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Abstract Synthesis of nanocomposites from antimicrobial

biopolymers such as chitosan (CS) and lysozyme (LZ) is an

important and promising area in bionanotechnology. Chi-

tosan–lysozyme (CS–LZ) nanoparticles (NPs) were pre-

pared by the nanoprecipitation method, using commercial

chitosan of 153 kDa. TEM and dynamic light scattering

(DLS) analysis were carried out to evaluate the morphol-

ogy, size, dispersion, and Z potential. Association effi-

ciency of lysozyme was determined using Coomassie blue

assay. The antifungal activity of NPs against Aspergillus

parasiticus was evaluated through cell viability (XTT),

germination and morphometry of spores, and reducing

sugars production; the effects on membrane integrity and

cell wall were also analyzed. NPs’ size were found in the

range of 13.4 and 11.8 nm for CS–LZ and CS NPs,

respectively, and high Z potential value was observed in

both NPs. Also, high association of lysozyme was pre-

sented in the CS matrix. With respect to the biological

responses, CS–LZ NPs reduced the viability of A. para-

siticus and a strong inhibitory effect on the germination of

spores (100% of inhibition) was observed at 24 h in in vitro

assays. CS–LZ and CS NPs affected the membrane integ-

rity and the cell wall of spores of fungi with respect to

control, which is consistent with the low amount of

reducing sugars detected. CS–LZ NPs prepared by nano-

precipitation promise to be a viable and safe alternative for

use in biological systems, with a possible low or null

impact to humans and biota. However, the potential ben-

efits and the environmental and health implications of NPs

need to be globally discussed due to its possible negative

effects.
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CS–LZ Chitosan–lysozyme

NPs Nanoparticles

CS Chitosan

LZ Lysozyme

TEM Transmission electron microscopy
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DLS Dynamic light scattering

XTT Tetrazolium salt

Mw Molecular weight

ROS Reactive oxygen species

kDa Kilo Daltons

PDA Potato dextrose agar

lg/mL Microgram per milliliter

BSA Bovine serum albumin

PI Propidium ioidide

CW Calcofluor-white

CS Chitosan of 153 kDa

Introduction

Nanostructured systems constitute an increasingly impor-

tant nanometric scale type of products, whose use has been

significant in the last decade. Recent progress in nan-

otechnology provides improvements in processing,

designs, and manufacturing systems (Camacho Elizondo

et al. 2011), and nanocomposites are an emergent class of

nanostructured hybrid materials composed of a natural

polymer and an inorganic solid and, on minimum, one of

its components possesses one nanometric scale dimension.

These materials exhibit improved structural and functional

properties for different applications, such as high perfor-

mance and low weight (Patel et al. 2015). The nanostruc-

tured materials (i.e., nanoparticles, nanotubes) possess very

particular characteristics, such as the ability to cross cell

membranes due to their size, besides showing a large

area/surface ratio and therefore a large superficial exten-

sion and high reactivity or functionality (Rhim et al. 2013).

Due to these intrinsic properties, nanoparticles may be

toxic, which can be associated with cellular damages

caused by their bioaccumulation as a result of exposure,

besides changes in biological activities including ROS

generation (Manke et al. 2013). However, taking into

account the environmental hazards, research has been

focused on green nanotechnology, where biopolymers such

as polysaccharides play diverse roles.

At the present time, the use of biodegradable polymers

in nanocomposite technology has received special atten-

tion. These materials, called ‘‘bionanocomposites’’, com-

bine an interdisciplinary research based on materials

science, nanotechnology, and biological science, which can

lead to the development of bionanocomposites with drug

delivery systems (Wang et al. 2016; Zhang et al. 2015) or

environment-friendly applications (Ojijo and Ray 2013).

Formulation of functional biopolymers, such as chitosan,

into nanoparticles significantly increases its antimicrobial

effect; therefore, it is feasible that these particles have the

potential of becoming a promising, safe, and natural

alternative for the control of microorganisms (Cota-Arriola

et al. 2013a; El Guilli et al. 2016; Yien et al. 2012).

The production of nanocomposites, made from antimi-

crobial natural polymers with bioactive compounds such as

chitosan and lysozyme, is an interesting topic in the

development of functional bio-based materials for

biotechnological applications. Several studies have focused

on the application of bionanocomposites in the human

medicine area, as they have been associated with properties

such as antimicrobial, anti-inflammatory, antioxidant,

anticancer, and antidiabetic activity, cholesterol lowering

effect, and mats for pork preservation (Cota-Arriola et al.

2013b; Huang et al. 2012; Lin et al. 2007; Durango et al.

2006; Park et al. 2004; Hirano et al. 1990).

The antimicrobial effect of chitosan-based nanomateri-

als has been previously reported. Chitosan nanoparticles

(NPs) exhibit a better inhibitory activity against fungi like

Candida albicans and Fusarium solani compared to chi-

tosan in solution, and the inhibitory effect was influenced

by size and Z potential of NPs (Yien et al. 2012). In a

previous work, a better in vitro antifungal effect of chitosan

NPs against A. parasiticus spores was observed (Cota-Ar-

riola et al. 2013a). Similarly, layer-by-layer structured

nanocomposites of lysozyme/chitosan/organic rectorite

enhanced the degree of inhibition against Escherichia coli

and Staphylococcus aureus, extending the shelf life of pork

for about 3 days (Huang et al. 2012). The antimicrobial

activity of chitosan can be increased by enzymatic changes

of the native chemical conformation of the biopolymer by

using lysozyme, a non-specific enzyme that can be effort-

lessly obtained at low cost production. The enzyme cat-

alyzes the hydrolysis of b-(1,4) glycosidic linkages

between N-acetyl-D-glucosamine and N-acetylmuramic

acid in polysaccharides from bacteria and chitosan (Zi-

moch-Korzycka et al. 2015), hence cutting down the

molecular weight until fragments of very low molecular

weight of chitooligomers are produced (Ren et al. 2005).

