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Abstract In this work, a methodology of synthesis was

designed to obtain ZnO nanoparticles (ZnO NPs) in a

controlled and reproducible manner. The nanoparticles

obtained were characterized using infrared spectroscopy,

X-ray diffraction, and transmission electron microscopy

(TEM). Also, we determined the antifungal capacity

in vitro of zinc oxide nanoparticles synthesized, examining

their action on Erythricium salmonicolor fungy causal of

pink disease. To determine the effect of the quantity of zinc

precursor used during ZnO NPs synthesis on the antifungal

capacity, 0.1 and 0.15 M concentrations of zinc acetate

were examined. To study the inactivation of the mycelial

growth of the fungus, different concentrations of ZnO NPs

of the two types of synthesized samples were used. The

inhibitory effect on the growth of the fungus was deter-

mined by measuring the growth area as a function of time.

The morphological change was observed with high-reso-

lution optical microscopy (HROM), while TEM was used

to observe changes in its ultrastructure. The results showed

that a concentration of 9 mmol L-1 for the sample

obtained from the 0.15 M and at 12 mmol L-1 for the

0.1 M system significantly inhibited growth of E.

salmonicolor. In the HROM images a deformation was

observed in the growth pattern: notable thinning of the

fibers of the hyphae and a clumping tendency. The TEM

images showed a liquefaction of the cytoplasmic content,

making it less electron-dense, with the presence of a

number of vacuoles and significant detachment of the cell

wall.

Keywords Nanoparticles � ZnO � Synthesis � Antifungal,

E. salmonicolor

Introduction

Zinc oxide (ZnO) is one of the inorganic compounds with

the greatest scientific and technological importance

(Klingshirn 2007a, b; Özgür et al. 2005; Pearton et al.

2005), a condition continuously reinforced by the opening

up of new technologies, where the functionality of ZnO can

take on ever more exciting roles (Moezzi et al. 2012) given

its optical properties (Djurišić and Leung 2006; Jagadish

and Pearton 2011; Klingshirn et al. 2010; Morkoç and

Özgür 2008), its semiconductor nature (Janotti and Van de

Walle 2009; Klingshirn et al. 2010; Morkoç and Özgür

2008), and the physicochemical surface properties (Wöll

2007). ZnO is a direct band gap semiconductor (Vogel

et al. 1995) with an experimental energy value of 3.37 eV.

Due to its wide band gap and large exciton binding energy

of 60 meV at room temperature, this oxide is very attrac-

tive for applications such as optoelectronic devices and for

use as photodegradation material. Based on the character-

istics mentioned and on other properties indicated and

adequately described in the literature (Jagadish and Pearton

2011; Klingshirn et al. 2010; Moezzi et al. 2012; Morkoç

and Özgür 2008), the technological uses of ZnO are

extremely broad and diverse, standing out for its volume of
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use as a photoconductive ingredient (Blakeslee et al. 1962),

as an activator in the industrial vulcanization of rubber

(Nieuwenhuizen 2001), and in pigments and coatings

(Auer et al. 1998), among others. Since ZnO is normally

catalogued as a non-toxic material (Patnaik 2003), it is

used in a wide range of cosmetic products, including

moisturizers, lip products, mineral make-up bases, face

powders, ointments, lotions, and hand creams (Nohynek

et al. 2007). The production of nanoparticles, and nanos-

tructures in general, has led to an increased interest in ZnO,

taking into account the potential use in fields such as

environmental remediation (Kisch 2015; Lead and Smith

2009; Lu and Pichat 2013).

Regarding the production of ZnO, the oxide has been

synthesized by a range of methods (Kołodziejczak-Radz-

imska and Jesionowski 2014), including the following:

precipitation (Rodrı́guez-Páez et al. 2001); Pechini-poly-

mer complex (Avila et al. 2004), combustion (Guo and

Peng 2015), sol–gel (Alwan et al. 2015); hydrothermal

(Hardy et al. 2009), mechanochemical (Anand et al. 2014),

hydro/solvo-thermal (Yan and Chuan-Shang 2009), and

polyol process (Dakhlaoui et al. 2009), among others.

Due to their nanoscale size, the different morphologies

they can have, and their high specific surface area,

nanoparticles show high chemical reactivity, high surface

adsorption capacity, and high surface charge. These are

factors that enable them to interact very efficiently with

biological systems, causing significant toxicity (Cas-

saignon and Colbeau 2013; Kahru and Dubourguier 2010;

Ray et al. 2009). Although progress has been made in

understanding toxicological and environmental effects—

both direct and indirect—that are generated by interaction

with nanoparticles, this subject has not been fully explored.

General principles require to be drawn from case studies

(from relevant, environmental examples) to determine the

behavior of nanoparticles as well as their biological effects

(Cassaignon and Colbeau 2013; Houdy et al. 2011; Rah-

man et al. 2013).

There is currently a great scientific and technological

interest in nanoparticles and metal oxides, including ZnO

(Bréchignac et al. 2007; Klabunde and Richards 2009).

Knowledge about their biological effects has generated a

great deal of interest, giving rise to the special name of

‘‘nanotoxicology’’, a term coined in 2005 by Oberdörster

et al. (2005). Numerous articles have been published and

very comprehensive compilations produced on the subject

(Bréchignac et al. 2007; Zucolotto et al. 2013). Considering

their toxicity, the potential use of nanoparticles for con-

trolling phytopathogenic fungi has generated great interest

(Ram et al. 2011; Zucolotto et al. 2013), motivated by prior

studies that show the effective antifungal activity of dif-

ferent nanoparticle materials including silver (Kumar et al.

