmon resonance. Further research is needed
to extend these findings beyond in vitro conditions.
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1 Introduction

Fungal infections have become a significant global health
threat, causing rising morbidity and mortality, especially
among vulnerable populations [1]. In this regard, their clini-
Jacqueline C. Bueno-Janice, Fabio P. Sellera, Paulo E. Cabral Filho, cal Impacts on 1n'd ividuals with weakened lmmqné systems,
Adriana Fontes and Martha S. Ribeiro contributed equally to this such as those with HIV/AIDS, transplant recipients, and
work. patients undergoing chemotherapy, are concerning [2].
Recognizing the urgent need to address the burden of fungal
diseases, the World Health Organization (WHO) published a
list of priority fungal pathogens in October 2022 [3]. This list
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identifies 19 fungal species, stratified into three groups (criti-
cal, high, and medium priority), that pose the greatest threat
to public health and aims to guide research, surveillance, and
resource allocation to tackle these infections effectively [3].
The selected fungi were ranked based on their ability to cause
life-threatening infections (e.g., invasive candidiasis, aspergil-
losis, cryptococcal meningitis, and other systemic mycoses),
limited therapeutic options, and their potential for development
of drug resistance. Taking this into account, there is a pressing
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need to search for novel, effective therapeutic options to com-
bat this emerging public health problem.

Antimicrobial photodynamic therapy (APDT) represents
a promising approach against microbial infections since it
possesses broad-spectrum activity against several clinically
important pathogens, including fungal agents [4]. APDT
or photodynamic inactivation (PDI, a term usually used for
in vitro studies) combines a light source of specific wave-
length, a photosensitizing drug (PS), and oxygen to kill micro-
organisms selectively [5]. The PS accumulates in the microbial
cells and then is activated by the light. In the presence of oxy-
gen, this activation generates reactive oxygen species (ROS),
which induce oxidative damage to cellular structures, ulti-
mately leading to microorganism death [4]. This therapeutic
modality could be useful in situations in which conventional
antimicrobial agents may be limited or ineffective, offering a
potential alternative for the treatment of localized infections
without the risk of drug resistance development [6].

Additionally, recent advances in nanotechnology have
positioned it as a cutting-edge tool for enhancing antimi-
crobial strategies. Engineered nanoparticles (NPs) have been
explored for their dual role in this field. As drug delivery
systems, they act as carriers for chemotherapeutics improv-
ing targeted delivery, bioavailability, and controlled release
[7-9] Additionally, certain NPs possess intrinsic antimicro-
bial properties, either by generating ROS [10], disrupting
microbial membranes [10], or interfering with essential cel-
lular functions [11].

In PDI, nanoplatforms can be designed to carry PSs,
thereby enhancing their solubility, stability, and bioavail-
ability [12, 13]. Additionally, NPs can directly modulate the
interaction between PSs and light, increasing ROS produc-
tion and improving the overall efficacy of the treatment [14].
Furthermore, a distinct class of nanostructures, known as
upconversion and downconversion NPs, leverages the phe-
nomenon of light wavelength transformation (for shorter
and longer wavelengths, respectively) upon NP interaction
to generate light at wavelengths specifically suited for excit-
ing the PS [15].

As the field of nanotechnology advances, the association
of NPs and PDI represents a realistic promise on the hori-
zon. This combination could pave the way for more efficient
and targeted treatment strategies against fungal infections.
Herein, we systematically searched the global scientific lit-
erature to gather evidence of the effects of PDI combined
with NPs against the WHO fungal priority pathogens.

2 Methodology

This systematic review adhered to the Preferred Reporting
Items for Systematic Reviews (PRISMA) statement [16].
We outlined the criteria for population, intervention, control,
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and outcome (PICO) to address the specific question “Can
engineered NPs improve PDI of priority fungi?”’, where P
denotes fungal burden, I represents PDI associated with NPs,
C signifies control PDI, and O indicates reduction of fungal
load.

The search spanned 2008 to February 2025, utiliz-
ing Embase, Pubmed, Scopus, and Web of Science data-
bases. Keywords related to WHO priority fungi, PDI, and
nanotechnology were employed using Boolean operators
AND/OR to refine the search, which included: (Nano*
OR Liposome, which capture a broad range of nanotech-
nology-based approaches, including nanoparticles, nano-
materials, nanoplatforms, nanostructures, nanosystems,
and liposomal formulations) AND (Photosensitization
OR Photodynamic OR Photoinactivation, which ensure
the inclusion of studies related to PDI) AND (Candida
OR Aspergillus OR Cryptococcus OR Nakaseomyces
OR Histoplasma OR Eumycetoma OR Mucorales OR
Fusarium, which specifically target critical and high
WHO-listed priority fungi, which are: i-) Critical pri-
ority group: Aspergillus fumigatus, Candida albicans,
Candida auris, and Cryptococcus neoformans; ii-) High
priority group: Histoplasma spp., Eumycetoma causa-
tive agents, Mucorales, Nakaseomyces glabrata (Can-
dida glabrata), Fusarium spp., Candida tropicalis, and
Candida parapsilosis.