Chitooligomers display better antimicrobial activity

compared to chitosan. For example, a high inhibition of

Listeria monocytogenes growth was observed with chi-

tooligomers of insoluble fractions obtained from enzymatic

hydrolysis with lysozyme, compared to water-soluble

fractions or chitosan (Zimoch-Korzycka et al. 2015). In

addition to the chitooligomers production, the incorpora-

tion of lysozyme into chitosan-based formulations has

proved to be an option to obtain coatings with antibacterial

activity. Active coatings of chitosan–lysozyme effectively

inhibited the growth of E. coli O157:H7 and S. aureus,

which demonstrates the potential of using this material for

antimicrobial packaging (Lian et al. 2012).

Also, coating solutions of lysozyme–chitosan increased

the shelf life of chicken eggs during storage and delayed
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the loss of interior quality (Yuceer and Caner 2014). Chi-

tosan nanomaterials loaded with lysozyme are biodegrad-

able and biocompatible, with a potential for using it as

wound dressings. In these materials, the amount of lyso-

zyme loaded in the nanomaterial matrix decreases when the

initial concentration of lysozyme increases (Charernsri-

wilaiwat et al. 2012).

Regarding the antimicrobial effect, chitosan NPs loaded

with lysozyme preserve the antibacterial activity of the

loaded enzyme against S. epidermidis up to 5 days of

incubation and a slow release over 3 weeks in vitro was

observed (Piras et al. 2014). Despite the enhanced

antimicrobial potential that can result from the combination

of chitosan and lysozyme in the form of nanoparticles,

there is not enough information related to the effect of

these materials on the spore viability and growth of phy-

topathogenic fungi of agronomic importance.

The objectives of this research work were: (a) to syn-

thesize nanoparticles from chitosan–lysozyme solutions

and to study its physicochemical properties, (b) to evaluate

the antifungal effect on the viability, germination and

morphometry of A. parasiticus spores and (c) to determine

the effect on the membrane integrity and b-1,3-glucanase

production quantified as reducing sugar production by

fungi.

Materials and methods

Materials

Commercial chitosan flakes with medium molecular

weight (153 kDa, 78% deacetylation degree, Aldrich cat.

448,877) were used. Commercial lysozyme from chicken

egg white (lyophilized powder, protein C90%, C40, 000

units/mg protein, cat. L6876) was purchased from Sigma-

Aldrich Co.

Strains and microorganisms cultures

Single spore cultures of Aspergillus parasiticus (ATCC

16,992) were prepared and maintained in potato dextrose

agar media (PDA, Bioxon, USA) at 4 �C until their use (Xu

et al. 2013).

Preparation of the chitosan–lysozyme nanoparticles

Nanoparticles (NPs) were prepared according to the

nanoprecipitation technique (Luque-Alcaraz et al. 2012;

Bilati et al. 2005). A chitosan–lysozyme (CS–LZ) solution,

1:1 (w/w) proportion, was used as diffuse phase and

absolute acetone was used as disperse phase. The diffuse

phase was prepared at a concentration of 0.5 mg/mL (w/v)

by dissolving 0.05 g of chitosan flakes in 100 mL of 1% (v/

v) acetic acid solution. Then, the lysozyme was added at a

concentration of 0.5 mg/mL (w/v) by dissolving 0.05 g of

enzyme in the chitosan solution previously prepared. The

CS–LZ solution was maintained under magnetic stirring at

500 rpm for 5 min and aliquots of 2.5 mL were directly

dropped into a glass beaker containing 40 mL of absolute

acetone and Tween 80 (0.05% v/v). The flux was set at

0.87 mL/min using a peristaltic pump (BIO-RAD, USA).

Chitosan (CS) nanoparticles, prepared from a solution

containing 0.5 mg/mL (w/v) (diffuse phase), were used as a

control. The newly formed NPs were used for the charac-

terization and subsequent trials.

Physicochemical characterization of nanoparticles

Morphology

The morphology of the CS–LZ nanoparticles was observed

in a transmission electron microscope (TEM) (JEM 2010F

JEOL, USA). A drop of sample was allowed to dry at room

temperature in a carbon-coated film on a 400-mesh copper

grid (FCF400-Cu) in a vacuum chamber for 18 h. Subse-

quently, observations were made in the field of 200 nm.

The acceleration voltage used for the TEM observations

was 200 kV.

Size, dispersion, and Z potential

Size, dispersion, and Z potential of NPs were determined

by dynamic light scattering (DLS) analysis using a Mobiuz

equipment (Wyatt Technologies, USA), at a controlled

temperature. The system uses a single laser Mobiuz, lon-

gitudinal mode of 45 mW, operated at 532 nm and a

scattering angle of h = 163.5 �C. The analysis of the

experimental data was carried out using the Dynamics

7.3.1.15 software (Wyatt Technology Corporation, USA).

Association efficiency of lysozyme

The amount of lysozyme attached to the nanoparticles was

determined measuring the difference of weight between

that of total lysozyme added to the diffuse phase and that of

lysozyme contained in the supernatant (non-attached).

Samples were centrifuged at 8500 rpm for 20 min and the

association efficiency of nanoparticles was determined. A

100 lL aliquot of supernatant was combined with 900 lL

of G-250 Coomassie blue stain solution, and this mixture

was incubated during 5 min to allow protein staining.

