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ARTICLE INFO ABSTRACT

Keywords: In this study, the antifungal activity of chitosan derivatives against A. flavus was studied to understand the
Aspergillus flavus contribution of the molecular mass (Mw) and of the hydrophobic and electrostatic forces to the inhibition of
Amphiphilic chitosan derivatives fungal growth. The interaction of amphiphilics ranging from 8 to 130 kDa with model membranes of zwitterionic
ﬁﬁ;‘]ﬁ‘:ﬁgﬁl L-a-phosphatidylcholine (PC) and anionic L-a-phosphatidylcholine/L-a-phosphatidyl-DL-glycerol (PC:PG,

80:20 mol%) were exploited to obtain information on the inhibition mechanism. The results indicated that
concurrent interactions control the antifungal activity. The decrease in the Mw weakens the self-association
favoring the electrostatic and hydrophobic associations with the cell wall and anionic lipids of the lipid bilayer,
indicating an increasing association of the amphiphilics with the fungal membrane. Laser confocal scanning
microscopy of rhodamine labeled-derivatives and transmission electronic microscopy techniques showed that
the amphiphilics affect the cell wall integrity by inducing the aggregation of hydrophobic constituents of the

Cell wall impairment

conidia.

1. Introduction

Aspergillus flavus has been considered a threat to human health due
to its potential for causing invasive aspergillosis and infections, and due
to its easy dispersion in the air leading to the contamination of agri-
cultural crops, such as peanuts, maize and tree nuts, as well as oilseed
crops (Hedayati, Pasqualotto, Warn, Bowyer, & Denning, 2007). The
pathogenicity is mainly due to the production of carcinogenic afla-
toxins, such as the aflatoxin B1, which is considered the most carci-
nogenic natural agent, capable of causing intoxication in bovine adults,
domestic animals and implicated in hepatocellular carcinoma in hu-
mans (Chang & Ehrlich, 2010; Park & Troxell, 2002).

In the worldwide market of commercial pesticides the use of che-
mical fungicides corresponds to 17.5% (De, Borse, Kumar, & Mozundar,
2014). The mechanisms of action are varied, involving, for instance, the
inhibition of proteins or the deregulation of ergosterol synthesis that
consequently affects cell membranes. Moreover, to ensure greater
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efficacy, the use of a mix of active ingredients is common. The use of
these chemical fungicides has caused great concern since they are
classified as systemic and cumulative contaminants that are also po-
tentially carcinogenic and teratogenic (Fakruddin, Chowdhury,
Hossain, & Ahmed, 2015). Because of their indiscriminate use, in-
creasingly resistant strains have been identified (Mortensen et al.,
2010). Therefore, fungicides based on natural products (Bonilla &
Sobral, 2016), essential oils (Nogueira et al., 2010) and plant defensins
(Lacerda, Vasconcelos, Pelegrini, & de Sa, 2014) are very interesting
options and the search for nontoxic compounds has recently driven the
research in this field (Alkan & Yemenicioglu, 2016).

In this regard, chitosan has emerged as a promising antimicrobial
agent, whose activity has been mainly attributed to the electrostatic
interaction between its polycationic chains and the cell wall and cell
membranes of the microorganisms (Kong, Chen, Xing, & Park, 2010;
Sahariah & Masson, 2017). However, the efficiency of chitosan as an
antimicrobial agent has been shown to depend not only on the target
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microorganism but also on the intrinsic characteristics of the poly-
saccharide such as charge density, molecular weight (Mw), concentra-
tion, amphiphilicity and other physicochemical parameters like ionic
strength, pH and temperature. Chitosan exhibits higher antimicrobial
activity at low pH due to the protonation of its amino groups (Kong
et al., 2010). The importance of positive charge density is supported by
studies that used quaternized derivatives, which exhibited higher an-
timicrobial activity against bacteria (Ignatova, Starbova, Markova,
Manolovaa, & Rashkov, 2006) and fungi (Pedro et al., 2013; Sajomsang,
Gonil, Saesoo, & Ovatlarnporn, 2012; Souza et al., 2013) than plain
chitosan. Besides the positive charge density, molecular weight and the
hydrophilic/hydrophobic balance may also play an important role in
the antimicrobial properties. The modification of the chitosan backbone
through the grafting of alkyl chains (Rinarsson et al., 2010) and aro-
matic groups (Tamera et al., 2017) has been shown to improve the
antifungal and antibacterial activities of chitosan. It suggests that this
improvement may result from the interaction of the amphiphilic chain
with cell membrane phospholipids (Huang, Du, Zheng, Liu, & Fan,
2004; Runarsson et al., 2010). The antimicrobial activity of chitosan
depends either on the type of microorganism or on molecular weight
(Li, Chen, Liu, Zhang, & Tang, 2011). For instance, chitosans of low Mw
showed higher antimicrobial activity against Candida species (Kulikov
et al., 2014; Seyfarth et al., 2008) than those of high Mw (Tayel et al.,
2010). Nevertheless, a fine-tuning on Mw is needed to achieve more
effective molecules (Kulikov et al., 2014).