The study selection included original articles and con-
ference proceedings on interventions in in vitro studies
published in English, ensuring the inclusion of relevant
unpublished or early-stage research. This approach helps
mitigate publication bias while maintaining a focus on
high-quality, peer-reviewed sources. Thus, we removed
duplicates and excluded reviews, letters, comments,
abstracts, and articles published in languages other than
English. Additionally, studies involving in vivo experi-
mentation, thermal effects of NPs, and NPs serving solely
as a PS or as an antimicrobial agent were also excluded
from consideration.

Screening of titles and/or abstracts retrieved by the
search was conducted using a Microsoft Excel spread-
sheet, including author information, journal, and year of
publication. For inclusion, studies were required to exhibit
consistent NP + PS characterization, with NPs having a
size of below 250 nm. Indeed, NPs are typically defined as
having dimensions between 1 and 100 nm. However, their
hydrodynamic size measured by dynamic light scattering
(DLS) is often larger than the size observed by transmis-
sion electron microscopy (TEM) due to factors such as
aggregation and surface hydration [17]. To account for this
aspect and avoid excluding relevant studies, we set the cut-
off at 250 nm based on DLS measurements, ensuring that
NPs within the conventional nanoscale range (as observed
in TEM) were not unintentionally omitted. Additionally,
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they were expected to feature a PDI control group with
PS alone and target fungal strains classified as high and
critical priority by the WHO.

Studies were excluded if they reported PDI combined
with another therapeutic strategy, such as chemotherapy,
phytotherapy or thermal therapy, a reduction in colony-
forming units/mL (CFU/mL) of planktonic yeast cells by
less than 3 log;, (99.9%), as this level of reduction would
not be considered fungicidal [18], and lack PDI parame-
ters, including PS concentration, light source wavelength,
and irradiation parameters such as light dose, irradiance,
and/or exposure time. Indeed, eligible articles should pro-
vide sufficient information regarding the light source to
enable the calculation of light parameters.

All authors contributed to assessing study eligibility,
resolving disagreements through discussion and consen-
sus. This collaborative approach ensured a thorough eval-
uation and minimized subjective bias in study selection.

Records identified through database searching
Web of Science: 214

3 Results

A total of 879 studies were initially identified across the
databases. After removing duplicates, 431 studies were
screened based on their titles and abstracts, leading to the
exclusion of 448 studies. Subsequently, 54 articles were
assessed for eligibility, and 10 studies met the inclusion cri-
teria for this review (Fig. 1).

Most investigations were conducted on Candida albi-
cans planktonic cells [19-27], with four studies assess-
ing C. albicans biofilms [19, 21, 23, 28]. Additionally,
there was one study focused on Fusarium keratoplasticum
[25]. Five studies involved the use of metallic NPs [21, 22,
25-27], while one study reported superparamagnetic iron
oxide nanoparticles (SPIONs) to mediate PDI [24]. The
remaining four studies encompassed polymeric NPs such
as chitosan (CS) [19], micelles [28], polylactic acid (PLA)
NPs [23], and cellulose nanocrystals (CNC) [20]. Table 1

Pubmed: 219

Embase: 216 Duplicate records removed

Scopus: 230 (n = 448)

(n=879)
Records after duplicates removed
(n=431)
Records screened - Records excluded
(n=431) - (n=377)

!

Publicationsto be assessed for eligibility
(n=54)

!

[ Studies included in synthesis }

(n=10)

Fig. 1 Flowchart of the paper selection process for the systematic
literature review conducted following PRISMA guidelines [16]. A
total of 879 studies were initially retrieved, and 448 duplicate records

~

Publications excluded
(n=44)
Not enough characterization of NP: 4
NP > 250 nm: 3
No priority fungus: 2
Fungal cell reduction < 3 logs: 8
No PDI control: 9
Not a reliable PDI protocol: 10
Combined therapy: 5
> 1 criterion: 3

- J

were removed. Next, 431 publications were screened, and 54 full-
text articles were evaluated for eligibility. After that, 44 studies were
removed, resulting in 10 studies included in the review
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lists the fungal species assessed in each study, with char-
acterization of nanoparticles, including their type, shape,
and average size. It also displays the peak of the ultravio-
let—visible (UV—Vis) spectrum for the nanostructures and/
or the PS alone.

Table 2 shows the optimal photoinactivation protocol
for the nanostructures. For PDI, studies reported the use of
phenothiazines [25, 27, 28], xanthenes [19, 21], porphyrins
[24, 26], curcumin [23], and phthalocyanines [20, 22] as the
PS. Different light sources, such as lasers [22, 28], light-
emitting diodes (LEDs) [19, 23, 25-27], and lamps [20, 21,
24], were employed based on the peaks of absorbance of the
nanostructures and/or PS, as reported in Table 1. Overall, the
PS concentration and light parameters varied substantially
among the studies.