Absorbance of this mixture was measured in triplicate at

595 nm using a spectrophotometer (ELISA, Termolabsys-

tem, China) (Zhang et al. 2013). A standard curve
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(R2 = 0.9561) was prepared using a lysozyme solution (at

concentrations of 50–300 lg/mL) in 1% (v/v) acetic acid

solution. The association efficiency of lysozyme to chi-

tosan in the nanoparticles was defined as the percentage of

the associated lysozyme and was calculated using Eq. (1)

(Luque-Alcaraz et al. 2012):

Associationefficiency %ð Þ
¼ totallysozyme� linkedlysozymeð Þ=totallysozyme½ � � 100:

ð1Þ

Biological characterization of nanoparticles

Effect on the viability of Aspergillus parasiticus

The colorimetric assay using tetrazolium salt XTT

[2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-

carbonyl]-2H-tetrazolium hydroxide] for the quantification

of the number of viable spores was carried out. Menadione

was used as an electron-coupling agent (Meletiadis et al.

2001). A spore suspension containing 4 9 106 spores/mL

was used as an inoculum (Luque-Alcaraz et al. 2016;

Meletiadis et al. 2001).

The assays were carried out using 96-well microplates.

A 100 lL aliquots of the spore suspension was added to

each well and incubated for 4 h at 27 ± 2 �C. Then,

100 lL of nanoparticles (CS, CS–LZ) or lysozyme solution

at different concentrations were added, to achieve final

concentrations (at the well) of 300, 250, 200, 150, 100, and

50 lg/mL. Microplates were incubated for another 4 h at

the same temperature. Finally, 57.06 lL of the XTT–me-

nadione solution was added to each well and samples were

again incubated for 3 h. The absorbance was measured in

triplicate at 450 nm in a spectrophotometer (ELISA, Ter-

molabsystem, China). Sterile Czapek liquid medium was

used as control. From the obtained experimental data, the

concentration of nanoparticles that inhibited 50% of the

spore viability (IC50) was determined by Probit analysis

using the NCSS statistical program (NCSS Inc., USA). The

estimated IC50 values were used for subsequent antifungal

assays.

Effect on the germination of Aspergillus parasiticus

spores

A 700 lL aliquot of Czapek liquid medium was inoculated

into the spore suspension mentioned above, to obtain a final

concentration of 2 9 106 spores/mL and was deposited on

flat-bottom wells of a microtiter plate (Costar, Corning,

USA), previously conditioned with a sterile glass coverslip

in each well. Then, 300 lL of either CS–LZ NPs or CS

NPs suspension was added and homogenized. Plates were

incubated (Nova-Tech, USA) for 24 h at 27 ± 2 �C.

Finally, coverslips with the adhered cells were removed

and 200 spores per coverslip (germinated and non-germi-

nated) were randomly counted using an optical microscope

(Olympus CX-311, Japan). The percentage of inhibition

with respect to the control was calculated (Plascencia-

Jatomea et al. 2003).

Morphometric analysis of spores

The effect of nanoparticles on the average diameter of the

fungi spores was determined by image analysis using

Image-Pro Plus version 6.3 software (Media Cybernetics

Inc., USA). Images from the spore germination assay were

captured using an optical microscope (Olympus CX31,

Japan) connected to an Infinity 1 camera (Media Cyber-

netics, USA). At least 60 measurements per treatment were

made using the 409 objective (Luque-Alcaraz et al. 2016;

Cota-Arriola et al. 2016; Cota-Arriola et al. 2013a).

b-1,3-Glucanases enzymatic assay

b-1,3-Glucanase extracts were prepared in flasks contain-

ing 20 mL of Czapek broth, which were separately inoc-

ulated with 1 9 105 spores/mL of A. parasiticus and

incubated for 96 h at 28 �C. The cultures were centrifuged,

sonicated, and the supernatants were obtained following

the procedure reported (Buitimea-Cantúa et al. 2013).

The effect of either CS nanoparticles or CS–LZ BNCs

on the b-1,3-glucanase activity of A. parasiticus was

determined by the production of reducing sugars, using

12 lL of the supernatant, 125 lL of laminarin 2.5% as

substrate (Sigma-Aldrich, USA), 10 lL of bovine serum

albumin (BSA, Sigma-Aldrich), and 362 lL of 50 mM

sodium acetate buffer, pH 5.2. The mixture was incubated

for 25 min at 37 �C and reducing sugars were estimated at

610 nm following the Somogyi–Nelson method using a

standard curve of glucose (Buitimea-Cantúa et al. 2013).

Effect on Aspergillus parasiticus membrane and cell

wall integrity

An inverted fluorescence microscope (Leica DMi8, USA),

equipped with a 50 W Hg lamp and a filter set (DAPI

excitation 350/50 and emission 460/50, FITC excitation

480/40 and emission 527/30, RHOD excitation 546/10 and

emission 585/40), was used. The digital images were

acquired with a DFC 450C camera (Leica Microsystem,

USA) and a fluorescence overlay software (LAS AF ver-

sion 3.1.0, Leica Microsystem, USA) for image acquisition

and management. Cultures were prepared under the same

conditions used in the spore germination probes and the
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glass coverslips with the fungi grown during 24 h were

stained with the fluorescent biomarkers.

Damage or permeability of fungal membrane after

exposure to NPs was observed using propidium iodide PI

(Sigma, USA), a membrane-impermeable dye. The fungi

was stained with a 3 lM PI solution and incubated for

3–6 h at 28 �C. Cells were visualized using a fluorescence

microscope (Chavan and Tupe 2014; Riccardi and Nicoletti

2006). The effect of CS and CS–LZ nanoparticles on cel-

lulose and chitin contained in fungi cell wall and septa was

analyzed using the fluorescent stain calcofluor-white (Flu-

ostain I, Sigma, USA). Fungi were stained with two drops

of a solution containing 10 lg/mL of fluorochrome, incu-

bated for 30 min at room temperature, and observed under

the fluorescence microscope (Medina-López et al. 2016).

