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Abstract

Nowadays, fungal infections increase, and the demand of novel antifungal agents is con-

stantly rising. In the present study, silver, titanium dioxide, cobalt (II) hydroxide and cobalt

(II,III) oxide nanomaterials have been synthesized from Spirulina platensis extract. The syn-

thesis mechanism has been studied using GCMS and FTIR thus confirming the involvement

of secondary metabolites, mainly amines. The obtained products have been analysed using

XRD, SEM, TGA and zeta potential techniques. The findings revealed average crystallite

size of 15.22 nm with 9.72 nm for oval-shaped silver nanoparticles increasing to 26.01 nm

and 24.86 nm after calcination and 4.81 nm for spherical-shaped titanium dioxide nanoparti-

cles which decreased to 4.62 nm after calcination. Nanoflake shape has been observed for

cobalt hydroxide nanomaterials and for cobalt (II, III) oxide with crystallite size of 3.52 nm

and 13.28 nm, respectively. Silver nanoparticles showed the best thermal and water disper-

sion stability of all the prepared structures. Once subjected to three different Candida spe-

cies (C. albicans, C. glabrata, and C. krusei) silver nanoparticles and cobalt (II) hydroxide

nanomaterials showed strong antifungal activity at 50 μg/mL with minimum inhibitory con-

centration (MIC) values. After light exposition, MIC values for nanomaterials decreased (to

12.5 μg/mL) for C. krusei and increased (100 μg/mL) for C. albicans and C. glabrata.

Introduction

In the last two decades, the number of fungal infections significantly increased due to a higher

prevalence of immunocompromised patients, broad-spectrum use of antibiotics, and growing

need for hyperalimentation in hospitals [1]. One of the most common fungal infections is can-

didemia, caused by Candida spp, responsible for 15% of nosocomial infections, with an esti-

mated mortality of 47% [2]. In addition, the risk of infection increases when surgical and
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mechanical devices are used, such as endotracheal tubes, drains, or urinary catheters [3].

Other potential risk factors include lack of, or inadequate, hygiene-environment of healthcare

workers and duration of stay in the intensive care unit for more than 7 days [4, 5].

Currently, treatment of fungal infections is based on polyenes, azoles, or echinocandins,

which demonstrate strong fungicidal activity but can also cause adverse side effects or trigger

several additional medications [6]. Moreover, such products could be poorly tolerated or

could show a narrow spectrum of activity [7]. Recently, polyenes, azoles, and echinocandins

have displayed an increase in Candida resistance due to their general and long-term use [8, 9].

As for new fungicidal agents significant attention has been given to nanomaterials (NMs)

owing to their wide range of applications. Synthesized nanostructures have a size range of

1–100 nm in at least one dimension and altered physicochemical properties compared with

bulk material including increased surface to volume ratio, high reactivity, altered magnetic

and optical properties. Commonly obtained antimicrobial nanoparticles (NPs) include Ag

NPs [10], ZnO NPs [11], CuO NPs [12], TiO2 NPs [13], and Au NPs [14]. However, albeit

showing strong antimicrobial activity, most of the synthesized NMs cannot be employed due

to their low biocompatibility, especially when synthesized using chemical methods [15–17]. In

this regard, green synthesis routes have been shown to be effective, simple, and affordable to

produce biocompatible NMs [18]. Specifically, the techniques based on the use of extracts

from blue-green algae seem quite promising [19].

It should be noticed that several works have investigated the synthesis of silver nanoparti-

cles (Ag NPs), including the so called “allotropic silver” form [20], and their applications. In

particular, Ismail and colleagues studied antioxidant, antiviral and antimicrobial activity of Ag

NPs synthesized using phycobiliprotein extract of S. platensis [21]. The results showed the

great potential of S. platensis extract as a tool to synthesize biocompatible Ag NPs to be used in

the biomedical field.

Along with Ag NP, titanium dioxide NPs (TiO2 NPs) are materials of great significance,

mainly used for the photodegradation of several environmental contaminants [22, 23]. More-

over, low toxicity and good biocompatibility of TiO2 NPs find their applications in the bio-

medical field, such as bone tissue engineering, targeted drug delivery systems, or antibacterial

devices for prevention and treatment of infections [24–26].

Recently, cobalt hydroxide (Co(OH)2 NMs) and cobalt oxide nanomaterials (Co3O4 NMs)

have been tested for biological as well as magnetic and catalytic applications [27]. Currently, to

the best of our knowledge no reports are available on the synthesis of cobalt nanomaterials

using Spirulina extract. Although Anwar et al describe the use of Co(OH)2 NPs therapy against

Acanthamoeba castellani infections, antimicrobial properties of green-synthesized Co(OH)2

NMs have not been studied so far [28]. It is also worth mentioning that the photoactivity of

NMs for a degradation of organic pollutants has been also investigated [29].

In our study, S. platensis extract has been used to synthesize six types of NMs: Ag NPs (before

and after calcination), TiO2 NPs (before and after calcination), Co(OH)2 NMs, and Co3O4

NMs, in different concentrations with the presence of absence of light for their antifungal activ-

ity against Candida albicans, C. glabrata, and C. krusei. The participation of secondary metabo-

lites from the extract was assessed and the characterization of the NMs was carried out with the

aim of fully understanding the nanomaterials properties along with their antifungal activity.

Materials and methods

Preparation of the extract

Unialgal culture of cyanobacterium S. platensis was obtained from the operating plant of

TOLO Green located in Arborea (Sardinia, Italy) and cultivated in modified Zarrouk’s
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Medium for enhanced biomass production [30]. The medium was prepared according to the

composition in Table 1 while K2SO4 and MgSO4 were added aseptically after setting pH to 9

and autoclaving the resulting solution under high pressure at 121˚C for 20 min. It should be

noted that the trace metal solution Zarrouk medium had the following composition: H3BO3

2860 mg/L, ZnSO4�7 H2O 222 mg/L, MnCl2�4 H2O 1810 mg/L, CuSO4�5 H2O 79 mg/L while

the trace metal solution Modified Zarrouk Medium was characterized by the following compo-

sition: EDTA 250 mg/L, H3BO3 57 mg/L, ZnSO4�7 H2O 110 mg/L, MnCl2�4 H2O 25.3 mg/L,

CoCl2�6 H2O 8.05 mg/L, CuSO4�5 H2O 7.85 mg/L, Mo7O24(NH4)6�4 H2O 5.5 mg/L.

The culture was cultivated in aerated photobioreactor (Medinlab™, Italy) under continuous

illumination of white and blue LED lamps (Nicrew1) that ensured a photosynthetic photon

flux density (PPFD) of 30 μmol m-2 s-1. A picture of the entire process to obtain nanomaterials

from S. platensis extract is reported in Fig 1. The temperature of the environment was set to

25˚C. The initial optical density at a wavelength of 750 nm (OD750) was equal to 0.05 and

increased to 0.4 after 14 days of cultivation. Then, the culture was centrifuged at 4˚C under

1500 RPM (Heraeus1Megafuge1 1.0R) and the residue was dried at room temperature for 7

days. Next, the dried residue was weighted, and 5 g of biomass were added to 300 mL of meth-

anol (Merck1 LiChrosolv1 hypergrade). The flask was sonicated for 30 min (Soltec1

Sonica1 2400 ETH S3) and stirred at 250 RPM (IKA1 RH Digital Magnetic Stirrer) for addi-

tional 30 min. To remove the biomass, the suspension was filtered using standard filtration

paper (Whatman1) and then evaporated using rotary evaporator (BUCHI Rotavapor™ R-210

Rotary Evaporator System) to remove about 70% of methanol. The concentrated extract was

then diluted to the final volume of 600 mL and divided in three equal aliquots to be used for

the synthesis.