Metallic NPs can trigger a collective oscillation of elec-
trons within the conduction band, a phenomenon known as
localized surface plasmon resonance (LSPR), a distinctive
optical feature influenced by their size, shape, and compo-
sition [29]. In most studies involving metallic NPs, TEM
revealed that they exhibited a spherical morphology [21,
22,25, 26], while one study showed prismatic NPs [27] (see
Table 1). The confirmation of the interaction between the PS
and NPs was usually achieved through alterations in Zeta (£)
potential and/or changes in the absorption spectra of PSs.

Maliszewska et al. used gold NPs (AuNPs), with a plas-
mon resonance at 535-537 nm and 24 nm of size by TEM,
mixed with the xanthene rose bengal (RB), which presents
an absorption peak centered at 541 nm [21]. In the study, the
authors utilized a wide-band Xe lamp (500-780 nm) with
different light doses. Their results demonstrated a clear dose-
dependent relationship, in which the highest light dose led
to the greatest level of fungal death. Indeed, when RB at
a concentration of 12.5 mg/L was employed for PDI of C.
albicans using a light dose of 95.4 J/cm?, a reduction of 2.19
log,, was achieved. However, when RB was combined with
AuNPs under the same conditions, the reduction increased
substantially to 4.89 log,,, indicating an enhancement of
2.7 log,. In the context of biofilms, a comparable trend was
noticed. RB-mediated PDI resulted in a reduction of 0.6
log,,, whereas the combination of RB with AuNPs yielded
areduction of 1.53 log,, (Table 3). According to the authors,
the enhanced performance of AuNPs in conjunction with RB
for PDI may be attributed to the increased uptake of RB by
the cells when combined with AuNPs, which was approxi-
mately 13% higher compared to RB alone.

Raposo and colleagues reported the application of
silver NPs (AgNPs) measuring 14 nm (estimated by
TEM) and displaying a plasmon band around 413 nm,
aligned with the absorption band of cationic Zn(II)

Table 1 Fungal species and characterization of NPs. The peak of absorbance UV-Vis corresponds to the nanostructure and/or PS alone

Reference  Fungal species Type of NP Shape Average size (nm) UV-Vis spectrum peak (nm)
[21] C. albicans Au spherical 24 +3 (TEM) 535-537 (plasmon)
(planktonic and biofilm) 541 (PS)
[22] C. albicans Au/Ag spherical 16 +3 (TEM) 513-515 (plasmon)
(planktonic) (Au:Ag =2:1) (Au:Ag =2:1)
~ 340 and 670 (PSs)
[26] C. albicans Ag spherical 14 (TEM) 413 (plasmon)
(planktonic) ~ 425 (PS)
[25] C. albicans and F. keratoplasticum — Ag mostly spherical 16 to 33 (TEM) ~ 420 (plasmon)
(planktonic) 655 (MB)
624 (NMBN)
627 (NMBN-Zn)
[27] Fluconazole-resistant C. albicans Ag prismatic 37 +8 (TEM) 664
(planktonic) (plasmon and PS)
[24] C. albicans SPIONs spherical 12 +2 (TEM) ~ 430 (nanosystem)
(planktonic) ~ 410 (PS)
[19] C. albicans Chitosan irregular shape 80.9 +7.43 (DLS) Not reported
(planktonic and biofilm)
[23] C. albicans PLA spherical Anionic: 193 (FEG-SEM)  425-429
(planktonic and biofilm) Cationic: 214 (FEG-SEM) (NP and PS)
[20] C. albicans CNC rod-shaped CNC-1:234 +17 (DLS) 670 (CNC- 1)
(planktonic) (NP and PS)
[28] C. albicans Micelles spherical 25.8 +1.8 (DLS) Not reported
(biofilm)

TEM Transmission Electron Microscopy, SPIONs Superparamagnetic Iron Oxide Nanoparticles, DLS Dynamic Light Scattering, PLA Polylactic
Acid, CNC Cellulose Nanocrystal, FEG-SEM Field Emission Gun Scanning Electron Microscopy, MB Methylene blue, NMBN New methylene

blue N, NMBN-Zn New methylene blue N Zinc, Au Gold, Ag Silver
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Table 2 Best photoinactivation protocol for the nanostructures

Reference Photosensitizer PS concentration Dark period (min) Light source and Power density Light dose Exposure Time
(PS) with nanoparticle A (nm) (mW/cm?) (J/em?) (min)
[21] RB 12.5 mg/L 120 Xe Lamp 53 95.4 30
(500-780)
[22]* AlPcS, and AlPcS; 7 mg/L 30 Laser 105 63 (AlPcS,) 10
(650) 94.5 (AlPcS;) 15
[26]% ZnPH 0.2 pM (ZnPH) 10 LED (410 +20) 24.1 4.3 3
ZnPE 0.6 M (ZnPE)
[251* MB, NMBN, and  C. albicans 30 LED 15.23 15 16.4
NMBN-Zn MB: 0.39 pg/mL (600-650; A\ =
NMBN: 0.21 pg/ 635)
mL
NMBN-Zn: 0.13
pg/mL
F. keratoplasticum
MB: 0.79 pg/mL
NMBN: 0.10 pg/
mL
NMBN-Zn: 0.26
pg/mL
[27] MB 50 M 30 LED (660) 459 5 2
100 uM 11 4
[24] TPPF,, 2uM 30 Lamp (350-800)* 90 162 30
[19] ER 0.88 mg/mL 120 LED (540 +5) 22 50 37.9°
(planktonic) (planktonic)
1.76 mg/mL (bio- 1440
film) (biofilm)
[23] CUR 130 yM 40 min LED (440-460, 33.58 432 20
(planktonic) Amax = 455)
260 pM (biofilm)
[20] ZnPc 3uM - Red light 18 64 60°
(620-645)
[28] MB 780 uM 30 Laser 19 15 132
(660)