2008), copper (Cioffi et al. 2005; León et al. 2011),

titanium dioxide (Maneerat and Hayata 2006), and zinc

oxide (Lipovsky et al. 2011). Specifically, working in

aqueous systems or those in which it was possible to dis-

solve the ZnO NPs and thus generate Zn2? in the medium,

two effects were considered in analyzing ZnO toxicity: the

first dependent on the particle and the second effect being

promoted by the dissolved Zn2?, mechanisms that would

have different modes of action, as demonstrated by Poyn-

ton et al. (2010) working with D. magna. Other factors that

would affect the solubility of ZnO NPs and, therefore, the

contribution of the Zn2? ions to oxide toxicity are the

presence of certain anions Cl- and SO4
2- for example (Ma

et al. 2013), temperature (Reed et al. 2012), the presence of

organic material (Miao et al. 2010)—very important for the

present work—and the presence of phosphate in the med-

ium, as shown by Mingua et al. (2010) and Reed et al.

(2012) in their studies.

Although there is no consensus on the exact mechanism

that generates toxicity induced by the ZnO NPs, the most

accepted view is that this type of toxicity is usually

mediated by ROS that would be generated on the surface of

the particle. These species might occur as a result of the

electronic properties of the semiconductor material and/or

the capacity of the ZnO NPs to disrupt electron transfer

processes in biological systems, which could occur in the

mitochondrial inner membrane (Xia et al. 2008), such as

the reaction of the surface of the ZnO NPs with water,

producing hydroxyl radicals (OH.) (Sapkota et al. 2011) or

H2O2 (Sawai et al. 1998).

Furthermore, different mechanisms ought to be put

forward for different fungi, as illustrated in the study of

Botrytis cinerea and Penicillium expansum using Raman

spectroscopy. In this study (He et al. 2011), researchers

showed that in the Raman spectra corresponding to the

fungus B. cinerea, the intensity of the bands associated

with the nucleic acids and carbohydrates increased signif-

icantly when treated with ZnO NPs, while this did not

occur with the bands of the proteins and lipids. Sharma

et al. (2010) studied the antifungal properties of ZnO

nanoparticles, synthesized with and without the use of

surfactants, under different reaction conditions, on strains

of Fusarium sp. The antifungal activity of these NPs was

compared with the fungus subjected to traditional anti-

fungal treatment using copper sulphate. The results indi-

cated that the antifungal activity of the ZnO NPs depended

on the concentration and size of the NP. The latter char-

acteristic was determined by the different reaction condi-

tions used during their synthesis. He et al. (2011)

subsequently tested the antifungal effect of ZnO NPs and

their modes of action on two pathogenic postharvest fungi:

Botrytis cinerea and Penicillium expansum. The results

obtained showed that at concentrations above 3 mmol L-1,

the growth of these pathogens was significantly inhibited.
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Moreover, the findings indicated that the antifungal activity

of the ZnO NPs was different for B. cinerea and P.

expansum, since in the first case, growth was inhibited

because the nanoparticles directly affected cellular func-

tions, causing deformation in the hyphae of the fungi, while

in P. expansum there was no development of conidiophores

and conidia, which ultimately led to the death of the

hyphae.

Based on all that have been outlined above and the

antifungal capacity shown by ZnO NPs, this work set out to

study the effect of these nanoparticles on a fungus that

affects the coffee crop: E. salmonicolor. Coffee, in terms of

commercial activity, is a product of great economic

importance for Brazil, Vietnam, Colombia, Indonesia,

Ethiopia, Peru, India, Honduras, Mexico, and Costa Rica,

among others. These countries are the major producers,

with an annual global production of about 6.3 million tons

per year (Parras et al. 2007). In Colombia, the third largest

producer in the world, coffee (Coffea arabica L.) is the

second most important resource after oil, with production

reaching 10.9 million bags (FNC 2014), making it a vital

resource for economic growth and industrial development

(Naranjo et al. 2011). Fungi, meanwhile, including E.

salmonicolor, constitute the main cause of a number of

phytopathogenic diseases (Galvis-Garcı́a 2002) that can

take hold in coffee plantations, critically reducing the crop

yield and at times managing to destroy entire harvests

(Rodrı́guez 2001). E. salmonicolor is responsible for the

disease known as ‘‘pink disease’’ that causes the yellowing

and wilting of leaves, stems and fruits, leading to plant

death (Galvis-Garcı́a 2002). To combat the problem, there

is a need for research into new antifungal alternatives, for

example taking into account the use of nanotechnology,

specifically nanoparticles, that enable the physicochemical

control of the fungi without altering the eventual harvest.

In this paper, ZnO nanoparticles were synthesized by a

chemical route and displayed certain characteristics defined

by synthesis conditions. ZnO NPs were used to carry out a

systematic in vitro study, looking at a number of different

concentrations to determine the antifungal effect on E.

salmonicolor. The study also evaluated the effect of

varying synthesis parameters, including initial concentra-

tion of precursor, on the fungicidal capacity of nanopar-

ticulate ZnO.

Experimental procedure

Synthesis of ZnO nanoparticles

To synthesize the ZnO nanoparticles, the sol–gel method

was used. For this, 13.1694 g of zinc acetate di-hydrate

((CH3COO)2�Zn�2H2O—Merck) was used as a precursor,

and 0.07289 g of surfactant, cetyltrimethyl ammonium

bromide (((C16H33)N(CH3)3)Br—Merck), used to control

the growth of the particles. To favor the nucleation process

of the solid phase, by means of hydrolysis and condensa-

tion reactions, a solution of analytical ethanol (400 mL)

was prepared at a concentration of [0.15 M] of precursor

dispersing the amount of zinc acetate previously indicated,

together with the surfactant, and setting the working pH of

the system (pH 8.5) by adding, drop by drop, distilled water

and ammonium hydroxide (NH4OH—Baker Analyzed) to

the solution. The system was heated to *70 �C and

maintained under constant stirring for 6 h. The suspension

was then allowed to age for 3 days. At the end of this

period, the suspension was centrifuged at 5000 rpm for

30 min, and after drying the sample was calcined at 450 �C
in a muffle furnace for 2 h. Figure 1 shows the diagram of

synthesis used in this work to obtain ZnO-NPs.