The Mw effect and the insertion of hydrophobic groups in the
chitosan backbone are currently under investigation. However, further
efforts in the investigation of the characteristics of the mechanism of
action against fungi are required. Among them, the interactions with
the cell wall components, the permeabilization of the fungal plasma
membrane (Palma-Guerrero et al., 2010) and also the results of inter-
actions of chitosan with cytoplasmic constituents (Goy & Assis, 2009).
In particular, the mechanism by which amphiphilic chitosans exert
their activity is not completely understood and investigations in this
regard are pivotal for the preparation of effective antifungal agents.

Recently it has been demonstrated that amphiphilic derivatives of
diethylaminoethyl chitosans have a significant antifungal activity
against A. flavus and A. parasiticus. In general, the results showed that
the antifungal activity was strongly dependent on Mw, hydrophobic
groups content and polymer concentration (Gabriel, Tiera, & Tiera,
2015; Souza et al., 2013). The findings indicated that amphiphilic
chitosans are more effective if they have either high Mw and lower
hydrophobicity or low Mw and higher hydrophobicity.

In this current work, the main purpose was to gain insights into the
mechanism of the antifungal activity of amphiphilic derivatives of
chitosan against A. flavus, which could be related to the cell wall and
cell membrane impairment. By varying the Mw, the role of hydrophobic
interactions on the antifungal activity could be better clarified. A series
of derivatives of varied Mw having fixed contents of diethylaminoethyl

Table 1
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(DEAE) and hydrophobic groups were synthesized and characterized.
The antifungal activities of these derivatives were tested against A.
flavus and their interaction with model membranes made of phospha-
tidylcholine (PC) and phosphatidylcholine-phosphatidylglycerol
(PC:PG) was studied (Lohner & Prenner, 1999; Palma-Guerrero et al.,
2010). Additionally, laser scanning confocal microscopy and transmis-
sion electron microscopy were employed to evaluate structural mod-
ifications in the cell wall.

2. Experimental part
2.1. Materials

Commercial chitosan (CHC) with a degree of deacetylation (DD) of
85% (Polymar, Fortaleza, Brazil) was deacetylated to generate a highly
deacetylated sample with DD of 97%. Sodium acetate, acetic acid, and
sodium hydroxide were purchased from Synth (Diadema, Brazil). 2-
Chloro-N,N-diethylethylamine hydrochloride (DEAE), deuterium
chloride (35%) in deuterium oxide, deuterium oxide, 5,6-carboxy-
fluorescein (CF), egg L-a-phosphatidylcholine (PC) and egg L-a-phos-
phatidylglycerol sodium salt (PG) were purchased from Sigma-Aldrich
Chemical Co. (Sao Paulo, Brazil). Potato dextrose agar (PDA) was
purchased from Acumedia Manufacturers, Inc. (Lansing, USA). Water
was deionized using a Gehaka water purification system. Spectra/Pore
membranes (Spectrum) were employed for dialysis. All solvents were of
reagent grade and used as received.

2.2. Synthesis of the amphiphilic derivatives of diethylaminoethyl chitosan
of varied molecular weight (DEAE-CHp,q)

The amphiphilic derivatives were synthesized in a two-step process
using the highly deacetylated chitosan (CH, DD 97%) as starting ma-
terial. First, CH was modified with 2-Chloro-N,N-diethylethylamine
hydrochloride (DEAE) at pH 8.0, as previously described (Gabriel et al.,
2015), to generate a derivative with a degree of substitution of about
40%. This first derivative was subsequently degraded by sodium nitrite
in acetic acid solution (Huang, Khor, & Lim, 2004; Tgmmeraas, Varum,
Christensen, & Smidsred, 2001). To obtain DEAE-CH derivatives with
varied molecular weights (Mw), the molar ratio of NaNO,/glucosamine
was varied from 0.02 to 0.38 (Table 1). Next, the samples of varied Mw
were recovered by lyophilization and subjected to alkylation with do-
decyl aldehyde followed by reduction with sodium borohydride
(Desbrieres, Martinez, & Rinaudo, 1996; Souza et al., 2013) to reach a
degree of substitution of 0.2 (Fig. 1a).