reported in Ferreira et al., J. Photobiochem Photobiol B. 158: 243-251, 2016

bcalculated by reviewers

“Molar ratio of Au:Ag =2:1. € For PDI alone, ZnPH and ZnPE were used at 0.8 uM and 5 uM, respectively. * In PDI alone, the PS concentra-
tions were as follows: MB (1.59 and 1.59 pg/mL), NMBN (0.43 and 0.21 pg/mL), and NMB-Zn (0.52 and 0.26 pg/mL), for C. albicans and F.

keratoplasticum, respectively

N— 2-alkylpyridylporphyrins (ZnTnHex-2-PyP*" and ZnTE-
2—PyP4+, ZnPH and ZnPE, respectively) in PDI of C. albi-
cans yeasts [26]. The authors investigated the combined use
of both ZnPH and ZnPE with AgNPs, exploring different
ratios of AgNPs:ZnP (1:4 or 4:1 v/v). The assays were car-
ried out under irradiation with a blue LED (peak at 410 nm).
In their study, PDI mediated solely by ZnPH (0.8 pM) or
ZnPE (5 uM) on C. albicans with a light dose of 4.3 J/cm?,
achieved reductions of approximately 3 log,, and 2 log,
respectively. When the AgNPs-ZnP systems were applied at
different ratios under the same light dose, an optimization in
PDI was observed. Particularly, the AgNPs-ZnPH systems
demonstrated effectiveness at remarkably low PS concentra-
tions, achieving complete inactivation at 0.2 uM. Similarly,
AgNPs-ZnPE at 0.6 uM showed effective eradication of

yeast cells in both proportions of AgNPs (Table 3). These
findings were credited to the increased production of ROS
when AgNPs were incorporated into the system, as observed
in the ROS evaluation assay, and an enhanced PS-cell inter-
action provided by the nanostructures, as noted in micros-
copy analyses.

The PDI involving two types of tetrapyrrole macrocycles
compounds, namely di- and trisulfonated hydroxyaluminum
phthalocyanines (AlPcS, and AlPcS;, respectively), associ-
ated with Au/Ag bimetallic alloys NPs (prepared in different
proportions Au:Ag =2:1, 1:1, and 1:2), was evaluated by
Maliszewska and colleagues [22]. The nanostructures exhib-
ited different sizes according to Au:Ag proportion, which
varied from 5 to 22 nm according to TEM results. Although
PSs presented Soret and Q absorption bands centered around

@ Springer
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Table 3 Fungal killing under

.. . Reference Fungal killing (PDI) Fungal killing (PDI +NP)
the conditions reported in
Table 2 [21] 2.39 log,, (planktonic) 4.89 log,, (planktonic)
0.6 log,, (biofilm) 1.53 log,, (biofilm)
[22] < 1log;, (AIPcS,) Eradication (AlPcS,)
< 1log;, (AlPcS;) 5log;q (AlPcS5)
[26] 3 log,, (ZnPH) Eradication*®
2 log,, (ZnPE)
[25] C. albicans C. albicans*
3 log;q (MB and NMBN) 3 log;q (MB)
5 log;, (NMBN-Zn) 4 log;, (NMBN)
F. keratoplasticum 4.5 log,o (NMBN-Zn)
3 log;q (MB) F. keratoplasticum™
2.5 log,, (NMBN) 3 log;, (MB)
3.5 log;y (NMBN-Zn) 4 log;, (NMBN and NMBN-Zn)
[27] 1 log;, Eradication
[24] < 1log, 3.7log,y"
[19] 3 log,, (planktonic) Eradication (p]anktonic)b
No reduction (biofilm) ~ 3.5 log, (biofilm)
[23] Eradication (planktonic) Planktonic: <1 log;, (anionic NP)
2.26 log, (biofilm) Planktonic: Eradication (cationic NP)
Biofilm: No reduction (anionic NP)
Biofilm: 2 log,, (cationic NP)*
[20] No reduction 6.5 log,°
[28] < 1llog, Eradication

4when both NPs and PS were positively charged

Pwhen the volume ratio of chitosan to the ionic gelator was 5:1

“when the cellulose nanocrystal was less hydrophilic (CNC-1)