Statistical analysis

Statistical analysis (one-way analysis of variance) on a

completely randomized design was performed using the

JMP software (version 10.0.0, SAS Institute Inc.). Means

for groups in homogeneous subsets were carried out using

the Tukey multiple comparisons test (Tukey’s post hoc

test) at a 95% confidence interval. All data were presented

as the mean value with their indicated standard error

(mean ± SE). The significance level was set at 0.05. Probit

analysis was performed using the NCSS software (version

2001, NCSS Statistical Software, USA).

Results and discussion

Physicochemical characterization of nanoparticles

Morphology

The CS–LZ nanoparticles obtained by nanoprecipitation

showed a defined spherical and regular structure, with

average diameter between 15 and 30 nm (Fig. 1). Some

authors who have used the same nanoprecipitation method

(Luque-Alcaraz et al. 2012) and ionotropic gelation (Piras

et al. 2014) have reported obtaining chitosan nanoparticles

with size about 280–500 and 140–159 nm, respectively,

which may vary depending on chitosan molecular weight,

solvent employed, and the bioactive compound associated

with the nanomaterial matrix. The CS–LZ nanoparticles

diameter obtained in this study were smaller than those

reported by Luque-Alcaraz et al. (2012) and Piras et al.

(2014); however, the shape was similar.

Size, dispersion, and Z potential

Figure 2 shows the size distribution determined by

dynamic light scattering (DLS) analysis of the CS and CS–

LZ NPs prepared with chitosan of 153 kDa. The average

size was 13.4 nm and 11.8 nm for the CS and CS–LZ NPs,

respectively, and a bimodal distribution was observed

(Table 2). Regardless of the lysozyme loaded, the CS–LZ

NPs showed a slight size reduction compared to CS

nanoparticles; however, based on the statistics results, both

NPs did not showed significant differences. The lower

distribution of the average sizes might be related to a

shorter length of the CS chains, favoring the formation of

three-dimensional networks. A population of particles with

larger diameter was observed at significantly lower

intensity.

The size of the NPs obtained by the nanoprecipitation

method was significantly smaller compared to that of

lysozyme-loaded CS nanoparticles prepared by ionotropic

gelation with TPP (Piras et al. 2014). Besides the elabo-

ration method, other factors, such as CS concentration, CS–

protein weight ratio, CS deacetylation degree, and pH of

solution, could have an influence on the particle size (Deng

Q-y et al. 2006; Yien et al. 2012). Moreover, it has been

suggested that when the molecular weight of chitosan is

low, there is a greater flexibility of the biopolymer chains

and a quicker formation of bridges between bacterial cells

and polymeric chains, leading to a strong in vitro

Fig. 1 TEM images of

chitosan–lysozyme (CS–LZ)

nanoparticles. Scale of image:

522 nm. Asterisk samples of

NPs were fixed on a carbon-

coated film on a 400 mesh

copper grid (FCF400-Cu)
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bactericidal effect against S. aureus, Bacillus subtilis, B.

cereus, E. coli, Pseudomonas aeruginosa, Salmonella

typhimurium, Vibrio cholerae, Shigella dysenteriae, Pre-

votella melaninogenica, and Bacteroides fragilis (Ben-

habiles et al. 2012). Also, the growth and spores

germination of fungi such as Botrytis cinerea and Mucor

piriformis were inhibited by chitooligomers (Rahman et al.

2015).

The Z potential of all NPs was positive (Table 1), which

suggests that nanoparticles prepared by nanoprecipitation

may have greater stability in suspension as a result of

repulsive forces, avoiding crowds and precipitation of

material. The surface charge could be attributed to the

presence of the chitosan amino groups (–NH2) on the

particle surface, associated with the polycationic character

of the biopolymer (pH 4.5). The authors suggest that por-

tions of the positively charged lysozyme (pH 6.6) can be

adsorbed onto the CS–LZ nanoparticle surface (Piras et al.

2014).

Association efficiency of lysozyme

The percentage of association between the lysozyme and

chitosan in the CS–LZ nanoparticles matrix was indirectly

determined by quantification of the amount of non-linked

lysozyme (free lysozyme). Nanoparticles showed a high

(P\ 0.05) association value (77.6 ± 6.5%) of lysozyme

on the chitosan matrix. These results confirm the enzyme

entrapment in the NPs matrix, which could be reversible at

neutral pH at 25 �C and release the lysozyme to the media.

The association value obtained in this study was signifi-

cantly higher than those reported by Piras et al. (2014) and

Deng et al. (2006) for the CS–LZ matrixes (8.3–35.0% of

association of lysozyme) obtained by ionotropic gelation

(Deng et al. 2006). It has been reported that ionic inter-

actions between the enzyme and the chitosan as support

provide less leaching and a high entrapment of the com-

pound due to its hydrophilic nature (Datta et al. 2013).

The elaboration method of NPs is one factor that can

affect the association capacity. It is feasible that the chem-

ical cross-linking between chitosan and tripolyphosphate

(TPP, used in ionic gelation techniques) leads to a major

rigidity of nanoparticles and therefore to a major stability of

the polymeric matrix. However, if the matrix is chemically

more stable, a weaker association of lysozyme in the CS–

LZ–TPP complex can occur; therefore, these nanoparticles

produced by the nanoprecipitation method could associate

higher quantity of lysozyme to the matrix, which does not

involve the use of cross-linking agents. However, particles

with strong gelation and hydrogen bonds can be obtained

when TPP and chitosan with high % DD are used, due to

the high amount of chitosan amino groups linked to

tripolyphosphate groups (Xu and Du 2003).