Table 1. Chemical composition of Zarrouk Medium and modified Zarrouk Medium.

Components in modified Zarrouk medium Concentration (g/L) Components in Zarrouk medium Concentration (g/L)

NaHCO3 7.0 NaHCO3 16.8

NaNO3 3.0 NaNO3 2.5

CaCl2 �2 H2O 0.04 CaCl2 0.04

K2HPO4 0.8 K2HPO4 0.5

NaCl 1.0 NaCl 1.0

Na-EDTA�2 H2O 0.1 Na-EDTA�2 H2O 0.08

FeSO4 �7 H2O 0.01 FeSO4 �7 H2O 0.01

K2SO4 0.4 K2SO4 1.0

MgSO4 0.24 MgSO4 0.2

KOH 1.0

https://doi.org/10.1371/journal.pone.0274753.t001

Fig 1. Preparation of nanomaterials from S. platensis.

https://doi.org/10.1371/journal.pone.0274753.g001
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Synthesis of nanostructures

The prepared extract was heated to 85˚C and stirred at 250 RPM (IKA1 RH Digital Magnetic

Stirrer) and then a 2 ml sample was taken and labelled as “before the synthesis”. Subsequently,

metal salts in powder were added to the extract to obtain 0.1 M solution of silver nitrate (Carlo

Erba1), cobalt (II) chloride hexahydrate (Carlo Erba1) and titanium (IV) oxysulfate—sulfu-

ric acid hydrate (AlfaAesar1) (3.40 g, 4.76 g and 5.56 g respectably). Next, after 15 min, the

pH was raised by 3–4 points (for silver and cobalt salts up to 8, for titanium up to 4) using 1.25

M NaOH. After the salt has been added, the reaction (with stirring and heating) takes place for

1.5 h since it is quenched by removing from heat source for about 30 min. Subsequently, the

resulting solution was centrifuged at 8˚C using 4000 RPM (Heraeus1Megafuge1 1.0R) and

the obtained supernatant was withdrawn and labelled as “after the synthesis”, while the residue

was repeatedly washed with MiliQ H2O (Millipore1, Milan, Italy) in subsequent centrifuga-

tion cycles. Finally, the residue was dried at 80˚C for 24 h and then ground using mortar and

pestle to obtain two equal parts. One part was stored in Eppendorf tube in absence of light and

the other one was calcined in muffle furnace (Gelman Instrument1) for 3 h at different tem-

peratures (150˚C for silver, 400˚C for titanium and 450˚C for cobalt). After calcination, the

samples were stored under the same conditions as the samples before calcination.

Materials characterization

To investigate the influence of operating conditions such as pH and elevated temperature, an

additional experiment was performed (mimicking reaction). The extract was heated to 85˚C

and stirred at 250 RPM (IKA1 RH Digital Magnetic Stirrer). Then, a 1.25 M HCl solution

was added to obtain the same pH as the flasks used during the synthesis process previously

mentioned (5 for silver and cobalt, 0 for titanium). Subsequently, after 15 min pH was raised

using a solution 1.25 M NaOH to the same values reached during the synthesis process (8 for

silver and cobalt, 4 for titanium). Since the moment of adding diluted acid, the reaction con-

tinued for 1.5 h and then was left to cool down (the exact protocol as synthesis of nanomater-

ials). At the end point, the samples from mimicking reactions were taken from both flasks and

labelled for GCMS sample preparation.

During sample preparation, 400 μl of the liquid samples taken before the synthesis, after

mimicking reaction occurs and the synthesis of Ag NPs as well as TiO2 NPs were dried under

nitrogen flow. Then, they were derivatized with 100 μL of methoxyamine hydrochloride/pyri-

dine solution (Sigma Aldrich, Milano, Italy) (Sigma Aldrich, Milano, Italy). The samples were

vortexed and incubated for 17 h. Subsequently, 100 μL of NO-bis (trimethylsilyl) trifluoroace-

tamide (BSTFA) (Sigma Aldrich, Milano, Italy) was added and samples were vortexed. Next,

800 μL of 20 ppm 2-dodecanone/hexane (Sigma Aldrich, Milano, Italy) solution was mixed

with the liquids. At the end of the preparation step, the samples were filtered with 0.45 μm

syringe filter (Sigma Aldrich, Milano, Italy). The sample after cobalt synthesis (prepared sepa-

rately to avoid precipitation), once transferred to glass vial (400 μl), was dried under nitrogen

flow, then 200 μL of BSTFA was added. The sample was finally vortexed, mixed with 800 μL of

20 ppm 2-dodecanone/hexane and filtered to avoid precipitation.

After derivatization, samples were injected in a Hewlett Packard 6850 Gas Chromatograph,

5973 mass selective detector (Agilent Technologies, Palo Alto, CA), using helium as carrier gas

at 1.0 mL/min flow. 1 μL of each sample was injected in the split-less mode and resolved on a

30 m × 0.25 mm × 0.25 μm DB-5MS column (Agilent Technologies, Palo Alto, CA). Inlet,

interface, and ion source temperatures were 250, 250 and 230˚C, respectively. The starting

temperature of the oven was set to 50˚C while the final one was led to 230˚C using a heating

rate of 5˚C/min for 36 min and then the sample was kept at a constant temperature for 2 min.
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Electron impact mass spectra were recorded from 50 to 550 m/z at 70 eV. The identification of

metabolites was performed by mass spectra comparison with analytical standards using the NIST14

library database of the National Institute of Standards and Technology (Gaithersburg, MD).

The Fourier transform infrared spectroscopy (FTIR) was performed using Nicolet™ iS™ 10

FTIR Spectrometer (Thermo Fisher Scientific1, Madison, Wisconsin, USA) in the range 400–

4000 cm-1.

X-Ray Diffraction (XRD) analysis of the prepared nanostructures was carried out using

X-Ray Diffractometer (Phillips1, PW1830/00, Nederlands and Rigaku SmartLab1 with

graphite monochromator in the diffracted beam). The scanning was performed at 40 kV and

30 mA using CuKα (λ = 1.54 Å) radiation with a diffraction angle between 12˚ and 90˚ using

0.1˚ interval within 10 s. Diffraction pattern from each sample was analysed with HighScore

Plus (v 3.0) and Maud™ (v. 2.99) software as well as Crystallography Open Database (COD,

October 2014). Crystallite size was estimated after baseline correction using the well-known

Debye-Scherrer’s formula.

Scanning Electron Microscopy (SEM) analysis was carried out using Hitachi S4000 FEG

HRSEM (Hitachi Ltd., Tokyo, Japan) operated at 20 kV. Image acquisitions were obtained by

Quartz PCI software (Quartz Imaging Corporation, Vancouver, Canada). The samples were

coated with 2 nm of platinum to enhance the contrast. EDX analysis results were acquired

using UltraDry EDX Detector (Thermo Fisher Scientific1, Madison, Wisconsin, USA), and

NSS3 software (Thermo Fisher Scientific1, Madison, Wisconsin, USA). The image analysis

was performed by ImageJ 1.52a software.