*At lower PS concentrations than PDI alone

#Free cationic NPs in the dark showed similar results to PDI alone

340 nm and 670 nm, respectively, distinct plasmon band
profiles were in accordance with the bimetallic alloy ratios
employed: 513-515 nm (Au:Ag =2:1), 505-509 nm (Au:Ag
=1:1), and 486—489 nm (Au:Ag =1:2). The authors used
a 650 nm diode laser at various light doses on C. albicans
planktonic cells, combining AlPcS, and AlPcS; at 7 mg/L
with different Au:Ag proportions. Cell viability demon-
strated a dependence on light dose. At the highest light dose
of 94.5 J/cm?, a reduction lower than 1 log,, was observed
when PSs were applied alone. When NPs were used at differ-
ent Au:Ag ratios, PDI achieved better results than PS alone.
Interestingly, PSs combined with NPs at the highest Au
concentration exhibited the best PDI performance (Au:Ag
=2:1 ratio). Indeed, a complete eradication of fungal cells
was observed for AIPcS, at a light dose of 63 J/cm?, while a
reduction of approximately 5 log,, was reached for AlPcS,
at 94.5 J/cm? (Tables 2 and 3).

Caruso and colleagues utilized AgNPs in PDI of both C.
albicans and F. keratoplasticum cells. In their study, they
employed three phenothiazines: MB, new MB N (NMBN)),
and new MB N formula with zinc (NMBN-Zn) [25]. The
AgNPs were predominantly spherical, with a mean size
ranging from 16 to 33 nm by TEM. The AgNP-PS associa-
tion showed the presence of AgNPs by the altered plasmon

@ Springer

band around 420 nm with an absorption peak according to
the PS (MB: 655 nm; NMBN: 624 nm; NMBN-Zn: 627
nm). The authors determined the minimum inhibitory con-
centration (MIC) at various light doses delivered by a red
LED with a peak at 635 nm for the three PSs. At the highest
light dose (15 J/cm?), the nanosystems incorporating NMBN
and NMBN-Zn demonstrated approximately a 4 log;, and
4.5 log,, reduction in C. albicans, respectively, with a PS
concentration at least two times lower than the MIC for PS
in its free form. A similar profile was observed for F. kera-
toplasticum. For this species, PDI mediated by MB in its
free form (MIC =1.59 pg/mL) showed a similar reduction
to PDI mediated by the nanosystem, in which MB was used
at 0.79 pyg/mL (Tables 2 and 3).

Rodrigues and collaborators prepared silver prismatic
nanoplatelets (AgNPRs) and decorated them with MB at
three different concentrations (25, 50, and 100 uM) [27].
The AgNPRs had a mean size of 37 +8 nm (TEM) and a
plasmon peak at 664 nm, which matched the absorbance of
MB. They used a red LED (660 nm) and varied both MB
concentration and exposure time (0 to 240 s) to explore the
effects of PDI on fluconazole-resistant C. albicans. Their
results revealed that PDI alone (MB at 100 uM) was able to
kill approximately 1 log,, cells. When PDI was mediated by
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AgNPRs, fungal inactivation depended on both MB concen-
tration and light dose. The higher the concentration of MB
and the dose of light, the greater the fungal killing. AgNPRs
eradicated fungal cells after 240 s and 120 s of irradiation
when MB was used at 50 and 100 uM, respectively (Tables 2
and 3). The authors suggested that AgNPRs boosted MB
photoactivity through plasmonic effect and by minimizing
MB dimerization.

Scanone et al. developed nanoplatforms using deriva-
tives of 5,10,15,20-tetrakis (pentafluorophenyl) porphyrin
(TPPF,) covalently linked to silica-coated SPIONSs, with
an average particle size of 12 nm as determined by TEM
[24]. Four conjugates were obtained through in situ modi-
fications, two of them without intrinsic net charges and two
with cationic groups. After the covalent binding of TPPF,,
small changes in  potential values, absorption and fluores-
cence spectra, were observed compared to free PS. In the
PDI experiments, cultures of C. albicans were exposed to
visible light (350-800 nm) at different light doses. The inac-
tivation achieved with 2 pM TPPF,, was less than 1 log.
Conversely, all conjugates exhibited a greater reduction in
a dose-dependent manner, with the conjugate in which both
the porphyrin and NP were cationic, achieving a reduction
of 3.7 log,, at 162 J/cm? (Tables 2 and 3).

CS NPs, when loaded with erythrosine (ER) (CS-
ERNPs), showed particle average size varying between 75.3
nm and 266.2 nm by DLS, depending on the concentration
of CS, ER, and sodium tripolyphosphate (TPP), which acted
as an ionic gelator for CS [19]. Microbiological assays were
carried out with the formulation in which the CS/TPP vol-
ume ratio was 5/1, as this ratio showed the most significant
binding of ER to cells. The CS-ERNPs were evaluated in
different dark incubation periods (10 min, 2 h, 12 h, or 24
h) before exposure to green light (540 +5 nm) with different
light doses. The CS-ERNPs were more effective against C.
albicans than free ER at the same concentration (0.88 mg/
mL). Complete eradication of planktonic cells was achieved
after a 2-h incubation with the nanosystem, followed by
exposure to 50 J/cm? of light, while treatment with ER alone
resulted in a reduction of 3 log,,. For biofilms, free ER (1.76
mg/mL, 24 h incubation, 50 J/cmz) showed no reduction,
while PDI mediated by CS-ERNPs resulted in a decrease of
~3.5 log,, (Table 3).