2.3. Characterization of the amphiphilic derivatives

The DEAE-CH derivatives were characterized by proton nuclear
magnetic resonance (*H NMR) and gel permeation chromatography

Reaction conditions and physico-chemical properties of chitosan and its amphiphilic derivatives.

Polymer “MR Dodecyl/NH, "MR DEAE/NH, *DSpeag (%) **DSpoq (%) ‘MRp NaNO,/CH Mw Mw/Mn CAC (gL ™1 DSguopamine (%)
CHisomp” = 97%) - - - - - 122.4 2.93 - -

DEAE-CH - 0.5 40 - - 136.5  2.97 0.069 0.85
DEAE-CH;36-Dod  0.22 0.5 40 19.3 - 136.5  2.97 0.004 0.52
DEAE-CH;;6-Dod  0.22 0.5 40 19.3 0.02 116.1  2.81 0.006 0.82
DEAE-CH;(-Dod 0.22 0.5 40 18.7 0.09 69.0 2.54 0.009 0.78
DEAE-CH,s-Dod 0.22 0.5 40 18.3 0.21 25.3 2.92 0.013 0.79
DEAE-CHg-Dod 0.22 0.5 40 20.3 0.38 8.7 3.08 0.021 2.67

DSpeag = Degree of substitution by DEAE groups; + +DSp,q = Degree of substitution by dodecyl groups; Mw = Molecular weight (kDa); Mw/Mn = Polydispersity;

CAC = Critical Aggregation Concentrations (gL ™).
% DD = Degree of deacetylation.

® MR = Molar ratios of DEAE and dodecyl aldehydes employed for the synthesis.

¢ MRp = molar ratios of sodium nitrite employed for degradation.
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(GPC) techniques. Samples for 'H NMR analysis were prepared as
previously described (Tiera et al., 2006) and the spectra were recorded
using an Avance III HD 400 MHz spectrometer (Bruker, Billerica, USA).

GPC measurements were performed using an LC20 liquid chroma-
tograph (Shimadzu, Kyoto, Japan) equipped with a RID-10A refractive
index detector (Shimadzu, Kyoto, Japan) using Shodex OHpak SB-803
HQ and OHpak SB-805 HQ columns (Showa Denko K.K., Tokyo, Japan)
and pullulan standards from 805 to 6.2 kDa. GPC analysis was carried
out with the mobile phase of acetic acid 0.3 mol L~ !/sodium acetate
0.2molL™! and a flow rate of 0.8 mL/min at 35°C (Gabriel et al.,
2015).

2.4. Rhodamine-labelled chitosans

To observe the interaction of chitosan and its amphiphilic deriva-
tives with A. flavus by confocal microscopy, compounds were labeled
with a rhodamine isothiocyanate derivative using a previously reported
procedure (Casé et al., 2009). To determine the labeling efficiency,
solutions of the rhodamine-labeled compounds were prepared in an
acetic acid buffer/methanol mixture (v/v) at pH 4.5 and the absorbance
measured at 554 nm. A calibration curve was prepared with solutions
ranging from 3.5 X 10 to 2 X 10~ >mol.L ! using a stock solution of
rhodamine derivative (0.93 mg/10 mL). The degrees of labeling varied
from 0.85% to 2.67% of substituted amino groups (Table 1).