Thermogravimetric Analysis (TGA) was performed using Differential Thermal Analyzer

TG/DSC (NETZSCH1 STA 409 PC) in a temperature range 25–1000˚C and a heating rate of

10˚C/min with air flow 100 mL/min.

Zeta potential measurement was performed using Zetasizer1Helix (Malvern Panalytical

Ltd., UK). Before the measurement, the samples were sonicated using a suitable bath (Branson

Ultrasonics™ 1210, USA) for 20 min. The results were analysed using Zetasizer1 Software

(Malvern Panalytical Ltd., UK).

Antifungal study

Three Candida species were used in this work: C. albicans, C. glabrata and C. krusei. All micro-

bial strains were previously isolated from vaginal swabs of patients with fungal infection and

collected from the laboratory of Microbiology of University of Sassari (Italy).

Microorganisms were isolated in selective chromogenic culture solid media and then char-

acterized using standard mass spectrometry identification techniques (MALDI-TOF). The

strains were stored at -80˚C until use; microbial strains were thawed in Luria Bertani (LB)

Medium (Merck) and were grown overnight at 37˚C under shaking (180 RPM). After 24 h, the

growth of each isolate was assessed spectrophotometrically at 600 nm.

Antifungal activity of nanomaterials was assessed by microdilution method, using 48 wells

plates. Nanomaterials were suspended in 1 ml of Phosphate Buffer Saline (PBS) 1X (Merck)

sterile, vortexed and sonicated 1 min three times to remove debris that could interfere with

assay. Serial two-fold dilutions of each nanomaterial, ranging from 100 μg/ml to 6 μg/ml, were

performed in PBS 1x in the rows of a 48 wells-plates.

C. albicans, C. glabrata and C. krusei were seeded at 5 × 104 cell/well and incubated at 37˚C

and 5% CO2 in the various concentrations of nanomaterials and extract before the synthesis

for 48 h in the presence or absence of light. Candida spp. in LB broth added with amphotericin

B (16 μg/ml) [31] was used as positive control while strains in LB broth were used as negative

control. LB broth was used as blank.
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After 48 hours of incubation, the plates were microscopically observed and the minimum

inhibitory concentration (MIC), defined as the lowest drug concentration that inhibit the visi-

ble growth of a microorganism at the end of the incubation period, was detected [32]. To

determinate whether the nanomaterial concentration could inhibit the growth of fungi, the

entire volumes of wells with the highest inoculum were seeded in LB agar plates (100 μL ali-

quots/plate) which were incubated at 37˚C for 48 hours. The nanomaterial was evaluated to be

fungicidal when it was able to kill�99.9% of the final inoculum. Moreover, the effect of light

on viability of microorganisms was evaluated by studying the growth of Candida species under

light exposition.

The experiments were carried out in triplicate. The significance was calculated using Stu-

dent’s t-test and difference were considered significant at p< 0.05.

Results and discussion

S. platensis is a well-known source of various nutrients which are used as food supplements

worldwide. Moreover, extracted secondary metabolites can play an important role not only in

human nutrition but also for the synthesis of nanomaterials. The exact composition of the

algal extract (before synthesis, mimicking reaction in pH 4, mimicking reaction in pH 8, after

synthesis of Ag NPs, after synthesis of TiO2 NPs and after synthesis of Co(OH)2 NMs), as

described in the methodology, can be found in S1–S3 Tables.

By comparing the composition of extracts before synthesis, mimicking and after synthesis it

can be inferred that in all cases amines such as methylamine, diethanolamine, and ethanamine

are clearly involved in the synthesis of NPs. The observed results agree with the existing litera-

ture. Amines have been used in the past for nanoparticle synthesis using chemical synthesis

route [33]. Recently, they are also used to synthesize and functionalize nanoclusters and could

play a role in obtaining their ultrasmall size [34, 35]. Diethanolamine was used for the synthe-

sis of silver and titanium-based nanoparticles working as a reaction controlling agent to form

homogeneous precipitates and in case of silver decreased its size more efficiently than mono-

ethanolamine used during the reaction [36, 37]. The study highlighted the important role of

hydroxyl groups present in diethanolamine which can act as reducing agents. In additions,

when studying the synthesis mechanism using amines of cobalt oxide nanomaterials, it was

observed that initially three-dimensional (3D) nanoparticles are formed from the precursor

solution and then they start transforming into 2D nanosheets at critical size of 3.0–4.4 nm

[38]. Moreover, the authors proved the interactions of cobalt oxide with -NH2 group using

methylamine model. Most probably amines during the synthesis acted as reducing agents (Fig

2) that provide electrons to metal ions facilitating the formation of metal NPs as well as the

attachment of other secondary metabolites which act as stabilizing (capping) agents that

Fig 2. Main functional groups in methylamine, diethanolamine, and ethanamine, respectively participating in the reduction

of metal ions into nanomaterials.

https://doi.org/10.1371/journal.pone.0274753.g002
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hinder the surface reaction of newly formed NPs with compounds in the surrounding

environment.

During the Ag NPs synthesis in addition to amines, ethyl mandelate, propylene glycol,

butanedioic acid, L-glutamic acid derivative, and glyceryl-glycoside derivative were utilized.

Although the role of ethyl mandelate was not studied before, it may act as a capping agent. The

properties of propylene glycol were studied mainly as an emollient in Ag NPs loaded hydrogels

to increase their stability [39]. Butanedioic acid on the surface of Ag NPs was tested for sensi-

tive quantification of melamine [40] and, in the present study it was probably attached to the

amine ligands. Although the involvement of L-glutamic acid derivatives in the Ag NPs synthe-

sis was not empirically verified, due to its antioxidant properties, it can be reasonably assumed

that it plays a key role in the further reduction of silver metal ions into silver NPs. Similar role

can be attributed to glyceryl-glycoside derivative, which was reported to undergo hydrolysis

and oxidation during the formation of Ag NPs [41]. Interestingly, during the reaction, concen-

tration of the glyceryl-glycoside derivative isomer is increasing as well as of 2-methylpentan-

2-ol while the exact mechanism of their action is unknown.

The important role of proteins present in the S. platensis extract for the synthesis of Ag NPs

was investigated by Ameen et al [42]. In addition to polysaccharides from S. platensis extract,

Attia et al utilized gamma radiation to synthesize Ag NPs [43]. The product was successfully

used against Erwinia amylovora, Gram-negative bacteria, which caused fire blight infection on

trees. Results showed that both proteins and polysaccharides from S. platensis on the surface of

Ag NPs have prominent antimicrobial effects.

Compared with mimicking reaction, in the TiO2 NPs synthesis, lactic acid and lactose were

utilized apart from amines. Beyond acting act as an acid catalyst and electron donor, lactic acid

was reported to mediate surface interactions of nuclei favouring the coalescence of nanoparti-

cles formed at the beginning of the synthesis, during hydrolysis and condensation [44]. The

study described binding of the Ti(IV) ions by a donor-acceptor bond, which transfers the elec-

trons and reduces its partial positive charge. Therefore, Ti(IV) ions’ reactivity and equilibrium

constant (during heating) of hydrolysis and condensation are reduced with lactic acid acting

as a capping ligand further mediating formation of nanoparticles. While the involvement of

lactose during TiO2 NPs was not described so far, owning to its reducing properties, it may

participate as a reducing agent. Similarly, to the Ag NPs synthesis, there is also a contribution

of glyceryl-glycoside derivatives and 2-methylpentan-2-ol in addition to increasing concentra-

tion of glycerol.