The authors suggest that the coacervation of chitosan (of

high Mw) particles increases the rigidity and package of

chains due to inter and intramolecular interactions, result-

ing in a minor permeability of the particle membrane

surface, which can also affect the release rate of the

encapsulated compound. Besides, chitosan molecules with

extended lineal chain conformations are more flexible,

entangle easier and form more intermolecular hydrogen

bonding, hydrophobic interaction and electrostatic inter-

action, which leads to an increase in the surface tension;

moreover, for the high molecular weight chitosans, the

increase of surface tension is more prominent than that of

low molecular weight chitosans (Qun and Ajun 2006).

Considering the above, it is possible that CS chains

induced the formation of more compact molecular con-

formations and/or three-dimensional networks due to a

compacted molecular arrangement in the diffuse phase,

reducing the surface tension and allowing greater associa-

tion with the lysozyme.

Biological characterization of nanoparticles

Effect on the viability of Aspergillus parasiticus spores

The antimicrobial effect of chitosan, biologically active

chitooligomers and chitosan nanoparticles has been

CSm

Diameter (nm)
10 100 1000 10000

In
te

ns
ity

0

20

40

60

CS 
CS-LZ

Fig. 2 Size distribution of chitosan (CS) and chitosan–lysozyme

(CS–LZ) nanoparticles, obtained by dynamic light scattering (DLS)

analysis

Table 1 Size and Z potential of chitosan and chitosan–lysozyme

nanoparticles

Chitosan (153 kDa) Size (nm) Z potential (mV)

CS 13.4 ± 6.3; 295.8 ?34.9 ± 4.0

CS–LZ 11.8 ± 5.1; 127.1 ?33.5 ± 2.0

Data, followed by their standard errors, are means of ten experiments
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demonstrated, mainly in bacterial species. Chitooligomers

have been effective against Gram-positive bacteria, such as

Listeria monocytogenes (Zimoch-Korzycka et al. 2015), S.

aureus, B. subtilis, and B. cereus; Gram-negative bacteria

like E. coli, P. aeruginosa, S. typhimurium and V. cholera

(Benhabiles et al. 2012); and filamentous fungi such as B.

cinerea and M. piriformis (Rahman et al. 2015). In fungi,

the plasma membrane has been reported as the main chi-

tosan target and the cell wall composition plays an

important role in the sensitivity of filamentous fungi such

as Neurospora crassa and Pochonia chlamydosporia

(Aranda-Martinez et al. 2016).

Regarding the antifungal activity of chitosan nanoma-

terials, a better inhibitory activity against Candida albicans

and Fusarium solani was reported for CS NPs prepared by

ionic gelation from different concentrations of low and

high molecular weight compared to the solution form.

Aspergillus niger was found to be resistant to chitosan NPs

except for those prepared from higher concentrations of

high molecular weight chitosan, and the inhibitory effect

was influenced by particle size and Z potential of CS NPs

(Yien et al. 2012).

In this work, the XTT method was used to evaluate the

antifungal effect of the chitosan–lysozyme NPs on the

spore viability of A. parasiticus. The results showed that

lysozyme had a moderate effect on the viability of fungal

spores and around 60% of viable spores were detected at

the highest concentration tested (250 and 300 lg/mL). A

higher spore viability ([80%) was observed when the

concentration of lysozyme decreased (Fig. 3).

Since Aspergillus species are widely distributed in nat-

ure and are able to grow in a variety of substrates or

environments such as humans, animals, soil, plants,

decaying organic matter, and stored food such as grains

(Plascencia-Jatomea et al. 2014), the results suggests that

A. parasiticus exhibit a low sensitivity to lysozyme that

could be associated with its ability to assimilate low protein

concentrations as carbon and nitrogen sources.

Some lysozymes can kill bacteria by stimulating auto-

lysin activity upon interaction with the cell surface and

extensive hydrolysis of peptidoglycan by lysozyme results

in cell lysis and death in a hypo-osmotic environment

(Salazar and Asenjo 2007). In fungi, lysozyme isolated

from mungbean seeds (Phaseolus mungo) showed strong

activity toward Fusarium oxysporum, and some activity

toward F. solani, Sclerotium rolfsii, Pythium aphanider-

matum, and B. cinerea; however, it had hardly any anti-

fungal effect on Mycosphaerella arachidicola (Wang et al.

2005). Also, the inhibitory activity of lysozyme (from hen

egg white) against 18 phytopathogens was lower than those

by low molecular weight CS and CS oligosaccharides. This

strongly suggests that the depolymerized products of CS

are effective for growth inhibition. Only a medium

inhibition was reported against Valsa mali and F. oxyspo-

rum F. sp. lycopersici (Hirano and Nagao 1989).

When Aspergillus parasiticus was grown in media with

added CS NPs, a spore viability of 38–60% was observed,

which was proportionally reduced when the concentration

of CS NPs in the culture media increased (Fig. 3). This

demonstrates the inherent antimicrobial potential of chi-

tosan, in solution and/or chitosan particles, which has been

previously tested (Cota-Arriola et al. 2013a; Luque-Al-

caraz et al. 2016; Yien et al. 2012). For example, A. niger

was found to be resistant to chitosan NPs except for those

prepared from concentrations of 2 and 3 mg/mL of high

molecular weight chitosan (310 kDa Mw, 85% DD); the

inhibitory activity was measured by broth microdilution

procedure and could only be detected for solutions from

310 and 70 kDa chitosans (Yien et al. 2012). In agreement

with the authors, fungi that have chitosan in the cell are

more resistant to exogenous chitosan, which could there-

fore explain the high resistance of Aspergillus species such

as A. fumigatus and A. niger as it contains about 10% of

chitin in its cell wall (Yien et al. 2012; Klis et al. 2007;

Bernard and Latgé 2001).

The effect of chitosan nanoparticles on the fungi via-

bility may be related to its toxicity. Chitosan NPs (200 nm)

prepared by ionic cross-linking with sodium tripolyphos-

phate caused malformations (bent spine, pericardial edema,

and an opaque yolk) in zebrafish (Danio rerio) embryos.