2.5. Self-association: determination of the critical aggregation
concentrations (CAC)

The self-association study of the chitosan amphiphilics was per-
formed according to De Oliveira, Tiera, and Neumann (1996). Stock
solutions of the polymers were injected into a buffer solution of
20 x 10 3mol L ™! acetic acid/acetate, pH 5.5 and ionic strength of
150 x 10 °*mol L™}, containing pyrene at a concentration of
5 x 107 mol L™, under magnetic stirring. The final concentration of
amphiphilics ranged from 1 x 10~ to 0.8 glL. ™', The ratio between

OH
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Fig. 1. a) Structure of the amphiphilic derivatives of varied mo-
lecular weights b) Critical aggregation concentrations (CAC, blue

OH line) and I,/I; ratio of pyrene (pink line, at 0.1 gL ™! of polymer)
as a function of amphiphilic Mw. Data represent the average of
two independent experiments. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)
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the fluorescence intensities of peaks I (372.4 nm) and III (384 nm) of
the emission spectrum of pyrene (I;/I3 ratio) was used to evaluate the
polarity of the local environment and to determine the CAC. The
measurements were made on an F-4500 spectrofluorometer (Hitachi,
Tokyo, Japan) at 25 °C. Pyrene was excited at 310 nm and the spectra
registered from 350 to 500 nm. The I;/I; ratios of the spectra were used
to graphically determine the critical aggregation concentrations (CAC)

2.6. Preparation of large unilamellar vesicles (LUVs)

LUVs made of PC and PC:PG 80:20 mol% were prepared from re-
spective stock solutions as previously described (Cabrera et al., 2008).
Briefly, aliquots of the phospholipid solutions were evaporated to
render thin films free from solvent. These lipid films were hydrated
with appropriate buffers (either 20 x 10~ 3mol L ™! acetic acid/acetate
buffer, pH 5.5, ionic strength 150 x 10~ >mol.L ™!, for zeta potential
and DLS experiments or Tris/HCl buffer containing 1 x 10" 3>mol L ™!
Na,EDTA and 25 x 10 ®molL~! CF, pH 7.4, for the CF-release ex-
periments), vortexed and extruded rendering LUV dispersion of the
desired concentration and of 100-120 nm diameter, as determined by
DLS. LUVs containing entrapped carboxyfluorescein (CF) were obtained
using the same procedure and the free CF was separated using a Se-
phadex G25 gel (GE Healthcare, Pittsburgh, USA) in a PD-10 column,
eluted with the Tris-HCI buffer, pH 7.4. Lipid concentration was con-
firmed by phosphorus analysis (Rouser, Fleischer, & Yamamoto, 1970).
LUV dispersions were kept under refrigeration (8 °C) and used within
24 h.

2.7. Interaction of CH and its derivatives with PC and PC:PG LUVs
monitored by DLS

PC and PC:PG model membranes were used to mimic the fungal
membrane of A. flavus, whose lipid composition is formed mainly by the
zwitterionic lipid PC and the anionic lipid phosphatidylinositol
(Dennison, Morton, Harris, & Phoenix, 2014). Stock solutions of
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chitosan and derivatives were prepared in the same buffer as for LUVs
(20 x 10" 3mol L™ acetic acid/acetate buffer, pH 5.5, ionic strength
150 x 10 3mol L™ ) and injected under gentle magnetic stirring into
1 x1073L (1 x 10 *mol L™ ") of PC or PC:PG (80:20) LUVs. The final
concentration of the polymers ranged from 0.005 to 1.0gL ™! and the
measurements were taken after 30 min of gentle magnetic stirring. Size
and zeta potential measurements were taken in a Zetasizer Nano ZS
(Malvern Instruments, Malvern, U.K.), performed in duplicate with 3
accumulations for each measurement and the average values were used.

2.8. Carboxyfluorescein release study

The release of carboxyfluorescein (CF) was taken as a qualitative
evaluation of the membrane permeability after incubation with chit-
osan and its amphiphilic derivatives. A suspension of CF-entrapped
PC:PG LUVs at a concentration of 1 x 10~ >mol L' was obtained by
dilution with 10 x 10~ 3 mol L™ ! TRIS-HCI buffer, pH 7.4. An aliquot of
CH or its amphiphilic derivatives was added into PC:PG dispersion to
obtain mixtures with increasing polymer concentrations. The fluores-
cence intensity of CF was monitored at 15 min intervals at 520 nm and
compared to dispersions lysed by the addition of 20 pL of 10% Triton X-
100 solution (w/w). Experiments were conducted in a PCl spectro-
fluorometer (ISS, Urbana Champaign, USA), at 25°C, using a 1cm
quartz cell with excitation wavelength set at 490 nm.