A similar procedure was followed to obtain the [0.1 M]

solution, for which the appropriate amount of zinc pre-

cursor was dissolved with the surfactant in 600 mL of

analytical ethanol. In summary, the following were taken

as variables of synthesis: the concentration of the precursor

and the volume of solvent. This produced two systems

referred to as ZnO NP 0.15/400 (13.1694 g of zinc acetate

di-hydrate in 400 mL to give a concentration of [0.15 M])

and ZnO NP 0.1/600 (13.1694 g of zinc acetate di-hydrate

in 600 mL, giving a concentration of [0.1 M]).

Characterization of the synthesized ZnO NPs

Once the samples were obtained via the synthesis route

described above (Fig. 1), they were characterized using, in

the first instance, IR spectroscopy, transmission electron

microscopy (TEM), and X-ray diffraction (XRD).

IR spectroscopy

To determine the different functional groups, the sample to

be analyzed was obtained by mixing dry KBr with the

synthesized solid, at a concentration of about 10%. The

sweep was carried out between 4000 and 400 cm-1 using

the Thermo Nicolet IR 200 spectrophotometer.

Transmission electron microscopy

To determine the size and morphology of the synthe-

sized ZnO nanoparticles, these were suspended in 1 mL

of ethanol and placed in an ultrasonic bath for 1 h.

Subsequently, with a pasteur pipette, a small amount

was taken and deposited on a nickel grid previously

coated with a formvar membrane to be observed in the

Jeol model JEM 1200 EX transmission electron

microscope.
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X-ray diffraction

To determine the crystalline phases present in the solid

samples, X-ray diffraction patterns were obtained of the

samples of interest in powder form. These were recorded

using a Bruker model D8 ADVANCE diffractometer using

Ka radiation from the Cu (k = 1.542 Å) in the range of

10–70 in 2h.

Replication of the E. salmonicolor fungus strain

in the laboratory

The strains of E. salmonicolor were donated by the

National Coffee Research Center (Cenicafe) located in

Chinchina, Caldas, Colombia. These strains were repli-

cated and grown in culture media, a potato dextrose agar

(PDA) base ? oxytetracycline. The media were autoclaved

at 121 �C and then, under a laminar flow hood, they were

poured into sterile petri dishes, using 20 mL in each dish.

Finally, they were incubated for 3 days at 25 �C, to ensure

sterility, as recommended by the protocol for this type of

testing (Lane et al. 2012). At the end of the 3-day incu-

bation, seeding was carried out, inoculating a disc of

1.5 cm in diameter of mycelium in the center of each petri

dish and these strains then incubated to ensure growth

(approximately 16 days) under laboratory conditions

(25 �C).

The fungi were maintained using the periodic replanting

technique that enabled the cultures to survive over short

periods of time. This technique is based on transferring the

growth from the dry or old medium to a fresh one, pro-

viding optimum conditions for fungus growth. In this way,

the high risk of contamination and variability of the char-

acteristics of the strains, which represent the main disad-

vantages, are avoided (Aleman et al. 2005).

Evaluation of antifungal effect of ZnO NPs

on in vitro growth of E. salmonicolor

Preparation of fungal inoculum and bioassays

in the culture medium with ZnO NP

To determine the inhibition of mycelial growth of the

fungus under study, taking into account the effect of the

ZnO NPs, solid culture media were prepared for the strain

using the methodology referred to in ‘‘Replication of the E.

salmonicolor fungus strain in the laboratory’’. The treat-

ments evaluated were (1) culture medium with no treat-

ment (control); (2) culture medium ? copper oxychloride

(23.41 mmol L-1) (fungicide); (3) culture medium ? ZnO

Fig. 1 Synthesis process used to obtain ZnO-NPs
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NP (12 mmol L-1); (4) culture medium ? ZnO NP

(9 mmol L-1); (5) culture medium ? ZnO NP

(6 mmol L-1), and (6) culture medium ? ZnO NP

(3 mmol L-1). Meanwhile, it is important to clarify that

the fungicide, copper oxychloride (Cu2(OH)3Cl), was used

as a ‘‘benchmark’’ in the study, as this is commonly

employed as a means of preventative control of pink dis-

ease (Galvis-Garcı́a 2002).

The different concentrations of ZnO NPs were added to

the culture medium and subjected to an ultrasonic treat-

ment to ensure their dispersion in the medium; they were

then poured into petri dishes, the medium was allowed to

solidify, and finally, these systems were incubated for

3 days (see ‘‘Results and discussion’’).

To ensure homogeneity and reproducibility in the

seeding process, a fungus of age 16 days was used, from

which samples were obtained using a punch of 1.5 cm

diameter, in order to guarantee the existence of growth

structures. The mycelia were then inoculated in the center

of each petri dish containing the treatment. To obtain

reliable results, the experiment was carried out in triplicate.

Seven days were allowed to pass following seeding, in

order to ensure an adequate fungal growth and then pho-

tographs were taken of the cultures every 3 days. These

records were then brought to an image analysis system,

‘‘Image Analyzer pro’’ for measuring the area of growth of

the fungus in the Petri dish, continuing until day 25 in total,

to observe the action of the treatments over time.