Trigo Gutierrez et al. developed curcumin (CUR)-loaded
polymeric NPs (prepared with polylactic acid, PLA), which
exhibited regular size and shape but different charges. The
size and the { potential varied over time (0 to 40 days) [23].
Anionic CURNPs (only PLA) presented a mean size of 193
nm while cationic CURNPs, in which CTAB was used as a
surfactant, exhibited a mean size of 214 nm as measured by
Field Emission Gun Scanning Electron Microscopy (FEG-
SEM). For PDI, the authors employed an LED with A, =

455 nm delivering a light dose of 43.2 J/cm?. They observed

that irradiated free CUR (130 pM) eliminated C. albicans
yeasts. Anionic CURNPs caused a reduction in yeasts of
0.78 log,,, whereas cationic CURNPs, with or without light,
eradicated C. albicans, indicating intrinsic fungicidal effects.
In biofilms, free CUR (1200 uM) reduced the fungal load
by 2.26 log,,. Anionic CURNPs showed limited effects,
while cationic NPs (both free and CUR-loaded) promoted a
reduction of approximately 2 log;, at a CUR concentration
of 260 pM (Table 3). The authors attributed the cytotoxic-
ity observed in cationic formulations to CTAB while they
linked the cytotoxic effect of free CUR to the high DMSO
concentration.

Anaya-Plaza et al. described novel nanostructures result-
ing from the immobilization of cationic derivatives of zinc
phthalocyanine (ZnPc) on unmodified cellulose nanocrys-
tals (CNCs) [20]. The chosen ZnPc compounds feature eight
pyridinium moieties, which were covalently linked to two
CNC:s that differed in hydrophilicity. Only the less hydro-
philic compound (CNC-1) was tested for antifungal PDI of
C. albicans cells. CNC-1 loaded with ZnPc showed an aver-
age size of 234 nm as analyzed by DLS. They employed red
light (620-645 nm) at different light doses. CNC-1 demon-
strated greater efficacy without toxicity in the dark, achiev-
ing a reduction of 6.5 log,, at 3 pM (Table 3). In contrast, its
free form showed no significant effects for the highest light
dose of 64 J/cm?. According to the authors, the low activity
of free ZnPc may be attributed to strong aggregation, hinder-
ing its interaction with cells.

Polymeric-neutral micelles prepared from
Pluronic®F-127 and loaded with MB at 780 uM were inves-
tigated by Soares et al. [28]. These micelles exhibited a par-
ticle mean size of 25.8 nm (from DLS), a spherical shape,
and a neutral surface charge that maintained stability for 90
days. The efficacy of these systems was evaluated against
biofilms formed within 48 h by C. albicans under different
periods of dark incubation, red laser (A =660 nm), and dose
of 15 J/em?. Overall, the results showed that biofilm disrup-
tion depends on the period in dark incubation, with a com-
plete fungal reduction observed for 30 min of incubation in
the dark before irradiation. Free MB-mediated PDI showed
a decrease of 1 log,, (Table 3).

4 Discussion

Infections caused by WHO's priority fungi represent a sig-
nificant public health challenge. These fungi are prioritized
based on their impact, the severity of associated diseases,
and the challenges they present in diagnosis and treatment.
Factors such as the increasing use of immunosuppressive
therapies, widespread use of antimicrobials, global travel,
and climate change can contribute to the rise of these
infections [30]. Therefore, there is an urgent need for the
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development of effective treatment strategies to tackle these
infections. Consequently, systematic reviews could play a
pivotal role in elucidating the advantages, obstacles, and
constraints associated with the proposed treatment protocols
for fungal infections.

To our knowledge, we conducted the first systematic
review aimed at investigating whether engineered NPs could
improve PDI against the WHO fungal priority pathogens.
The main goal of this study was to establish whether robust
scientific evidence exists to support the potential of this
associated therapy in combating these medically important
pathogens, which could open new avenues of knowledge and
inspire further clinical studies.

We noticed that 26 studies did not report either sufficient
NP characterization or complete PDI protocol (see Fig. 1).
This finding highlights the importance of rigorous method-
ologies for future studies. Additionally, we identified stud-
ies against only two species from the WHO fungal priority
list, which are ranked as critical (C. albicans) and high (F.
keratoplasticum) priority pathogens. Most studies investi-
gated the association of PDI and NPs against C. albicans in
planktonic cells.

The Candida genus encompasses various species, some
of which are commensal organisms inhabiting the human
body, while others can cause opportunistic infections, par-
ticularly in immunocompromised individuals [2]. From a
clinical standpoint, candidiasis poses significant challenges
to public health due to its increasing prevalence and resist-
ance to antifungal treatments. C. albicans exhibits a remark-
able ability to develop resistance to commonly used antifun-
gal agents, including azoles (e.g., fluconazole, itraconazole,
ketoconazole, and miconazole), due to the widespread use
of these medications [3].