So far, S. platensis was used to synthesize TiO2 NPs while TiO2 was added directly to the

culture, and the product was retrieved after one week [45]. The authors observed nanoparti-

cles’ penetration into the Spirulina cells, thus resulting in a notch-like structure with conse-

quent cell damage. The antimicrobial application of TiO2 NPs was foreseen, however not

tested, and the effects of S. platensis metabolites on TiO2 NPs formation remained unknown.

Additional secondary metabolites were observed to be utilized during Co(OH)2 NMs syn-

thesis such as amines, ethyl mandelate, 1,4-bis(trimethylsilyl) benzene, nonane, ethylene gly-

col, propylene glycol, lactic acid, glycerol, butanedioic acid, L-glutamic acid derivative,

glyceryl-glycoside derivatives, and lactose. The role of ethyl mandelate, propylene glycol, lactic

acid, butanedioic acid, L-glutamic acid derivative, glyceryl-glycoside derivative and lactose is

probably similar to their action during synthesis of Ag NPs and TiO2 NPs. Ethylene glycol and

glycerol may act as stabilizing agents comparably with propylene glycol. The exact role of

1,4-bis(trimethylsilyl)benzene and nonane is unknown. Interestingly, the sample after synthe-

sis also consisted of propylamine and retinal, however, description of their involvement

requires further studies.
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The synthesis of cobalt-based nanocatalysts has been investigated so far using levulinic acid,

gallic acid, starch, and metal-organic substrates to evaluate their catalytic activity towards dyes

[46]. In addition, Co3O4 NMs prepared by using Geranium wallichianum and Populus ciliate
plants leaves extract showed antimicrobial properties [47, 48]. In such investigation, the

involvement of stigmasterol, ursolic acid, β-sitosterol, β-sitosterol galactoside, and herniarin in

the Co3O4 NMs synthesis was assumed albeit no experiments have been conducted to eluci-

date the corresponding mechanism.

The involvement of capping agents on the surface of nanomaterials was further confirmed

using FTIR technique (Fig 3). The results revealed the presence of hydroxyl groups in high

concentration on the surface of Ag NPs at 3418 cm-1 (Fig 3A). Moreover, alkyl -CH2- groups

were found at 2922 cm-1 and 2853 cm-1 with P-C organophosphorus compounds at 1463 cm-1.

Attachment of amines was confirmed at 1625 cm-1 (NH group, probably belonging to dietha-

nolamine) and at 1041 cm-1 (C-N group of aliphatic amines) which also supports GCMS find-

ings. Reducing action of amines was corroborated by the presence of NO group at 1374 cm-1.

Abundance of halides and carbon-metal bonds was confirmed at 550–400 cm-1. Analogous

FTIR pattern was obtained for other Ag NPs synthesized from S. platensis [49].

Similarly, for TiO2 NPs hydroxy groups were detected at 3400 cm-1 with alkyl -CH2- groups

at 2930 cm-1 and 2850 cm-1 (Fig 3B). Organophosphorus P-C group, belonging possibly to

phospholipids or proteins, was confirmed at 1460 cm-1 and C-O groups were identified at 1120

cm-1. Functional groups of amines were detected at 1630 cm-1 and 1040 cm-1 belonging to NH

and CN groups respectably. Nitro compounds with NO groups were noted at 1380 cm-1. Low

transmittance signal for 550–400 cm-1 suggests the presence of halides and carbon-metal bonds

in high concentration.

The functional groups present on the surface of Co(OH)2 NMs and Co3O4 NMs were compara-

ble with the ones found in the nanomaterials discussed so far (Fig 3C). In particular, hydroxyl

groups in abundance were detected at 3401 cm-1 with carbonyl groups at 2924 cm-1 and 2854 cm-1.

Fig 3. FTIR spectra of the prepared nanomaterials. (A) Ag NPs before and after calcination, (B) TIO2 NPs before

and after calcination, (C) Co(OH)2 NMs and Co3O4 NMs.

https://doi.org/10.1371/journal.pone.0274753.g003
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Organophosphorus P-C groups were found at 1462 cm-1. Attachment of amines was confirmed at

1611 cm-1 and 1045 cm-1 belonging to NH and CN groups, respectively. Nitro compounds were

identified at 1377 cm-1. Only in the case of Co(OH)2 NMs, the peak at 3632 cm-1 was caused by

stretching vibration of OH group in its structure. Like the other synthesized nanomaterials, there is

a visible abundance of halides and metal-carbon bonds at 550–400 cm-1.

FTIR results show similar pattern of functional groups acting as capping agents during the

reaction. The findings further confirm involvement of secondary metabolites, especially

amines, as active compounds for the synthesis of various nanomaterials.

The XRD patterns are presented in Fig 4. Both Ag NPs before and after calcination show

AgCl and Ag phases in their structure with possibly attached organic metabolites (Fig 4A). The

product after calcination shows increased intensity of peaks corresponding to Ag phase. The

findings were matched with three phases in Crystallography Open Database (COD) with data-

base ID codes: 9011666, 9011673, and 1100136 corresponding to cubic AgCl, monoclinic

AgCl, and cubic Ag, respectively. The average crystallite size estimated using the Debye-

Fig 4. Crystallographic and microscopic studies of prepared nanomaterials. (A) XRD spectrum of Ag NPs, (B) SEM

image of Ag NPs before calcination, (C) SEM image of Ag NPs after calcination, (D) EDX of Ag NPs before

calcination, (E) EDX of Ag NPs after calcination, (F) XRD spectrum of TiO2 NPs, (G) SEM image of TiO2 NPs before

calcination, (H) SEM image of TiO2 NPs after calcination, (I) EDX of TiO2 NPs before calcination, (J) EDX of TiO2

NPs after calcination, (K) XRD spectrum of Co(OH)2 NM and Co3O4 NM, (L) SEM image of Co(OH)2 NM (before

calcination), (M) SEM image of Co3O4 NM (after calcination), (N) EDX of Co(OH)2 NM (before calcination), (O)

EDX of Co3O4 NM (after calcination).

https://doi.org/10.1371/journal.pone.0274753.g004
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Scherrer’s equation was 15.22 nm for AgCl phase and 9.72 nm for Ag before calcination with

increase after calcination to 26.01 nm for AgCl and 24.86 nm for Ag.

It should be noted that presence of both Ag and AgCl phases was confirmed by using Scene-
desmus sp green microalgae culture for intracellular production of NPs while their crystallite

size was not evaluated [50]. Current research on Ag NPs utilizing S. platensis confirmed the

presence of Ag phase [20, 21]. The additional occurrence of AgCl in the present study indicates

the key role of secondary metabolites from extract in the reaction mechanism leading to the

synthesis of NPs.