Percent (%) inhibition

Inhibition of mycelial growth was determined based on the

area of fungal growth, measured in cm2 and expressed in

terms of percent inhibition, a parameter calculated using

the following formula proposed by Pandey et al. (1982):

% Inhibition ¼ Growth of control � Growth of treatment

Growth of control
� 100

Identification of morphological and ultrastructural damage

to the fungus using high-resolution optical microscopy

(HROM) and electron microscopy (TEM)

Processing and preparation of the samples The samples

of E. salmonicolor, used for the ultrastructural analysis of the

mycelium, were processed according to the standard tech-

niques for TEM protocol (Bozzola and Russell 1999). Small

samples of the fungus were placed in vials of 1 mL, fixed

overnight in a 2.5% glutaraldehyde mixture at 4 �C. The

following day, the fixer was removed and the samples washed

three times with phosphate buffer (PBS) for 5 min each time.

They were then postfixed with 1% osmium tetroxide (OsO4)

for 1 h at room temperature and washed again with the buffer,

three times for the same 5 min each time.

The postfixed samples were dehydrated with ethanol in

ascending concentrations of 30, 50, 70, 80, 90, 95, and

100%, being left in each concentration of alcohol for

10 min. Pre-soaking was carried out with an alcohol and

LR white resin mixture in ratios 3:1, 1:1, and 1:3, the first

two ratios for 45 min each, and the last for 1 h.

Finally, the samples were placed in gelatin capsules,

labeled, embedded in LR white resin, and polymerized in a

UV chamber at room temperature for 48 h. Once the

samples were polymerized, the capsules were taken and

carved with a knife to remove the excess resin and thus

obtain semi-fine sections of 200–300 nm and ultrafine

sections of 40–60 nm. The semi-fine and ultrafine sections

were obtained using a glass knife with the aid of a Leica

ultramicrotome, model Ultracut R.

High-resolution optical microscopy

• Imprint.

Using clear tape, samples were taken directly from the

culture media, paying attention to all the treatments and

their respective controls. The imprint was then placed on a

glass slide, together with a drop of Lactophenol blue. They

were then observed using HROM (Nikon Microphot).

Images of interest were recorded using a Nikon Digital

Sight DS-2Mv linked up to the microscope, using the ‘‘Nis

Elements’’ program to capture the images.

• Analysis of semi-thin sections.

The semi-thin sections of 200–300 nm thickness were

fixed, using heat, on the slides by staining with toluidine

blue, flaming the plate, and washing with distilled water.

They were then observed in the Nikon Microphot light

microscope using objectives of 409 and 1009 in order to

select the area of interest where the greatest number of

hyphal structures were found arranged transversely and

longitudinally. This area was marked out and carved anew

to obtain the ultrathin sections.

Transmission electron microscopy Ultrastructural analy-

sis and description of the effect of the ZnO NPs on the

pathogen E. salmonicolor were carried out by observing

the micrographs taken at different magnifications, using the

Jeol model JEM 1200 EX transmission electron micro-

scope, operated at 80 kV (Bozzola and Russell 1999).

• Contrast with uranyl acetate–lead citrate.

The ultrathin sections, 40–60 nm thick, and gray to

silver in color, were placed together on copper grids coated

with formvar membranes. They were contrasted with 4%
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uranyl acetate for 20 min, using the flotation method in a

dark and humid chamber. The sections were washed with

drops of distilled water and then placed in contact with a

drop of lead citrate for 10 min in a humid chamber con-

taining pellets of sodium hydroxide (NaOH). Finally, the

sections were washed with distilled water, dried with filter

paper, and placed in the sample holder of the TEM to be

observed (Bozzola and Russell 1999).

Statistical analysis A statistical study was carried out on

data relating to the area of fungal growth (measured in

cm2), a parameter that was recorded periodically. To

determine whether the differences observed in this

parameter were statistically significant, a hypothesis test

was conducted using a design of completely random blocks

to compare four concentrations of ZnO NPs, one concen-

tration of copper oxychloride (reference fungicide) and the

control, which constituted the treatments considered in the

study (6 in total), and for the seven blocks (days) the action

of the treatments over time was examined at 7, 10, 13, 16,

19, 22, and 25 days. All data were subjected to an analysis

of distribution fitting and homogeneity of variance, and

since these two criteria were met, the ANOVA two-way

test was used, carried out in the BioEstat 5.3 (Zar 2014)

program; the graphics were constructed using the Graph

Pad prism 5 program (Lieber et al. 2006).

Results and discussion

Characterization of the ZnO NPs synthesized

Transmission electron microscopy

For the synthesis of ZnO NPs, the quantity in grams of the

zinc precursor (Zn(CH3COOH)2) and the volume of the

solvent (ethanol) were taken as variables, i.e. the initial

concentration of the precursor was considered as a variable.

Following the methodology indicated, the nanoparticles

shown in Fig. 2a were obtained, using a 0.15-M concen-

tration of precursor in a volume of 400 mL of ethanol; this

ceramic powder was referred to as ZnO NP 0.15/400.

The images in Fig. 2a1 show that the synthesized

nanoparticles had two types of morphology: (a) spherical

and (b) acicular, although looking at the latter more clo-

sely, in Fig. 2a2, the needles were formed by the ordered

aggregation of the ZnO nanospheres, a growth mechanism

referenced and studied, for other systems, by Bogush and

Zukoski (1991). The size of these nanoparticles was in the

range between 20 and 35 nm.

Meanwhile, in search of a better dispersion of the

nanoparticles, the concentration of the precursor was

adjusted, to 0.1 M, increasing the volume of solvent in the

synthesis to 600 mL, and maintaining constant the amount

of surfactant used; this sample was referred to as ZnO NP

0.1/600 and its morphology and particle size are observed

in Fig. 2b. Here, the size of the nanoparticles was in the

range between 30 and 45 nm.

It should be noted that during observation of the ZnO

NP 0.1/600 powders, using TEM, the electrons in the beam

promoted reactions that caused the nanoparticles to group

themselves in a particular way, as illustrated in Fig. 2b2,

creating ‘‘clusters’’ containing a finite number of

nanoparticles.