2.9. Fungal strains and culture conditions

The antifungal activities of deacetylated chitosan (CH), DEAE40-CH
and its amphiphilic derivatives were tested against A. flavus. The strains
used were kindly provided by the Brazilian Collection of
Microorganisms from the Environment and Industry (CBMAI;
Campinas, Brazil) and were maintained on PDA (200 g/L potato infu-
sion, 20 g/L dextrose, and 15 g/L agar) in the dark at 25 = 2°C.

2.10. Antifungal assays

Solutions of chitosan and derivatives were prepared by dissolving
appropriate amounts of polymers in 50 mL acetic acid aqueous solution
(1.0% w/w). The pH was adjusted to 5.0 and added to sterilized melted
culture medium of PDA in deionized water (10% w/w) to obtain final
concentrations of 0.1, 0.25, 0.50, 0.75 and 1.0 g L.~ *. The culture media
containing increased polymer concentrations were transferred to Petri
dishes. After solidification, the Petri dishes were inoculated with
2 x 107 °L of spores previously counted in a Neubauer chamber. The
inhibition indices of all polymers on the mycelial growth of A. flavus
were determined as described by Souza et al. (2013) on the third day of
cultivation as follows:

Antifungal Index (%) = 1 — (Da/Db) x 100

where Da is the diameter of the growth zone in the test plates and Db is
the growth zone in the control plate. All data were expressed as
mean + S.E.M. Significant differences between groups were de-
termined using Two-way ANOVA with Tukeys multiple comparison
test. All statistical comparisons were made using GraphPad Prism 6.01
(GraphPad Software Inc., San Diego, CA, USA) and values of P < 0.05
were considered to be statistically significant.

2.11. Laser scanning confocal microscopy

To evaluate the interaction of the amphiphilics with A. flavus, the
fungus was grown in the presence of the rhodamine-labeled derivatives.
The slides used in the microscopy were prepared according to the
adaptation of the Agar Block method described by Saggiorato et al.
(2012), where culture medium cubes (PDA) solidified in the presence
and absence of rhodamine-labeled chitosan derivatives (0.5 gL~ ") were
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inoculated with 1 x 10° spores of the fungus. Subsequently, they were
deposited on a sterile microscopy plate, covered by a sterile cover slip
and then incubated for 3 days at 25 °C. The slide and the coverslip with
the adhered hyphae were then fixed using methanol and labeled using
DAPI for the control hyphae (grown in the absence of any polymer)
according to the DAPI Protocol for Fluorescence Imaging (DAPI
Protocol, 2018). Images were taken using an LSM 710 Confocal Scan-
ning Microscope (Zeiss, Oberkochen, Germany).

2.12. Transmission electron microscopy: ultrastructural analysis

The hyphae of the fungus grown in the absence and presence
(0.5gL™") of the chitosan derivatives for 3 days were fixed by im-
mersion in 3% glutaraldehyde plus 0.25% tannic acid solution in
Millonig’s buffer, pH 7.3, containing 0.54% glucose (w/w) for 24 h.
After washing with the same buffer, samples were post-fixed with 1%
(w/w) osmium tetroxide for 1h, washed in buffer, dehydrated in a
graded acetone series and embedded in Araldite resin. Copper grids
with ultrathin sections (50-75nm) were prepared using a diamond
knife and stained with 2% alcoholic uranyl acetate (w/w) for 30 min
(Cotta-Pereira, Guerra, & Bittencourt-Sampaio, 1976), followed by 2%
lead citrate in a 1molL~! sodium hydroxide solution for 10 min.
Samples were evaluated by transmission electron microscopy using a
LEO 906 TEM (Zeiss, Oberkochen, Germany) at 80 Kv.