In case of TiO2 NPs (Fig 4F), the observed XRD pattern matches tetragonal TiO2 anatase

(COD ID code 9008215) with probably secondary metabolites attached. After calcination the

anatase phase remains stable and peaks intensity decrease. The crystallite size was estimated to

be 4.81 nm for TiO2 before calcination and a slight decrease to 4.62 nm was obtained after

calcination.

Similar crystallite size (4.19 nm) of anatase TiO2 NPs was previously obtained by other

authors [51] using chemical synthesis involving acetylacetone, n-butanol, and 4-dodecylben-

zene sulfonic acid in a complex and time-consuming procedure. More eco-friendly method

involving the use S. platensis living culture managed to obtain crystallite size of 17.3 nm [23].

The present study managed to produce small crystallite size of anatase TiO2 NPs while using

facile and environmentally friendly method.

The obtained XRD spectrum of Co(OH)2 NMs (Fig 4K) is in well-agreement with hexago-

nal Co(OH)2 with COD ID code 1010267, even with secondary metabolites as in the other syn-

thesized materials. The calcination resulted in phase transition to Co3O4 NMs which matches

with cubic Co3O4 with COD ID code 9005897. The average crystallite sizes of NMs were esti-

mated to be 3.52 and 13.28 nm for Co(OH)2 and Co3O4, respectively.

Previous studies reported the formation of Co(OH)2 NMs by means of a chemical method

utilizing mainly hydrazine or hydrazine hydrate which resulted in crystallite sizes of 2.1 nm

and 12.4 nm, respectively [52, 53]. Green synthesized Co(OH)2 NMs were obtained by using

Litchi cinensis fruit extract with crystallite size of 24.25 nm and 30.28 nm when following the

boiling or the microwave route, respectively [54]. While red algae extract was used to obtain

Co3O4 NMs with crystallite size 26.5 nm, only hydrothermal method managed to produce

crystallite size of 13.8 nm like the current study [55, 56]. It should be noted that, to best of our

knowledge, this work represents the first contribution in the literature where Co NPs were

synthesized using a cyanobacterial extract to promote reduction, nucleation and capping.

Morphology of the obtained NMs was studied using SEM and EDX techniques (Fig 4). Fur-

ther SEM images of the prepared NMs are included in the S1–S3 Figs.

The findings revealed oval shape of Ag NPs before calcination with size range 58–72 nm

(Fig 4B) with confirmed presence of silver as well as carbon, oxygen, phosphorus, sulphur and

chloride from the S. platensis extract (Fig 4D). Even smaller Ag NPs can be seen in the images

in the S1 Fig with size of 40 nm. After calcination the agglomerates of Ag NPs having size in

the range 72–413 nm can be observed in Fig 4C. The EDX analysis showed the presence of

similar elements as before calcination except sulphur (Fig 4E).

Similar spherical shape was observed for TiO2 NPs having size 60–88 nm (Fig 4G). In addi-

tion, the sample show high tendency of NPs to form agglomerates of various sizes while the

lowest observed size of single NP was measured at 24 nm as shown in the S2 Fig. The EDX

analysis confirmed the presence of titanium, carbon, oxygen, nitrogen, phosphorus, and sul-

phur in their structure (Fig 4I). Calcination slightly increased the size of TiO2 NPs to 63–93

nm (Fig 4H). Moreover, the same agglomeration tendency earlier discussed was observed for

calcined samples. In the latter ones, the smallest size of 20 nm was detected (S2 Fig). The same

elements were detected with EDX technique as before calcination (Fig 4J).
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Interestingly, nanoflake shape was observed for Co(OH)2 NMs with 12–21 nm width and

around 500 nm length (Fig 4L). The EDX analysis showed the presence of cobalt, carbon, oxy-

gen, phosphorus, sulphur, and chloride in their structure (Fig 4N).

After phase transition to Co3O4 NMs during calcination, the nanoflake shape is maintained

with around 20 nm width (Fig 4M). The EDX analysis confirmed cobalt, carbon, oxygen, and

phosphorus in their structure (Fig 4O). To the best of our knowledge, it is the first time nano-

flake shape of Co(OH)2 NMs and Co3O4 NMs was obtained using green chemistry method.

The results further corroborate the involvement of S. platensis extract in the synthesis of

various nanomaterials. Moreover, the products have various shapes and size ranges which

show a great potential of secondary metabolites to fabricate different morphologies of

nanomaterials.

Thermal properties of the materials were measured in air by both thermal gravimetric anal-

ysis (TGA) and differential thermal analysis (DTA) curves (Fig 5). In addition, decomposition

temperatures at which the materials lose 5% of their mass, defined as Td, are shown in Table 2.

In case of Ag NPs before (Fig 5A) and after calcination (Fig 5B) three main stages can be

observed, i.e. 25–100˚C, 100–600˚C and 600–1000˚C. The slight weight decreases at 952˚C

Fig 5. Thermogravimetric analysis of the prepared nanomaterials. (A) Ag NPs before calcination, (B) Ag NPs after

calcination, (C) TiO2 NPs before calcination, (D) TiO2 NPs after calcination, (E) Co(OH)2 NMs (before calcination),

(F) Co3O4 NMs (after calcination).

https://doi.org/10.1371/journal.pone.0274753.g005
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when lowering the heat flow corresponds to the melting point of silver. At the first stage, DTA

curve indicates exothermal reactions possibly due to the activity of temperature-sensitive com-

pounds at the surface, however with only slight mass difference (weight around 99.9%) in both

materials. The progressive temperature increased results in decomposition of secondary

metabolites present on Ag NPs surface with heat release and weight observed at 87.58% and

95.76% for Ag NPs before and after calcination, respectively. Above 600˚C, loss of molecular

oxygen is shown and at the end of the analysis the weight of the samples was 81.41% and for

Ag NPs before and after calcination, respectively. In addition, Td values were measured at

197˚C for Ag NPs before calcination and increased up to 842˚C after calcination. Such differ-

ence in Td and the percentage of weight loss can be ascribed to the partial loss or structure

changes of secondary metabolites present on the surface due to calcination procedure.

Thermal stability of Ag NPs has been researched and showed final weight at around 70% at

800˚C with around 60% weight at 600˚C in two separate studies [42, 57]. The research on

green synthesized Ag/AgCl nanoparticles from Oedera genistifolia plant showed similar 70%

weight at 900˚C [58]. The improved thermal stability of Ag NPs before and after calcination

synthesized from S. platensis in the current study further confirms the importance of second-

ary metabolites on the surface in the achievement of thermally stable nanomaterials.

Similar stages of thermal sensitivity can be observed in TiO2 NPs before (Fig 5C) and after

calcination (Fig 5D). Interestingly, until 100˚C endothermic loss of water occurs which

changed the weight of TiO2 NPs to 96.18% and to 98.33% before and after calcination, respec-

tively. Next, in the 100–750˚C interval, the exothermic decomposition of secondary metabo-

lites is observed for TiO2 NPs with weight at 75.31% and 87.54% before and after calcination,

respectively. Further temperature increase resulted in loss of molecular oxygen and the final

weight at 1000˚C was recorded at 74.65% and 86.81% for TiO2 NPs before calcination and

after calcination, respectively. Moreover, Td values for TiO2 NPs were observed at 112˚C and

359˚C before and after calcination, respectively.