By changing the conditions of synthesis, the obtained

ceramic powders showed a number of marked differences,

including in their state of agglomeration, as illustrated in

Fig. 2: while the ZnO NP 0.15/400 sample produced soft

agglomerates, hard clusters or agglomerates were seen with

the ZnO NP 0.1/600. Furthermore, the color of the syn-

thesized samples also changed depending on the synthesis

conditions (Fig. 3), the ZnO NP 0.15/400 having a white

hue with a slightly darker (Fig. 3a), gray color for the 0.1

ZnO NP/600 (Fig. 3b), a characteristic that shows that

defect structures in the solids were different. Since ZnO is

a non-stoichiometric solid, it can be found in a variety of

colors including white, pale green, light yellow, brown,

gray, and even pink, depending on the concentration of

defects in the solid, a condition defined in large part by the

amount of oxygen present in its crystal structure (Green-

wood and Earnshaw 1997).

Infrared spectroscopy

Figure 4 shows the IR spectra obtained for the samples

under consideration. In the spectra, the presence of

hydroxyl groups in the band at *3450 cm-1 and of water

molecules in the bending band at *1630 cm-1 is evident,

as is the absence of bands that could be associated with the

organic phase of the solid, despite having used organic

compounds in the synthesis of the ZnO nanoparticles. This

indicates that the heat treatment at 450 �C was effective in

removing the organic phase.

Since the particular interest of this study lies in the

presence of the Zn–O and Zn–OH bonds involving the

Zn2? cation and whose bands are mainly found between

1000 and 400 cm-1, this specific region of the IR spectrum

was used to analyze the differences caused by the changes

in the parameters of synthesis (Fig. 5).

The spectra between 1200 and 400 cm-1 in Fig. 5,

corresponding to the two solids of ZnO NP of interest,

show obvious differences in the number of bands and their

location: while for the ZnO NP 0.15/400 sample there are

two bands (Fig. 5a), one at 450 cm-1 and another at

500 cm-1, as well as a shoulder at 560 cm-1, the ZnO NP

0.1/600 shows a single band at 450 cm-1 and a shoulder at
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500 cm-1 (Fig. 5b). This difference in the spectra shows

that there have been changes in the environment of the Zn–

O and Zn–OH functional groups, mainly in their quantity

and/or arrangement, at the internal and surface level of the

solid, changes prompted by the modifications in the

parameters of synthesis (Socrates 2004). This seems to

indicate, given the structure-properties relationship shown

by the materials, that the samples are able to undergo

changes in their physical and chemical properties.

X-ray diffraction

Figure 6, shows the diffractograms corresponding to the

two samples under consideration. The peaks that appear

there correspond to the ZnO (PDF 79-206), as the only

crystalline phase present, and the slenderness of the

peak indicates good crystallization of the samples. In

contrast to the IR spectra in Figs. 4 and 5, in the

diffractograms in Fig. 6 there is no obvious difference

Fig. 2 Micrographs of a ZnO

NP 0.15/400 and b ZnO NP 0.1/

600 observed with TEM
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between the spectra, indicating that there are no long-

range changes in the structure of the samples. This leads

to the conclusion that the changes observed in the

samples, brought about by the variation in the synthesis

parameters, are of a more local type, as indicated by the

IR spectroscopy (Figs. 4, 5).

Fig. 3 Color of the ZnO NPs powders obtained following thermal treatments; a ZnO NP 0.15/400 and b ZnO NP 0.1/600

Fig. 4 IR spectra for a ZnO NP 0.15/400 and b ZnO NP 0.1/600 samples

Fig. 5 IR spectra between 1200 and 400 cm-1 for a ZnO NP 0.15/400 and b ZnO NP 0.1/600 samples
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Replication of the phytopathogenic fungus E.

salmonicolor in the laboratory

When the phytopathogenic fungus was inoculated and

allowed to grow in its respective culture medium, it was

found that at 16 days its growth was optimal. This result

demonstrates that the culture medium, indicated previ-

ously, was the most suitable for its growth (Lane et al.

2012). Moreover, it should be noted that for E. salmoni-

color, application of the antibiotic oxytetracycline, used in

a quantity of 0.03 g/L, reduced the risk of contamination

and allowed culture purity (Kuang-Ren and Tzeng 2009).

The method of maintaining the fungi used in this study

was periodic replanting, a technique that ensures good

survival of the cultures over short periods of time. How-

ever, for greater reliability in the results, other methods for

maintaining microbial strains should be sought, such as that

recommended by Aleman et al. (2005) and Huertas et al.

(2006), where the viability, purity and genetic stability of

the cultures is guaranteed.

Evaluation of antifungal effect of ZnO NPs

on in vitro cultivation of E. salmonicolor

Growth of E. salmonicolor in ZnO NP 0.15/400 system

Figure 7 compares the control, the treatment with the

fungicide, and the 9 mmol L-1 concentration treatment

with ZnO NP 0.15/400. The images show the characteris-

tics of macroscopic growth of E. salmonicolor at 16 days

of age on potato dextrose agar-based culture medium with

oxytetracycline. Looking at the photographs, the efficiency

of this concentration of ZnO NPs treatment on the inhibi-

tion of fungal growth is clear. According to these results, at

16 days, the treatment with the fungicide did not inhibit or

retard the growth of the fungus, while the ZnO NPs treat-

ment did. As a result of this initial observation, morpho-

logical changes were evident in form, margin, texture, and

area of fungal growth.