Also, a decreased hatching rate and increased mortality

(concentration dependent) was observed, besides a high

expression of reactive oxygen species and an overexpres-

sion of heat shock protein 70 (Hu et al. 2011).

In this work, the antifungal effect was higher in A.

parasiticus grown in media with added CS–LZ nanoparti-

cles, and a significant (P\ 0.05) reduction on the spore

Fig. 3 Effect of lysozyme (LZ), chitosan nanoparticles (CS) and

chitosan–lysozyme nanoparticles (CS–LZ) on the spores viability of

Aspergillus parasiticus
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viability was observed with respect to the control. The

maximal value of viable spores was 48% at the lowest NPs

concentration tested (50 lg/mL), which was reduced to a

value of 18% at a higher concentration (300 lg/mL)

(Fig. 3). At all concentrations tested, the antifungal activity

of CS–LZ particles was significantly higher (P\ 0.05)

compared with treatments alone, the chitosan NPs and

lysozyme. This suggests that lysozyme immobilization in

chitosan is feasible to reduce the spore viability of toxi-

genic fungi such as A. parasiticus, since a more effective

antifungal activity can be resulted, which could be related

to a possible synergistic effect when chitosan and lysozyme

are combined. Due to the positive Z potential, interactions

between positive charges on the CS–LZ nanoparticles

surface with negative charges of the cell wall of fungus can

occur. Besides the hydrolytic capacity of lysozyme (Sala-

zar and Asenjo 2007), other explanation may be related to

the chitooligomers production by lysozyme (Zimoch-

Korzycka et al. 2015) and the consequent formation of

oligomers–lysozyme complexes, with enhanced antimi-

crobial activity.

Based on inhibition zone diameters using the disc dif-

fusion method, integration of lysozyme into CS nanopar-

ticles (488 and 613 nm, Z potential of ?21 and ?14 mV,

prepared by ionotropic gelation with TPP at pH of 4 and 5,

respectively) enhanced the antibacterial activity against

Escherichia coli and Bacillus subtilis. For E. coli, breakage

of the basement membrane, leakage of some cytoplasm,

degradation of cells from a round column to an irregular

shape and complete rupture were observed (Wu et al.

2017). Using the same ionotropic gelation method, Piras

et al. (2014) prepared chitosan (Mw 50–190 kDa, DD

75–85%) NPs loaded with lysozyme, which showed a full

in vitro cytocompatibility toward murine fibroblasts and

effectively preserved the antibacterial activity of the

enzyme against S. epidermidis (in about 2 log reduction of

the number of viable bacteria) compared to chitosan NPs.

Although the activity of CS–LZ nanoparticles against

bacteria species has been previously tested, no studies

regarding its effect on the viability of toxigenic filamentous

fungi were reported before, thus hampering the comparison

of the obtained results with others. In a previous work,

chitosan–pepper tree essential oil bionanocomposites

(754 ± 7.5 nm and Z potential of ? 9.1 ± 1.74 mV)

prepared by the nanoprecipitation technique reduced the

viability of fungal spores of A. parasiticus, having about

50% of viable spores in the treatment with higher con-

centrations (200 lg/mL) of chitosan/pepper tree bio-

nanocomposites with respect to the control (Luque-Alcaraz

et al. 2016). As occurred for CS–LZ nanoparticles, the

antifungal effect of CS–pepper tree oil particles decreased

when the bionanocomposite concentration was reduced,

which was attributed to electrostatic interactions of van der

Waals type and hydrogen bonds between the components

present in the fungus cell membrane and the

bionanocomposites.

From the experimental data of the spore viability of

Aspergillus parasiticus assay, CI50 values of 155.2 ± 19.6

and 41.7 ± 6.4 lg/mL were estimated for CS nanoparti-

cles and CS–LZ nanoparticles, respectively, which con-

firmed the strong inhibitory effect of the CS–LZ

nanoparticles on the in vitro viability of fungi. The CI50

estimated doses were used for subsequent biological assays

to assess the antimicrobial activity.

Effect on the spore germination of Aspergillus

parasiticus

The CS and CS–LZ nanoparticles strongly affected the

spore germination of fungi with respect to the control and

an inhibition of 100% was observed at 24 h (Table 2). This

can be attributed to the electrostatic interactions between

chitosan amino groups with fungi cell wall components,

besides the high surface charge (Z potential) and the small

particle size. The inhibitory effect of CS–LZ nanoparticles

against A. parasiticus was higher compared to previous

results for CS–TPP particles (20–80 lm) prepared by

ionotropic gelation, where an inhibition of spore germi-

nation of 77% was observed for A. parasiticus; a lower

inhibitory effect was observed when fungus was exposed to

smaller size particles, which was attributed to the

agglomeration of particles that provides a surface where

the spore may adhere to germinate (Cota-Arriola et al.

2013a). Also, the incorporation of ferulic acid into micro-

and nanoparticles of chitosan potentiated the inhibitory

effect on the spore germination, which was attributed to the

increase of the Z potential of the particles, besides the

calcium chelating potential and electrostatic interactions

caused by chitosan ( Cota-Arriola et al. 2013a).