Antifungal resistance in C. albicans is a complex issue
that extends beyond simple genetic mutations, involving a
variety of adaptive strategies the organism uses to evade
the effects of these drugs [21]. Key resistance mechanisms
include the upregulation of drug efflux pumps, such as ABC
and MFS transporters, which actively expel antifungal drugs
from the cell, thereby reducing their efficacy [31]. Addition-
ally, alterations in the drug's target sites, such as mutations
in the lanosterol 14a-demethylase enzyme, can decrease the
binding affinity of azoles, rendering them ineffective [32].
Biofilm formation is another critical factor, as C. albicans
can form protective biofilms that limit drug penetration
and shield the organism from immune response [33]. The
ability to efficiently adapt its metabolic pathways allows C.
albicans to survive under drug stress by utilizing alterna-
tive energy sources, further enhancing resistance [34]. The
organism also exhibits increased genetic plasticity, including
chromosomal rearrangements and aneuploidy, which ena-
ble rapid adaptation to antifungal pressure [34]. Moreover,
cross-resistance and multidrug resistance can occur, where
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resistance to one antifungal class leads to a reduced effec-
tiveness of other drugs, significantly complicating treatment
options [34]. These mechanisms collectively present a major
challenge in treating C. albicans infections, highlighting the
need for novel therapeutic strategies and improved antifun-
gal management.

Recent studies have also highlighted the potential role
of C. albicans interaction with the human microbiome in
its pathogenicity and resistance mechanisms [35, 36]. This
interaction not only contributes to its ability to thrive in host
environments but may also complicate treatment efforts [37].
While further research is needed to investigate the factors
derived from C. albicans and the host immune system that
regulate the shift between commensalism and pathogenic-
ity, understanding these dynamics presents new challenges
and opportunities for developing more targeted and effective
therapeutic strategies.

Fusarium species also present substantial clinical chal-
lenges, particularly in the context of invasive fusariosis, a
life-threatening condition with mortality rates ranging from
43 to 67% [3]. This high mortality has been attributed to the
inherent resistance of Fusarium spp. to many available anti-
fungal agents, limiting treatment options [1]. The complex
resistance mechanisms, including its ability to form biofilms,
its propensity to cause severe disseminated infections, espe-
cially in immunocompromised individuals, and the increas-
ing trends over the last 10 years, highlight the importance
of this species as a global priority pathogen. Hence, the
development of novel therapeutic strategies that address the
challenges posed by Candida and Fusarium infections, in
addition to the other WHO priority fungi, is crucial.

It is worth noting that other studies reporting critical pri-
ority fungi, such as C. neoformans, did not meet our inclu-
sion criteria. Further research could encompass other critical
priority fungi, such as C. auris, a superbug currently of sig-
nificant concern [38]. Remarkably, C. auris has been recog-
nized as a global public health threat emerging in healthcare
settings, representing a red-alert situation due to its high
resistance to multiple classes of antifungal drugs, including
azoles, echinocandins, and polyenes [38, 39]. This multidrug
resistance profile makes C. auris infections difficult to treat,
complicating clinical outcomes and potentially increasing
mortality rates [39]. Additionally, C. auris can persist on
surfaces and spread rapidly within hospital environments,
leading to outbreaks among vulnerable patient populations,
particularly those with weakened immune systems or inva-
sive medical devices [40]. The rising incidence of C. auris
infections, combined with the limited availability of novel
antifungal therapies, highlights the need for alternative treat-
ments, such as PDI combined with NPs, which could offer
a promising avenue for further investigation.

PDI offers notable advantages against fungal infections,
however, this strategy also presents limitations that hinder
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its overall effectiveness. Intrinsic properties of PSs, includ-
ing their ionic and lipophilic character as well as chemical
stability, can reduce their efficiency in producing ROS near
cellular structures for optimal performance in PDI [6]. In
addition, fungal defense mechanisms, such as reduction in
PS uptake due to efflux pumps and the upregulation of anti-
oxidant enzymes like catalase and superoxide dismutase,
can neutralize ROS [21]. Yet, the penetration of the PS may
be hampered by limited diffusion through the extracellular
matrix composed of polysaccharides or by genotypic and
phenotypic alterations.

Nanotechnology rises in this context to improve PDI,
enhancing the effectiveness and versatility of the treatment.
In this review, metallic NPs were used to enhance PDI of
various classes of PSs, such as xanthenes [21], phthalocya-
nines [22], porphyrins [26], and phenothiazines [25, 27],
which displayed absorption peaks across diverse spectral
regions. For these nanostructures, Maliszewska and col-
leagues demonstrated that C. albicans cells exhibited
increased internalization of RB and phthalocyanines when
conjugated with spherical AuNPs or Au/AgNPs, respec-
tively, compared to their free forms [21, 22]. Similarly,
Raposo et al. [26] observed enhanced cellular uptake of two
zinc porphyrins when associated with spherical AgNPs.
Rodrigues et al. [27] reported that AgNPRs have the capac-
ity to facilitate the reduction of MB aggregation. It seems
that metallic NPs serve as nanocarriers, aiding in the pen-
etration/retention intracellular of PSs, consequently resulting
in higher rates of cell death. It is also important to highlight
that LSPR has the capability to enhance the electromagnetic
field in the vicinity of the NP if the plasmon band is reso-
nant with the PS absorption band [41], thereby amplifying
PS excitation and subsequently increasing the production of
ROS, as observed by Raposo and colleagues [26].