In order to determine the percent growth inhibition of E.

salmonicolor caused by the treatment with ZnO NP 0.15/

400, taking the control and the fungicide as references, use

was made of the methodology and the equation indicated in

‘‘Percent (%) inhibition’’; the results obtained are shown in

Table 1. Measurements of the area of the fungus were

Fig. 6 Diffractograms of X ray corresponding to a ZnO NP 0.15/400

and b ZnO NP 0.1/600 samples

Fig. 7 Macroscopic mycelial growth of the fungus E. salmonicolor at 16 days of age: a control, b treatment with fungicide, and c treatment with

a 9 mmol L-1 concentration of nanoparticles of the ZnO NP 0.15/400 system
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performed on assigned follow-up days, and these were

used to calculate percent inhibition, revealing that ZnO NP

0.15/400 caused significant inhibitory effects on the

growth of the fungi, when compared to the control

(Table 1).

Observing the results in Table 1, it became clear that the

highest percent inhibition was found on day 10, with an

84.9% inhibition, which decreased over time to the end of

the experiment. On day 25, a 64.3% inhibition was

obtained. This indicates that the NPs initially showed high

antifungal capacity, which decreased over time without

ever completely losing their inhibitory action: the lowest

percentage was 23.5% for the 3 mmol L-1 concentration

on day 22, against 21.9% obtained with the fungicide

treatment on the same day. Considering the values of

percent inhibition recorded in Table 1, it can be concluded

that the presence of ZnO NP 0.15/400 in the cultures sig-

nificantly affected the growth of E. salmonicolor.

Based on the above and according to the ANOVA two-way

analysis used in this study for E. salmonicolor, when it was

subjected to the treatments, significant differences in the

growth of the fungus were found: an ANOVA of

F = 25.6447 and a value of p\ 0.0001. The biggest differ-

ences in the growth of the fungus were found in the treatments

with NP at concentrations of 12, 9 and 6 mmol L-1, with the

9 mmol L-1 treatment standing out as it exerted a greater

control on the mycelial growth of the fungus, whereas at a

concentration of 3 mmol L-1 there was no significant dif-

ference between the effect of the ZnO NPs and the fungicide.

Significant differences were also observed between

blocks (days), encountering an ANOVA of F = 30.7202

and a value of p\ 0.0001. In Fig. 8, all the results of the

tests conducted can be seen, showing that on days 10, 19

and 25 the 9 mmol L-1 concentration of the ZnO NP 0.15/

400 system continued to show a significant inhibition of

fungal mycelial growth.

Growth of E. salmonicolor on the system with ZnO NP 0.1/

600

To determine the effect of the parameters of synthesis on

the antifungal capacity of the ZnO NPs, a similar test was

carried out to that carried out with ZnO NP 0.15/400

samples described above, but using nanoparticles from the

ZnO NP 0.1/600 system. To do this, growth of E.

salmonicolor was recorded and the percent inhibition cal-

culated using these data. Figure 9 shows the results

obtained for the treatment with a concentration of

12 mmol L-1 of ZnO NP 0.1/600, for which the inhibitory

effect using these new nanoparticles was most evident. The

results in Fig. 9 showed growth inhibition of E. salmoni-

color until day 10, at which point it is clear that the NP

used here were less efficient in the control of mycelialT
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growth compared to the nanoparticles for the ZnO NP 0.15/

400 system (Fig. 7). It is important to note that in this trial

it was not possible to record data for all of the proposed

days, since by day 16, the fungus covered the entire petri

dish. Therefore, a statistical study was not performed

because there were insufficient data to obtain a reliable

result.

Table 2 shows the values obtained for percent inhibition

of fungal growth in E. salmonicolor in the cultures treated

with nanoparticles from the ZnO NP 0.1/600 system, taking

as references the control and the treatment with the

fungicide. The results indicate that the highest percent

inhibition was 71.3% on day 7, against a 51.1% on day 10,

compared to the fungicide treatment, which was 66.8% on

Fig. 8 Antifungal activity of

different concentrations of ZnO

NP 0.15/400 on E. salmonicolor

Fig. 9 Macroscopic mycelial growth of E. salmonicolor at 10 days of age: a control, b treatment with fungicide, and c treatment with

12 mmol L-1 of ZnO NP 0.1/600
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day 7 and 46.7% on day 10. These data indicate a favorable

effect of NP on the control of mycelial growth of E

salmonicolor. However, if the data in Table 2 (ZnO NP

0.1/600) are compared with those in Table 1 (ZnO NP

0.15/400), an appreciable difference is observed, inhibition

being more efficient for the second system.

The less favorable results obtained with the ZnO NP 0.1/

600 sample (Fig. 9; Table 2), compared to those of ZnO

NP 0.15/400 (Fig. 7; Table 1) can be explained considering

the formation of clusters or hard agglomerates, as shown in

Fig. 2. These would decrease the surface area of the ZnO,

leading to a reduction in its activity against the fungus, as

can be seen in Fig. 9, where the fungus almost completely

filled the petri dishes at 10 days of age. Moreover, there is

evidence that the nature of each of the two systems of

synthesized ZnO NPs is different, defined by changes in the

conditions of synthesis. First, the samples had different

colors (Fig. 3). This could be caused by the variation in the

concentration and nature of the defects, a condition that

would be expected to affect the functionality of the ceramic

powders (Greenwood and Earnshaw 1997). Second, the IR

spectra corresponding to these two samples (Figs. 4, 5)

showed differences in the location of the bands, which

implies changes in the structure of the solids, despite being

similar chemically and structurally (Fig. 6).

Treatment with the fungicide, meanwhile, was not sig-

nificant and did not produce an appreciable inhibition of

growth of the fungi studied. This can be explained con-

sidering that the conditions used in the laboratory are dif-

ferent from those used in the field, which could result in

changes in the mode of inhibitory action on the fungus

studied. Based on the results obtained, it can be concluded

that under in vitro conditions, in which the test was con-

ducted, the ZnO NPs have a greater effect of inhibition of

mycelial growth of E. salmonicolor compared to the ref-

erence fungicide used, copper oxychloride. However, to

have more conclusive data on this antifungal effect, further

testing with other fungicides used to control pink disease

should be carried out.