It has been reported that Cu–chitosan nanoparticles are

more effective at 0.1% concentration and show 89.5, 63.0,

and 60.1% growth inhibition of Macrophomina phaseolina,

Alternaria alternata, and Rhizoctonia solani, respectively,

in in vitro model. The maximum inhibition rates of 87.4

and 87.1% of A. alternate germination were observed for

Cu–CS and CS NPs, respectively, which could be due to

the high superficial charge density that provides a major

binding affinity for negatively charged compounds in the

fungal membrane (Saharan et al. 2015). At 0.12% con-

centration, Cu–CS NPs (374.3 ± 8.2 nm, Z potential

of ? 22.6 mV) caused 70.5 and 73.5% inhibition of

mycelia growth and 61.5 and 83.0% inhibition of spore

germination in A. solani and F. oxysporum, respectively

(Saharan et al. 2015). According to the authors, the Z

potential of Cu–CS NPs is crucial to assess the antifungal

activity and nanoparticle stability.
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Morphometric analysis of spores

Changes in morphometric parameters indicated the mor-

phological changes undergone by the fungus in the pres-

ence of adverse factors in their adaptation and development

(Cota-Arriola et al. 2013a). For fungi, plasma membrane

has been reported as the main chitosan target (Aranda-

Martinez et al. 2016) and morphological anomalies such as

swelling, echinulate spores, delay in breaking dormancy,

polarization, and germ tube emergence have been observed

in spores of A. niger grown in media with added chitosan,

which was explained by interferences caused by chitosan

on the nutrients or minerals (calcium) (Cota-Arriola et al.

2013a; Plascencia-Jatomea et al. 2003).

The exposition of Aspergillus parasiticus to CS–LZ

nanoparticles resulted in a slight increment (P[ 0.05) of

the average spore diameter with respect to control

(Table 2). Based on the above, the swelling caused by the

CS–LZ nanoparticles may be related to electrostatic

interactions that eventually could lead to an osmotic or

oxidative stress. Changes in chemical structure and phys-

iological characteristics of nanoparticles lead to changes in

biological properties and the ROS generation is the most

commonly reported NPs-associated toxicities, where cel-

lular responses (NP–cell interaction, mitochondrial respi-

ration, and immune cell activation) are responsible of

damages mediated by ROS (Manke et al. 2013).

The effect of various nanomaterials is different. Some

nanoparticles induce higher cytotoxicity and oxidative

impairment, whereas others cause higher DNA damage.

Surface properties and chemical composition of particles

may have a key role in the ROS generation. However, the

genotoxicity of nanoparticles at lower exposure doses may

be primarily due to particle shape (Yang et al. 2009).

The swelling of A. parasiticus spores can be also

attributed to the low particle size (\14 nm), which allows

them to penetrate more easily through the fungal cell wall

and membrane, being able to interact with the cellular

material within the spore, thereby causing and unbalance or

stopping metabolic functions. This is supported by the

strong inhibitory effect observed in the germination of

spores of fungi (Table 2), where no germinated spores

were observed at 24 h.

b-1,3-Glucanase enzymatic assay

Cellulases are high molecular colloidal proteinaceous

biocatalyst and the extracellular cellulolytic enzyme sys-

tem consists of three major enzyme components:

endoglucanase, exoglucanases or cellobiohydrolases, and

b-glucosidase or cellobiases. b-Glucanases are required for

hyphal morphogenesis and are believed to play cell wall

remodeling roles during growth and morphogenesis in fil-

amentous fungi. b-1,3-Glucanase is produced by many

bacteria, plants, and fungi such as Trichoderma and

Aspergillus, and are related to the hyphal transformation in

Candida albicans (Xu et al. 2013).

In this work, a significantly (P\ 0.05) low production

of reducing sugars was detected in the culture media with

added CS and CS–LZ NPs with respect to control,

obtaining an inhibition of 75.2% for A. parasiticus grown

in media with added CS–LZ NPs (Table 2). These results

confirm the strong inhibitory effect on the first stage of

fungal growth. Differences on the reducing sugar produc-

tion could be related to affectations on the b-1,3 glucan

production and therefore the b-1,3-glucanase activity, the

main component of the fungi cell wall and enzyme

involved in the synthesis of b-1,3-glucan, respectively.

At the nanoscale level, supported by limited experi-

mental evidence, it was reported that materials have effects

such as oxidative stress and protein denaturation/degrada-

tion, whose possible pathophysiology outcomes are phase

II enzyme induction via transcriptional activation and loss

of enzyme activity, respectively, among others (Nel et al.

2006). The exposition of E. coli to silver NPs resulted in

the leakage of reducing sugars and proteins and induced the

respiratory chain dehydrogenases into inactive state. Many

pits and gaps were observed and the membrane was frag-

mentary, suggesting that Ag NPs affect the permeability of

the bacterial membranes (Li et al. 2010).

Also, a significantly improved antibacterial activity

against S. aureus has been reported for water-soluble

Table 2 Spore germination, spore diameter, and reducing sugar quantification by Aspergillus parasiticus inoculated in culture media with added

chitosan nanoparticles and chitosan–lysozyme nanoparticles, at 24 h, at 27 �C

Treatment Spore germination (%) Spore diameter (lm) Reducing sugars production (lm/mL)

Control 87.6 ± 2.5 4.69 ± 0.074a 501.11 ± 7.25c

Chitosan–lysozyme nanoparticles 0 4.76 ± 0.070a 173.06 ± 13.71b

Chitosan nanoparticles 0 4.90 ± 0.074a 124.54 ± 6.25a

Data, followed by their standard errors, are means of at least three experiments. Treatment means were separated using the Tukey test (P[ 0.05).

Different letters in superscript indicate significant differences (P\ 0.05)

3 Biotech (2017) 7:279 Page 9 of 13 279

123



quaternized carboxymethyl chitosan–Ag NPs (Huang et al.

2016) and Ag NPs coated with chitosan (with different

sizes and shapes) presented antibacterial activity against

clinical stocks of Streptococcus mutans, which was asso-

ciated with smaller NPs (Martı́nez-Robles et al. 2016). For

chitosan, the regulatory functions in a simple fungal–plant

interaction can involve the activation of specific genes in

plants and the complete inhibition of all RNA synthesis in

some fungal organisms and thus suppress gene activity

(Hadwiger et al. 1986). If chitosan can affect the RNA

synthesis in fungi, it is feasible to predict that enzymatic

function may be also compromised.