The TGA studies on TiO2 NPs synthesized via green routes involving plants, report final

weights of about 85% at 950˚C and 76.74% at 800˚C after calcination at 500˚C [59, 60]. The

current findings show good thermal stability as well as difference in weight loss between sam-

ples before and after calcination similar to Ag NPs 10%. Moreover, a broader DTA peak at

150–750˚C in TiO2 NPs reveals a difference in the exothermal reactions taking place likely due

to possible distinct bonding of secondary metabolites with metals.

Thermal behaviour was also measured for Co(OH)2 NMs (Fig 5E) and Co3O4 NMs (Fig

5F). Both materials show mass loss at 25–100˚C corresponding to exothermal reactions of tem-

perature-sensitive metabolites, resulting in weights at 97.73% for Co(OH)2 NMs and 85.06%

for Co3O4 NMs. Then, at around 300˚C, Co(OH)2 NMs exhibit partial oxidation to Co3O4

NMs which may be also accompanied by the loss or structural changes of secondary metabo-

lites on the surface after which the weight was recorded at 68.23%. Subsequently, at around

600˚C loss of molecular oxygen is shown and the final weight for Co(OH)2 NMs at 1000˚C

was recorded at 56.98%. Prepared Co3O4 NMs display exothermal degradation of secondary

Table 2. Decomposition temperatures of the synthesized nanomaterials.

Ag NPs before

calcination

Ag NPs after

calcination

TiO2 NPs before

calcination

TiO2 NPs after

calcination

Co(OH)2 NMs before

calcination

Co3O4 NMs after

calcination

Td

(˚C)

197 842 112 359 161 39

Td, decomposition temperatures at which the materials lose 5% of their mass

AgNPs, Silver Nanoparticles; TiO2 NPs, titanium dioxide nanoparticles; Co(OH)2 NMs, cobalt hydroxide nanomaterials; Co3O4 NMs, cobalt oxide nanomaterials.

https://doi.org/10.1371/journal.pone.0274753.t002
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metabolites at 100–300˚C with a weight at 20.20% which remained relatively stable when fur-

ther increasing the temperature even though possible structural changes resulted in heat

release. The Co3O4 NMs weight at the end of the analysis was equal to 6.08%. Both Co(OH)2

NMs and Co3O4 NMs DTA curves show endothermal peak at around 950˚C followed by a

mass loss which is probably due to reaction with Al2O3, component of crucible used during

the analysis, resulting in appearance of blue colour as it was reported in the literature [61]. In

case of Co(OH)2 NMs and Co3O4 NMs Td values were recorded at 161˚C and 39˚C, respec-

tively. The decrease in Td values is probably due to change in thermal behaviour of the materi-

als possibly related to the phase transition as it was observed in the XRD analysis.

So far, green synthesized from plants, quasi-spherical Co3O4 NMs were reported to have

around 83% weight at 980˚C [62]. The significant weight loss observed during current TGA

analysis of Co(OH)2 NMs and Co3O4 NMs in comparison with other NMs can be attributed

to their distinct high content of organic metabolites and unique shape.

Zeta potential measurement was performed to analyse the stability of prepared nanomater-

ials in water suspension and compare their electrostatic repulsion or attraction behaviour (Fig

6 and Table 3). The findings revealed average zeta potential values reported in Table 3 along

with the corresponding standard deviation.

Good stability in water suspension was noted for Ag NPs before calcination which

decreased to moderate after calcination procedure. In the literature, zeta potential was mea-

sured for Ag NPs before calcination synthesized using water and methanolic S. platensis
extract revealing the values of -15.90 mV and -43.60 mV, respectively [63, 64]. Most probably

the composition of extracted secondary metabolites from S. platensis can also play a role in sta-

bilizing NMs in water suspension.

The opposite charge on the surface with poor stability was noted for TiO2 NPs before and

after calcination. The rapid ability to coagulate, possibly due to the metabolites on the surface,

might be a limitation in efficient action of the nanoparticles. The quick agglomeration was also

measured for Co(OH)2 NMs (before calcination) which improved after calcination to Co3O4

NMs to a relatively poor stability.

Fig 6. Zeta potential measurements of the prepared nanomaterials. (A) Ag NPs before and after calcination, (B) TiO2 NPs before and after

calcination, (C) Co(OH)2 NMs and Co3O4 NMs.

https://doi.org/10.1371/journal.pone.0274753.g006

Table 3. Average zeta potential measurements and their standard deviation.

Ag NPs before

calcination

Ag NPs after

calcination

TiO2 NPs before

calcination

TiO2 NPs after

calcination

Co(OH)2NMs before

calcination

Co3O4NMs after

calcination

Zeta potential

(mV)

-40.2 ± 0.89 -29.1 ± 2.62 6.25 ± 0.32 8.05 ± 0.05 -0.82 ± 1.53 -22.3 ± 0.51

AgNPs, Silver Nanoparticles; TiO2 NPs, titanium dioxide nanoparticles; Co(OH)2 NMs, cobalt hydroxide nanomaterials; Co3O4 NMs, cobalt oxide nanomaterials.

https://doi.org/10.1371/journal.pone.0274753.t003
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Six types of NMs: Ag NPs (before and after calcination), TiO2 NPs (before and after calcina-

tion), Co(OH)2 NMs, and Co3O4 NMs and relative extracts before synthesis were tested

against three Candida species to evaluate their inhibitory effect, through broth microdilution

technique.

The inhibitory concentrations of nanomaterials having effects on fungal growth ranged

from 12 μg/ml to 100 μg/ml. In Table 4, the MIC values of nanomaterials were listed for C.

albicans, C. glabrata and C. krusei detected with and without light exposition.

Co3O4 NMs after calcination, TiO2 NPs both before and after calcination and all extracts

before synthesis, have no inhibitory activity against Candida species under all experimental

conditions tested.

The MIC wells presenting lowest growth after 48 hours of incubation were chosen to deter-

mine the minimum fungicidal concentration (MFC) against the Candida species that was

assessed between 25 μg/ml to 100 μg/ml.

Both Ag NPs before calcination and Co(OH)2 NMs (before calcination) showed antifungal

activity in all tested conditions and Candida spp. Calcination process seems to reduce the anti-

fungal properties of Ag NPs, as the material only managed to inhibit the growth of C. glabrata
in the presence of light and C. krusei in the dark and light. Calcination of Co(OH)2 NMs and

subsequent phase transition to Co3O4 NMs significantly changed the properties of the nano-

material which did not exhibit antifungal properties in the tested concentrations. In addition,

TiO2 NPs did not inhibit Candida growth before and after calcination in the tested concentra-

tions as well as extract used for the synthesis of NMs. Candida species exposed to light, used as

a control, showed no alterations in growth.

Considering tested fungal isolates, C. albicans was found to be the most resistant to the

NMs activity with increased MIC value in the presence of light. Similar increase in the MIC

value was detected in case of Ag NPs before calcination treated C. glabrata, however, Ag NPs

after calcination were found to be antifungal only in the presence of light. The most susceptible

fungal pathogen to NMs activity was C. krusei which showed decrease in both MIC and MFC

values in the presence of light even up to 4 times (MIC of Ag NPs before calcination, p<0.05)

(S4–S6 Figs).