3. Results and discussion

3.1. Synthesis and characterization of amphiphilic derivatives with varied
Mw

The synthesis was planned to obtain amphiphilic derivatives with a
fixed content of hydrophobic groups and varied molecular weights. The
first step was carried out using CH, DD 97%, which was further mod-
ified to obtain a first derivative containing only diethylaminoethyl
groups with a DS of about 40% (Fig. S1, Supplementary Materials).
DEAE-CH derivatives (DEAE4,-CH) in the range of 8-130kDa were
obtained by degradation with sodium nitrite. GPC traces showed sig-
moidal distributions (Fig. S2, Supplementary Materials) with similar
polydispersities (Table 1). These derivatives were subsequently mod-
ified with dodecyl groups to achieve a fixed hydrophobic group content
for all derivatives. Table 1 shows that the insertion of dodecyl chains
was well controlled and degrees of substitution remained around 20%.
Owing to their amphiphilic nature, intramolecular and intermolecular
interactions dominate their aqueous solution behavior. Hence, as de-
termined by pyrene fluorescence, the critical aggregation concentration
(CAQ) increased by about 5 times as Mw was decreased from 130 to
8kDa (Fig. 1c and Fig. S3, Supplementary Materials). As the degree of
substitution was kept constant, the decreasing CAC values indicate that
longer polymer chains are more prone to form intra- and intermolecular
aggregates. Moreover, above the CAC (0.1 g L™, the I,/1; ratio, which
reports the polarity in the core of aggregates, showed that only the
lower Mw amphiphilic (8 kDa) exhibited more polar aggregates, con-
firming the weaker hydrophobic interactions. However, at higher con-
centrations, the aggregate becomes more hydrophobic and similar I;/13
ratios in the range from 1.2 to 1.3 were obtained (Fig. 1c). Interestingly,
even the derivative exclusively substituted with DEAE groups exhibited
a tendency to self-assemble above 0.1 g/L, as denoted by the break in
the curve of I;/1I5. This indicates that ethyl groups of tertiary amines
confer a certain amphiphilicity to the polycation chain (Fig. S3, Sup-
plementary material).

3.2. Effect of the amphiphilic structure on mycelial growth of Aspergillus
flavus

To investigate the effects of hydrophobic interactions and molecular
weight on the inhibition of growth of A. flavus, the fungus was
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Fig. 2. Effect of amphiphilics molecular weight on the inhibition index of A. flavus at increasing concentrations. Vertical bars with different letters indicate significant
differences according to the two-way ANOVA with Tukeys multiple comparison test (P < 0.05).

inoculated in a culture medium containing increasing concentrations of
the amphiphilics. At the lower polymer concentrations tested (0.1 and
0.25 g .™ 1), the inhibition indexes, as measured by the radial growth of
the colony, remained around 10% and increased in a concentration-
dependent manner (Fig. 2 and Fig. S4). Moreover, the inhibition
showed a clear dependence on Mw, and the lower Mw derivative
(DEAE-CHg-Dod) was more effective, completely inhibiting the growth
of A. flavus at 1.0 gL~'. However, for CHC, CH, and its hydrophilic
derivative DEAE-CH, at the same concentration of 1.0gL™ %, no in-
hibition was observed. Chitosan has been reported to exhibit antifungal
activity against some fungi of the genus Aspergillus, such as A. niger
(Plascencia-Jatomea, Viniegra, Olayo, Castillo-Ortega, & Shirai, 2003)
and A. parasiticus (Cota-Arriola et al., 2011). However, low Mw CH
exhibited only very modest inhibition activity against A. flavus (Gabriel
et al., 2015). The inhibition for A. niger was reported to be triggered
mainly by the electrostatic interactions affecting the spores and the
germ tube emergence (Plascencia-Jatomea et al., 2003) and the spore
germination rate (Cota-Arriola et al., 2011). Our results clearly show
that hydrophobic interactions are very important for the antifungal
activity and the insertion of dodecyl groups, i.e., imparting an increased
amphipathic nature to the polymer backbone was responsible for the
improved activity against A. flavus (Rabea, Badawy, Steurbaut, &
Stevens, 2009). Bearing in mind that hydrophobic interactions play an
important role in the inhibition of A. flavus and that this activity can be
triggered by interaction with the wall and membrane of the fungus,
subsequent steps in the present study were directed to the investigation
of possible mechanisms involved in the inhibition.

3.3. Interaction of the amphiphilics with model membranes

The antifungal mode of action of chitosan on different fungi types
has been widely studied (Goy, Britto, & Assis, 2009) and the electro-
static and hydrophobic interactions with negatively charged cell
membranes have also been recognized as important components of its
antifungal activity (Palma-Guerrero et al., 2010). Hence, and taking
into account that chitosan molecules may diffuse through spores and
reach the cell membrane (Li et al., 2011; Palma-Guerrero et al., 2010),
the investigation of these interactions with PC and anionic PC:PG
(80:20) model membranes and the role of Mw on them, may bring new
insights to the antifungal activity investigation. Although these are
simple mimetic systems of fungal membranes, they exemplify their high
zwitterionic and low anionic characteristics (Dennison et al., 2014;
Loffler et al.,, 2000; Lohner & Prenner, 1999; Losel, 1990; Palma-

Guerrero et al., 2010; Yeaman & Yount, 2003). The interaction of
chitosan and derivatives with liposomes was evaluated by measure-
ments of size and zeta potential of mixtures prepared at increasing
polymer concentrations. Overall, the interaction was influenced by the
presence of hydrophobic groups, Mw and the vesicle surface charge.