However, to date no information is available about the

effect of bio-based polymeric nanoparticles on the enzyme

production in bacteria or filamentous fungi species. So, this

is the first report that describes the effect of chitosan and

chitosan–lysozyme NPs on the viability, germination, and

reducing sugars production (associated with the production

of enzymes involved with the cell wall synthesis and cell

differentiation) in toxigenic fungi such as A. parasiticus.

Taking into account that the interaction between

enzymes and NPs is governed by the properties of NPs,

such as structure, size, charge, surface chemistry and shape

(Wu et al. 2009), it is possible that CS–LZ nanoparticles

may damage the structure of fungi cell wall and depress the

activity of membranous enzymes like glucanases, reducing

the glucan synthesis and therefore causing the interruption

of the spore germination. Other cellular components or

important enzymes for metabolism of the fungus can also

be affected.

Effect on the membrane integrity and cell wall

of Aspergillus parasiticus

Silver metallic NPs could enhance the membrane leakage

of reducing sugars from cytoplasm in E. coli. Also, empty

membrane vesicles, disorganized and dispersed membrane

components, were observed (Li et al. 2010). In contrast,

from live/dead assay, the ratio obtained from the microbial

suspensions of nitrifying bacteria and E. coli, PHL628-gfp

treated with Ag NPs (1 mg/L Ag) showed no difference

compared to controls, suggesting that there is no evidence

of cell membrane leakage caused by Ag NPs, Ag? ions or

AgCl colloids (Choi et al. 2008).

In this study, effects caused by CS and CS–LZ nanopar-

ticles on the membrane of A. parasiticus were observed using

propidium iodide (PI) dye, which enter into the cell when the

membrane integrity is compromised. A high amount of non-

stained germinated spores and hyphae were observed in the

control media (Fig. 4a); however, the fungi cells treated with

Fig. 4 Mycelium and spores of Aspergillus parasiticus grown in

culture media with added chitosan and chitosan–lysozyme nanopar-

ticles stained with propidium iodide. a Branched mycelium of fungi

in the control media; b Non-germinated spores treated with chitosan

nanoparticles; c Non-germinated spores treated with chitosan–

lysozyme nanoparticles, showing membrane integrity damages

Fig. 5 Mycelium and spores of Aspergillus parasiticus grown in

culture media with added chitosan and chitosan–lysozyme nanopar-

ticles stained with calcofluor-white. a Branched mycelium of fungi in

control media; b Non-germinated spores treated with chitosan

nanoparticles, and c Non-germinated spores treated with chitosan–

lysozyme nanoparticles, showing low glucan/chitin content (b and c)
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both CS and CS–LZ nanoparticles were stained with PI,

which shows the damage to the cell membrane caused by NPs

(Fig. 4b, c). Only non-germinated spores were observed in

media with added NPs, which is consistent with the results

found in the spore germination assay.

The effect of CS and CS–LZ nanoparticles on the fungi

cell wall polymeric components was determined by staining

with calcofluor-white (CW) dye, which binds chitin and

glucan allowing display the cell wall. When spores and

hyphae grown in control media were observed, a high amount

of stained mycelium was noted (Fig. 5a) that could be related

with the normal growth of A. parasiticus. In contrast, only a

few stained spores grown in media with CS and CS–LZ NPs

were observed (Fig. 5b, c), suggesting a low content or

deposition of glucan and chitin in the fungi cell wall. This is

consistent with the low amount of reducing sugars (Table 2)

detected in media with added NPs, suggesting a low activity

or a low production of glucanase enzymes.

The efg1 and cek1 pathways control the filamentation

process in C. albicans. This process is induced by b-1,3

glucanase, which may be an adaptive and protective

response to enzymes that damage the cell wall glucan (Xu

et al. 2013). Based on the above, it is possible that the CS

and the CS–LZ nanoparticles affected the integrity of the

cellular membrane of A. parasiticus by disturbing the

metabolic pathways related to the glucans synthesis.

With regard to the action mechanisms of nanoparticles,

the model for Ag metallic NPs may be described in two

stages: (1) Ag NPs make a break through the permeability

of outer membrane firstly, resulting in the leakage of cel-

lular materials. (2) Ag NPs enters the inner membrane and

inactivate respiratory chain dehydrogenases, thus inhibiting

respiration and growth of cells. Simultaneously, Ag NPs

may affect proteins and phosphate lipids and induce col-

lapse of membrane, resulting in cell decomposition and

death (Li et al. 2010). Considering the obtained results, it is

possible to deduce that the CS and CS–LZ nanoparticles

affect the viability and growth of A. parasiticus in two

ways: (a) by causing membrane destabilization through

intra- and intermolecular chemical interactions between

functional groups of CS and lysozyme with components of

the cell wall, and (b) by reducing the viability and pre-

venting the germination of spores, possibly due to damages

in the synthesis of the cell wall-associated components or

enzymes (Xu et al. 2013; Hadwiger et al. 1986), as well as

due to the small size of NPs (Wu et al. 2009).

Conclusions

This study demonstrated that with the use of nanoprecipi-

tation technique, it is feasible to obtain chitosan–lysozyme

NPs, with a small size and a strong antifungal activity

against A. parasiticus. In in vitro assays, the CS–LZ NPs

proved to be more effective than CS NPs to reduce the

viability and to inhibit the germination of spores. Structural

affectations could be associated with the b-1,3-glucanase

production, since a diminution in the reducing sugar pro-

duction was detected. The CS–LZ nanoparticle systems

promise to be a viable alternative for agricultural purposes;

however, the potential benefits and applications must be

balanced with environment and health implications, due to

the potential adverse effects on microbial activity.
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