The influence of light on antimicrobial activity has been studied before mainly on the bacte-

rial cells [65, 66]. It has been proven that light generates more reactive oxygen species (ROS)

which damages the bacterial cells [67]. The recent research on light-activated chemically syn-

thesized NMs found that light can reduce C. albicans biofilms (Ag NPs) and inhibit Fusarium
oxysporum growth (N and F co-doped TiO2 NPs) [68, 69]. However, the light influences not

only the performance of NMs, but also the growth of fungi triggering expression of different

Table 4. MIC and MFC determination.

C. albicans C. glabrata C. krusei
MIC (μg/mL) MFC (μg /mL) MIC (μg /mL) MFC (μg /mL) MIC (μg /mL) MFC (μg /mL)

Ag NPs 1 dark 50 50 25 50 50 50

Ag NPs 1 light 50 50 50 50 12 25

Ag NPs 2 dark NE NE NE NE 50 50

Ag NPs 2 light NE NE 100 100 25 25

Co(OH)2 NMs dark 50 100 25 50 25 5

Co(OH)2 NMs light 100 100 25 50 12 25

Ag NPs 1 = before calcination; Ag NPs 2 = after calcination; Co(OH)2 NMs = before calcination; NE = No inhibitory effects on fungal growth.

Statistically significant results have been reported in the results and discussion section.

https://doi.org/10.1371/journal.pone.0274753.t004
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metabolic pathways [70]. In the current study, C. albicans exposed to Co(OH)2 NMs (before

calcination) and C. glabrata exposed to Ag NPs before calcination required increased concen-

trations of NMs to inhibit fungal growth. The results suggest potential activation of fungal

defence mechanisms in the presence of light which requires further studies.

The proposed antifungal mechanism in depicted in Fig 7. The first interactions occur possi-

bly between NMs and fungal cell wall which can cause disintegration and damages also to the

cell membrane [48]. The process activates ROS production which is usually enhanced in the

presence of light [71]. As a result, the fungal cell exhibits oxidative stress causing formation of

pores, leakage of cell content and apoptosis [72]. At the same time, ATP synthesis is blocked,

DNA is damaged, fatty acid composition is changed and overall ultrastructure of the cell is dis-

turbed [73]. The exact molecular mechanism leading to above mentioned effects is a result of

interactions between cell components and specific structure (size, shape) as well as composi-

tion (identified phases) of the synthesized NMs and may differ accordingly [74]. Additionally,

Ag NPs can release Ag+ ions which have high affinity and may bind to the thiol group (-SH) of

the proteins affecting their original structure and activity (denaturation) [68]. The antifungal

properties of Co(OH)2 NMs were not studied before, however, it is probable that due to the

presence of hydroxy group (-OH) in their structure they may affect hydrogen bonds formation

in the proteins causing structural changes and inhibiting proper protein functions in the cell.

The exact mechanism of the antifungal activities of various NMs requires further research.

Conclusion

The study showed the potential of secondary metabolites from S. platensis to participate in the

synthesis of various NMs. The involvement of amines among other compounds was revealed

by GCMS and FTIR analyses. The phases identification in XRD analysis confirmed the pres-

ence of Ag and AgCl phases in Ag NPs, TiO2 anatase in TiO2 NPs, Co(OH)2 in Co(OH)2 NMs

and Co3O4 in Co3O4 NMs. The SEM findings showed oval and spherical shapes for Ag NPs

and TiO2 NPs, respectively with nanoflake shape of both Co(OH)2 NMs and Co3O4 NMs.

EDX further confirmed the presence of organic content on the surface of the prepared NMs.

In addition, Ag NPs showed the best thermal stability of all the synthesized NMs which

Fig 7. Hypothesized mechanism of NMs antifungal activity.

https://doi.org/10.1371/journal.pone.0274753.g007
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increased after calcination. It has been found that Ag NPs exhibited the best stability in water

suspension, even though it decreased after calcination.

We have also evaluated, for the first time, the capability of six NMs to act against several

Candida species and our data have supported our hypothesis: Ag NPs (before and after calci-

nation) and Co(OH)2 NMs have shown antifungal activity for all Candida tested. Interestingly,

these nanostructures exhibited high antimicrobial activity on C. glabrata that was amphoteri-

cin resistant. It is apparent that the action mechanism of the NPs also depends on light condi-

tions while the underlying molecular processes involved require further investigation.

Our results led us to speculate that both the composition of nanomaterials and the different

experimental conditions (presence/absence of light) may have different mechanisms of cytoly-

sis, inducing candidacidal effect through mechanisms already described, such as insertion of

functional pores into target membranes, induction of apoptosis, alteration of macromolecules

structure, or inhibition of ATP synthesis.

These findings, together with the increase of microbial resistance to antifungal drugs,

encourage to carry out further studies to also determine the antibacterial activity against

multi-drug resistance pathogens as well as the biocompatibility, cytotoxicity and safety of these

nanostructures, with a view to their possible use in the medical field.
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57. Kaliamurthi S, Selvaraj G, Çakmak ZE, Çakmak T. Production and characterization of spherical thermo-

stable silver nanoparticles from Spirulina platensis (Cyanophyceae). Phycologia. 55: 568–576. https://

doi.org/10.2216/15-98.1

58. Okaiyeto K, Ojemaye MO, Hoppe H, Mabinya L V., Okoh AI. Phytofabrication of Silver/Silver Chloride

Nanoparticles Using Aqueous Leaf Extract of Oedera genistifolia: Characterization and Antibacterial

Potential. Molecules. 2019; 24(23). https://doi.org/10.3390/MOLECULES24234382 PMID: 31801244

59. Balaji S, Guda R, Mandal BK, Kasula M, Ubba E, Khan FRN. Green synthesis of nano-titania (TiO2

NPs) utilizing aqueous Eucalyptus globulus leaf extract: applications in the synthesis of 4H-pyran deriv-

atives. Res Chem Intermed. 2021; 47: 3919–3931. https://doi.org/10.1007/S11164-018-03720-0

60. Saranya SKSKS, Padil VVT, Senan C, Pilankatta R, Saranya SKK, George B, et al. Green Synthesis of

High Temperature Stable Anatase Titanium Dioxide Nanoparticles Using Gum Kondagogu: Characteri-

zation and Solar Driven Photocatalytic Degradation of Organic Dye. Nanomater 2018; 8: 1002. 2018;8:

1002. https://doi.org/10.3390/NANO8121002 PMID: 30518035

61. Cava S, Tebcherani SM, Pianaro SA, Paskocimas CA, Longo E, Varela JA. Structural and spectro-

scopic analysis of γ-Al2O3 to α-Al2O3-CoAl2O4 phase transition. Mater Chem Phys. 2006; 97: 102–108.

https://doi.org/10.1016/J.MATCHEMPHYS.2005.07.057

62. Akhlaghi N, Najafpour-Darzi G, Younesi H. Facile and green synthesis of cobalt oxide nanoparticles

using ethanolic extract of Trigonella foenumgraceum (Fenugreek) leaves. Adv Powder Technol. 2020;

31: 3562–3569. https://doi.org/10.1016/J.APT.2020.07.004

63. Ismail GA, El-Sheekh MM, Samy RM, Gheda SF. Antimicrobial, Antioxidant, and Antiviral Activities of

Biosynthesized Silver Nanoparticles by Phycobiliprotein Crude Extract of the Cyanobacteria Spirulina

platensis and Nostoc linckia. Bionanoscience. 2021; 11: 355–370. https://doi.org/10.1007/S12668-021-

00828-3

64. LewisOscar F, Nithya C, Vismaya S, Arunkumar M, Pugazhendhi A, Nguyen-Tri P, et al. In vitro analy-

sis of green fabricated silver nanoparticles (AgNPs) against Pseudomonas aeruginosa PA14 biofilm for-

mation, their application on urinary catheter. Prog Org Coatings. 2021; 151: 106058. https://doi.org/10.