The design of NPs for delivering PSs employs various
strategies tailored to the unique properties of the nanomate-
rials used. Because of their distinctive magnetic properties,
SPIONSs offer the advantage of coupling a PS and using an
external magnetic field as a guide. Scanone et al. reported
that SPIONs coated with silica have the potential to serve as
effective nanocarriers for the porphyrin TPPF,,,, improving
PDI [24]. Surprisingly, after PDI, SPIONs were recovered
using magnetic decantation and reused in subsequent PDI
cycles, demonstrating consistent efficiency even after three
cycles. It is promising to envision a future in which nano-
materials could be employed to precisely target and deliver
PSs to internal infectious sites.

We found compelling evidence indicating that polymeric
NPs used for transporting PSs can be derived from biopoly-
mers such as CS [19] and cellulose [20]. These biomaterials
provide a variety of shapes, natural abundance, and reduced
risk of toxicity. The incorporation of PSs into nanostructures
can be achieved through surface modifications that introduce

cationic or anionic characteristics. These findings suggest
that biopolymeric NPs enhance the delivery of ZnPc and ER
with the sustained presence of PSs within cellular structures
of C. albicans, which contributes to improving the effective-
ness of PDI.

CUR is a natural PS with an absorption spectrum in
the blue region. However, its hydrophobic nature limits its
applications. An alternative approach involves encapsulating
CUR in PLA [23]. It seems that cationic CURNPs, whether
irradiated or not, can eliminate planktonic cells of C. albi-
cans and exhibit an enhanced anti-biofilm effect compared
to control and anionic CURNPs. The observed toxicity, how-
ever, seemed to be caused by the surfactant (CTAB). On the
other hand, although MB is a hydrophilic PS, its encapsula-
tion in polymeric micelles for drug delivery enhanced its
antimicrobial activity against C. albicans. This improvement
was due to increased permeation into biofilms and prolonged
PS release [28].

A class of NPs whose studies did not meet our inclusion
criteria are those involving the upconversion phenomenon.
In this process, the NP can absorb low-energy photons from
the near-infrared region, which penetrates deeper into bio-
logical tissues [e.g., LiYF,:Yb,Er NP, which is composed
of yttrium lithium fluoride (LiYF,) doped with ytterbium
(Yb) and erbium (Er) ions] [15]. The energy is sequentially
transferred to higher energy levels within the NP and then
released as a higher-energy photon, which excites the PS.
This mechanism opens new approaches to treating deeper
invasive fungal infections, potentially enhancing the PDI
efficacy in otherwise challenging conditions.

Overall, based on the studies compiled in this review,
advantages of combining PDI with NPs, include: i-) NPs
can enhance the solubility of PSs by carrying hydrophobic
compounds [20]; ii-) NPs may improve the chemical sta-
bility of PSs avoiding aggregation, which could reduce the
PS performance [27]; iii-) NPs can be engineered to reduce
the required PS concentration for effective fungal elimina-
tion [25, 26]; and iv-) Metallic NPs can improve the pho-
tophysical properties of PSs, such as enhancing the genera-
tion of ROS by LSPR [26]. These attributes could enhance
the effectiveness of PDI in treating infections caused by the
WHO fungal priority pathogens.

Interestingly, only 4 studies have investigated PDI
assisted by NPs in biofilms [19, 21, 23, 28], highlighting
a lack of research in more complex biological systems.
Except for the study by Trigo Gutierrez et al. [23], all studies
reported significantly enhanced fungal killing when the PS
was associated with NPs. We assume that NPs may improve
PS permeation into biofilms, as reported elsewhere [42]. Our
results further support the need for in vivo studies to vali-
date the potential of nanostructure-mediated APDT. NPs can
enhance PS uptake by cells, potentially overcoming resist-
ance mechanisms, as observed in tumor cells [43]. These
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investigations could help improve the efficacy of APDT
against fungal infections.

5 Conclusion

In summary, we present, as far as our knowledge goes, the
first systematic review to verify whether engineered NPs can
improve PDI against the most medically important fungal
pathogens. Our findings revealed a broad range of NPs and
PSs used in combination to effectively inactivate Candida
and Fusarium species in vitro. We conclude that NPs could
be used to improve fungal inactivation and carry PSs to the
infection site, optimizing PDI protocols. More studies are
needed to investigate this association, which will enhance
our understanding and allow us to expand the research to
other WHO priority fungi. Finally, there are few studies
using animal models and no clinical trials, highlighting the
need to extend this research beyond laboratory benchmarks.
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