Identification of morphological and ultrastructural

damage to the fungus determined using HROM

and TEM

Given that the ZnO NP 0.15/400 nanoparticles were those

that showed the highest antifungal ability with E.

salmonicolor, morphological and ultrastructural changes in

the fungi that interacted with these were analyzed.

Morphological changes of E. salmonicolor observed

with HROM

Figure 10 shows images of the mycelia obtained through

imprinting, the procedure described in ‘‘High-resolution

optical microscopy’’. The hyphae were seen to have

smooth walls, a ‘‘network’’ structure and well-defined septa

(Fig. 10a) that stained better than the interior of the hypha.

In Fig. 10b, it can be seen that the fibers of the hyphae

tend to clump and that the staining used had a stronger

affinity towards the interior, meaning that the septa were

not visible. In the 12, 9, and 6 mmol L-1 treatments with

the ZnO NP 0.15/400, there was a deformation in the

growth patterns as a result, since the fibers of the hyphae

were noticeably thinner and tended to clump (Fig. 10c–e).

From the observations, it is clear that ZnO NP 0.15/400

inhibited the growth of E. salmonicolor.

Ultrastructural changes of E. salmonicolor observed

with TEM

In E. salmonicolor sections at 16 days of growth, the

presence was observed, in the control, of organelles such as

vacuoles (V) and mitochondria (Mit) in a conserved cyto-

plasm (Cyt), with a defined cell wall (Cw), which caused it

Table 2 Percent (%) inhibition of mycelial growth of E. salmonicolor when nanoparticles from the ZnO NP 0.1/600 system are used in the

treatment

Percent inhibition of mycelial growth of E. salmonicolor

Treatment Concentration mmol L-1 Day 7 Day 10

X area of growth (cm2) % Inhibition X area of growth (cm2) % Inhibition

Control 0.0 52.2 0.0 65.2 0.0

Fungicide 23.4 18.3 66.8 34.7 46.7

ZnO NP 0.1/600 12 15.0 71.3 31.9 51.1

9 20.5 58.3 36.1 44.6

6 26.7 48.9 49.8 23.6

3 33.3 36.9 56.01 14.1
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to be more electron-dense (Romero de Pérez 2003) on

observing it in TEM, Fig. 11a, while in the treatment with

the fungicide, a fractionation of the cell wall was observed,

a change that cannot be considered to be relevant as its

structure was similar to that of the control, Fig. 11b.

Finally, in the fungal sections treated with ZnO NP 0.15/

400 (9 mmol L-1), a uniform thickening of the cell wall

was seen, with a noticeable liquefaction of the cytoplasmic

contents, making it less electron-dense, Fig. 11c. A similar

effect was produced with the 12 mmol L-1 ZnO NP 0.15/

400, where a number of vacuoles (V) and detachment of

the cell wall (Cw) were also seen, Fig. 11d.

In summary, the effects observed for the interaction of

nanoparticles of the ZnO NP 0.15/400 system on E.

salmonicolor correspond in the main to significant mor-

phological changes in the mycelium (Figs. 10, 11). In

general, the results obtained in this study provide inter-

esting elements for putting together a mechanism that

explains and accounts for the toxicity of the ZnO NPs

(Buerki-Thurnherr et al. 2012; Sharma 2011), specifically

their antifungal activity. Taking account of conventional

criteria used to classify antifungal compounds, an impor-

tant aspect to consider is the ‘‘action site’’ of the

nanoparticles (on the cell membrane, cell wall, DNA or

RNA), as well as its surface characteristics. Therefore, in

putting together a possible mechanism to account for the

antifungal capacity of ZnO NPs, the wall of the fungus

might be viewed as a target, also taking into account the

surface physicochemical characteristics of ZnO (Altunbek

et al. 2014; Wöll 2007), as well as its other physico-

chemical characteristics—size and shape, for example—

that can also affect the toxicity of this oxide (Mu et al.

2014). The fungal wall, in controlling cell permeability, is

the part of the cell that interacts with the external envi-

ronment, and thus with the ZnO NPs present in the fungal

culture of interest in this work. This part of the fungal cell

is composed mainly of polysaccharides and proteins.

Specifically, there are b-1,3-D-glucan and b-1,6-D-glucan

macroproteins, chitin, proteins, and lipids, and among the

polysaccharides, chitin, glucan, and mannan or galac-

tomannan (Pontón 2008) predominate.

One possible mechanism of the antifungal action by the

ZnO-NPs may take account of the action of ROS and/or

Zn2? on N-acetylglucosamine (N-acetyl-D-glucose-2-

amine) or on b-1 3-D-glucan synthase (FKs1p). The ROS

are generated by the nanoparticles (Lipovsky et al.

2009, 2011), while Zn2? is a product of the dissolution of

the nanoparticles in the culture medium (Lv et al. 2012;

Mudunkotuwa et al. 2012; Reed et al. 2012; Xia et al.

2008). N-acetylglucosamine is involved in the synthesis of

the chitin (a polysaccharide of great importance in the

structure of the cell wall), while the b-1 3-D-glucan syn-

thase participates in the synthesis of b-1,3-D-glucan (an-

other important component of the cell wall in fungi). This

Fig. 10 Image of hyphal structures of E. salmonicolor. a Control, b treatment with fungicide, c treatment with 12 mmol L-1, d 9 mmol L-1,

and e 6 mmol L-1 ZnO NP 0.15/400
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would echo the effect of penicillin on the bacterial cell wall

(Park and Stromistger 1957).