1016/J.PORGCOAT.2020.106058

PLOS ONE Antifungal activity of nanomaterials synthesized from Spirulina platensis extract

PLOS ONE | https://doi.org/10.1371/journal.pone.0274753 September 16, 2022 20 / 21

https://doi.org/10.1088/2053-1591/AB70DD
https://doi.org/10.1088/2053-1591/AB70DD
https://doi.org/10.1088/2053-1591/AB4F04
https://doi.org/10.1016/j.ecoenv.2021.112027
https://doi.org/10.1016/j.ecoenv.2021.112027
http://www.ncbi.nlm.nih.gov/pubmed/33578100
https://doi.org/10.1016/J.ENVRES.2021.111499
https://doi.org/10.1016/J.ENVRES.2021.111499
http://www.ncbi.nlm.nih.gov/pubmed/34146525
https://doi.org/10.1021/ACSANM.0C03089
https://doi.org/10.1088/2053-1591/ABC462
https://doi.org/10.1002/SMLL.202001973
http://www.ncbi.nlm.nih.gov/pubmed/32452654
https://doi.org/10.1016/J.NANOSO.2020.100470
https://doi.org/10.1007/S10876-021-02004-9
https://doi.org/10.1016/J.IJHYDENE.2021.12.115
https://doi.org/10.2216/15-98.1
https://doi.org/10.2216/15-98.1
https://doi.org/10.3390/MOLECULES24234382
http://www.ncbi.nlm.nih.gov/pubmed/31801244
https://doi.org/10.1007/S11164-018-03720-0
https://doi.org/10.3390/NANO8121002
http://www.ncbi.nlm.nih.gov/pubmed/30518035
https://doi.org/10.1016/J.MATCHEMPHYS.2005.07.057
https://doi.org/10.1016/J.APT.2020.07.004
https://doi.org/10.1007/S12668-021-00828-3
https://doi.org/10.1007/S12668-021-00828-3
https://doi.org/10.1016/J.PORGCOAT.2020.106058
https://doi.org/10.1016/J.PORGCOAT.2020.106058
https://doi.org/10.1371/journal.pone.0274753


65. Leng B, Zhang X, Chen S, Li J, Sun Z, Ma Z, et al. Highly efficient visible-light photocatalytic degradation

and antibacterial activity by GaN:ZnO solid solution nanoparticles. J Mater Sci Technol. 2021; 94: 67–

76. https://doi.org/10.1016/J.JMST.2021.04.014

66. Zahid M, Papadopoulou EL, Suarato G, Binas VD, Kiriakidis G, Gounaki I, et al. Fabrication of visible

light-induced antibacterial and self-cleaning cotton fabrics using manganese doped TiO2 nanoparticles.

ACS Appl Bio Mater. 2018; 1: 1154–1164. https://doi.org/10.1021/ACSABM.8B00357 PMID: 34996156

67. Mutalik C, Krisnawati DI, Patil SB, Khafid M, Atmojo DS, Santoso P, et al. Phase-Dependent MoS2

Nanoflowers for Light-Driven Antibacterial Application. ACS Sustain Chem Eng. 2021; 9: 7904–7912.

https://doi.org/10.1021/ACSSUSCHEMENG.1C01868

68. Astuti SD, Puspita PS, Putra AP, Zaidan AH, Fahmi MZ, Syahrom A, et al. The antifungal agent of silver

nanoparticles activated by diode laser as light source to reduce C. albicans biofilms: an in vitro study.

Lasers Med Sci. 2019; 34: 929–937. https://doi.org/10.1007/S10103-018-2677-4 PMID: 30413898

69. Mukherjee K, Acharya K, Biswas A, Jana NR. TiO2 Nanoparticles Co-doped with Nitrogen and Fluorine

as Visible-Light-Activated Antifungal Agents. ACS Appl Nano Mater. 2020; 3: 2016–2025. https://doi.

org/10.1021/ACSANM.0C00108

70. Yu Z, Fischer R. Light sensing and responses in fungi. Nat Rev Microbiol 2019; 17(1):25–36. https://doi.

org/10.1038/s41579-018-0109-x PMID: 30377305

71. Tian Q, Yang Y, Li A, Chen Y, Li Y, Sun L, et al. Ferrihydrite nanoparticles as the photosensitizer aug-

ment microbial infected wound healing with blue light. Nanoscale. 2021; 13: 19123–19132. https://doi.

org/10.1039/d1nr05364g PMID: 34778894

72. Elbahnasawy MA, Shehabeldine AM, Khattab AM, Amin BH, Hashem AH. Green biosynthesis of silver

nanoparticles using novel endophytic Rothia endophytica: Characterization and anticandidal activity. J

Drug Deliv Sci Technol. 2021; 62: 102401. https://doi.org/10.1016/J.JDDST.2021.102401

73. Nisar P, Ali N, Rahman L, Ali M, Shinwari ZK. Antimicrobial activities of biologically synthesized metal

nanoparticles: an insight into the mechanism of action. J Biol Inorg Chem. 2019; 24: 929–941. https://

doi.org/10.1007/s00775-019-01717-7 PMID: 31515623

74. Pillai AM, Sivasankarapillai VS, Rahdar A, Joseph J, Sadeghfar F, Anuf A R, et al. Green synthesis and

characterization of zinc oxide nanoparticles with antibacterial and antifungal activity. J Mol Struct. 2020;

1211: 128107. https://doi.org/10.1016/J.MOLSTRUC.2020.128107

PLOS ONE Antifungal activity of nanomaterials synthesized from Spirulina platensis extract

PLOS ONE | https://doi.org/10.1371/journal.pone.0274753 September 16, 2022 21 / 21

https://doi.org/10.1016/J.JMST.2021.04.014
https://doi.org/10.1021/ACSABM.8B00357
http://www.ncbi.nlm.nih.gov/pubmed/34996156
https://doi.org/10.1021/ACSSUSCHEMENG.1C01868
https://doi.org/10.1007/S10103-018-2677-4
http://www.ncbi.nlm.nih.gov/pubmed/30413898
https://doi.org/10.1021/ACSANM.0C00108
https://doi.org/10.1021/ACSANM.0C00108
https://doi.org/10.1038/s41579-018-0109-x
https://doi.org/10.1038/s41579-018-0109-x
http://www.ncbi.nlm.nih.gov/pubmed/30377305
https://doi.org/10.1039/d1nr05364g
https://doi.org/10.1039/d1nr05364g
http://www.ncbi.nlm.nih.gov/pubmed/34778894
https://doi.org/10.1016/J.JDDST.2021.102401
https://doi.org/10.1007/s00775-019-01717-7
https://doi.org/10.1007/s00775-019-01717-7
http://www.ncbi.nlm.nih.gov/pubmed/31515623
https://doi.org/10.1016/J.MOLSTRUC.2020.128107
https://doi.org/10.1371/journal.pone.0274753