Although the action of nanoparticles on biological sys-

tems has already been the subject of research (Colvin and

Kulinowski 2007; Klein 2007; Rahman et al. 2013), more

studies are required to look at the action of nanoparticulate

zinc oxide on chitin and glucan, due to the effects observed

in this work of ZnO-NPs on E. salmonicolor a noticeable

thickening of the cell wall and liquefaction of the cyto-

plasmic contents (Figs. 10, 11). Such studies ought to

consider the chemical composition of the wall, and deter-

mine how the ZnO NPs might control or inhibit synthesis

of the enzymes of chitin and glucan, taking as reference the

knowledge of classic antifungal inhibitors of glucan

(Douglas 2001; Romero et al. 2005) and chitin (Gongora

2002; Merzendorfer 2006) synthesis, paying special atten-

tion to the peculiarities of the toxicity of the nanoparticles

(Zucolotto et al. 2013).

Recent work indicates that the nanoparticles induce

oxidative stress (Xia et al. 2008). The harmful effects appear

to be exerted either directly on the target tissue, due to the

toxicity of ROS derivatives, or indirectly as the result of the

effect of these derivatives on the production of mediators of

the inflammatory and immunization systems, primarily pro-

inflammatory co-toxins. This oxidative stress may disable

antiproteases while at the same time activating metallopro-

teases, thereby encouraging proteolysis and uncontrolled

cell destruction. Some authors (L’Azou and Marano 2011)

suggest that inflammation is a primary response and oxida-

tive stress a consequence of this. As such, nanoparticles

Fig. 11 TEM of sections of E. salmonicolor: a Control, and subjected to treatment with b the fungicide copper oxychloride, c ZnO NP 0.15/400

at 9 mmol L-1, and d ZnO NP 0.15/400 at 12 mmol L-1 [vacuoles (V), mitochondria (Mit), cell wall (Cw), and cytoplasm (Cyt)]
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would be recognized by the body as foreign matter that must

be removed by means of the inflammatory reaction, for

example an increase in the size of the vacuoles and/or of the

cell wall, as shown in Fig. 11. The interaction between the

nanoparticles and the proteins of the biological system plays

a definitive role in their ability to be recognized by the cells of

the immune system responsible for their elimination, as well

as by the tissue of the cell wall, the target of the nanoparticles,

that could emit pro-inflammatory signals. Inflammation may

accelerate the production of ROS and reduce the antioxidant

defensive capacity, promoting oxidative stress and the

associated tissue damage.

Conclusions

A methodology was constructed that enabled the synthesis

of ZnO nanoparticles in a controlled and reproducible

manner. These nanoparticles demonstrated an antifungal

effect on Erythricium salmonicolor, a pathogen that causes

the coffee crop disease known as pink disease. Based on

the results, in order to ensure adequate antifungal func-

tionality of the ZnO NPs, synthesis parameters require to

be rigorously controlled: any change in these could affect

nanoparticle behavior. The ZnO NPs with sizes in the range

between 20 and 45 nm showed a significant antifungal

capacity on mycelial growth of E. salmonicolor in vitro

and using these sizes at a concentration of 6 mmol L-1

gave a substantial inhibition. The 0.15/400 system ZnO NP

nanoparticles caused liquefaction of cytoplasmic contents,

making the cytoplasm less electron-dense and producing a

notable detachment of the fungal cell wall. These effects

ought to be studied more closely as they may prove to be

representative when considering the mechanism of action

of ZnO NPs on destructive, disease-causing fungi.
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Avrutin V, Cho SJ, Morkoc H (2005) A comprehensive review

of ZnO materials and devices. J Appl Phys 98:1–103. doi:10.

1063/1.1992666

Pandey D, Tripathi N, Tripathi R, Dixit S (1982) Fungitoxic and

phytotoxic properties of the essential oil of Hyptis suaveolens/

Fungitoxische und phytotoxische Eigenschaften 28 des äther-
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Antioxidant capacity of coffees of several origins brewed

following three different procedures. Food Chem 102:582–592.

doi:10.1016/j.foodchem.2006.05.037

Patnaik P (2003) Handbook of inorganic chemicals, 1st edn.

McGraw-Hill Professional, New York

Pearton SJ, Norton DP, Ip K, Heo YW, Steiner T (2005) Recent

progress in processing and properties of ZnO. Prog Mater Sci

50(3):293–340. doi:10.1016/j.pmatsci.2004.04.001

Pontón J (2008) La pared celular de los hongos y el mecanismo de

acción de la anidulafungina. Rev Iberoam Micol 25:78–82.

doi:10.1016/S1130-1406(08)70024-X

Poynton HC, Lazorchak JM, Impellitteri CA, Smith ME, Rogers K,

Patra M, Hammer KA, Allen HJ, Vulpe CD (2011) Differential

gene expression in Daphnia magna suggests distinct modes of

action and bioavailability for ZnO nanoparticles and Zn ions.

Environ Sci Technol 45(2):762–768. doi:10.1021/es102501z

Rahman M, Laurent S, Tawil N, Yahia L, Mahmoudi M (2013)

Protein–nanoparticle interactions. Springer, Heidelberg. doi:10.

1007/978-3-642-37555-2

Ram MK, Andreescu S, Ding H (2011) Nanotechnology for

environmental decontamination. McGraw-Hill, New York

Ray PC, Yu H, Fu P (2009) Toxicity and environmental risks of

nanomaterials: challenges and future needs. J Environ Sci Health

C Environ Carcinog Ecotoxicol Rev 27(1):1–35. doi:10.1080/

10590500802708267

Reed RB, Ladner D, Higgins Ch, Westerhoff P, Ranville J (2012)

Solubility of nano-zinc oxide in environmentally and biologi-

cally important matrices. Environ Toxicol Chem 31(1):93–99.

doi:10.1002/etc.708

Rodrı́guez P (2001) Biodiversidad de los hongos fitopatógenos del
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