The addition of small amounts of CH130 to PC and PC:PG liposome
solutions resulted in abrupt increases on measured average sizes
(Fig. 3a and b), inducing the formation of micrometric aggregates at
polymer concentrations as low as 0.01 g/L. This profile of size variation
was more abrupt in the presence of the negatively charged PC:PG
membranes, causing a rapid charge inversion with the formation of
positively charged aggregates of +20mV zeta potential, while for PC
vesicles, zeta potential reached +10mV at 1.0 gL. ™! of added polymer.
Above certain concentrations, average hydrodynamic diameter (Dh)
decreased denoting an aggregation/disaggregation process that corre-
lated well with the zeta potential values. This trend was also observed
for the interaction of the non-dodecylated derivative DEAE- CH; 3¢ with
PC vesicles (Fig. 3c). However, Dhs of PC vesicles, initially 100 nm in
size, increased only gradually in the presence of DEAE- CH;30, and at
the highest polymer concentration of 1.0gL~! reached 200nm.
Moreover, zeta potential of the mixtures of DEAE-CH;3, with PC ve-
sicles reached higher zeta values (+ 20 mV), indicating a more efficient
adsorption on the liposome surface. Accordingly, the aggregation pro-
cess decreased due to electrostatic repulsion between the charged li-
posomes as reported in earlier studies (Quemeneur, Rinaudo, & Pépin-
Donat, 2008; Tan, Feng, Zhang, Xia, & Xia, 2016). The more efficient
adsorption of DEAE-CH; 39 compared to CH can be explained taking into
account its more hydrophobic character inferred from the fluorescence
studies with pyrene. Hence, its tendency to self-assemble in solution
and its more amphipathic character may favor stronger interactions
with the model membranes, conferring increased positive zeta potential
to the liposomes.

This trend was also observed with the hydrophobically modified
DEAE derivatives (Fig. 3e—j). However, the strength of interaction with
PC and PC:PG liposomes was reinforced by the presence of dodecyl
groups and showed a clear dependence on the Mw and the surface
charge of the liposomes. The insertion of dodecyl groups into DEAE-CH
derivatives provided stronger interactions with PC and PC:PG lipo-
somes and the addition of aliquots as low as 5.0 x 10”3 g.L ™! induced
more abrupt changes on the measured sizes, indicating the formation of
larger aggregates. Moreover, the higher Mw derivatives (DEAE—CH7¢-
Dod, and DEAE—CH;3¢-Dod) induced more sudden changes to PC and
PC:PG vesicle sizes. Besides electrostatic forces, the interaction of
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Fig. 3. Comparative measurements of size (black circles) and zeta potential (red squares) for PC and PC:PG model membranes in the presence of increasing
concentrations of CH;39, DEAE-CH;30 and the dodecylated derivatives of DEAE~CH-Dod of 8, 70 and 130kDa. Error bars correspond to the s.d. of triplicate

measurements of the same sample; when not visible it means it is smaller than the symbol. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

amphiphilic chitosans with phospholipid vesicles has been reported to
be driven by the intercalation of hydrophobic groups into the lipid bi-
layers (Tiera, Tiera, & Winnik, 2010). Hence, the stronger aggregation
provided by the amphiphilics of higher Mw may be explained taking

into account that longer polymer chains offer more hydrophobic groups
for insertion into the model membranes.

The importance of membrane surface charge for the liposome-am-
phiphilic interaction is more clearly seen by comparing zeta potential

438



A.M. Dias et al.

30

25

n
o

Zeta(mV)
= o

0.0 0.2 0.4 0.6 0.8 1.0

Polymer concentration (g.L™")

=y
o
T

Zeta(mV)
o

- DEAE-CHy¢-Dod
< DEAE-CHy¢-Dod

0.2 0.4 0.6 0.8 1.0

Polymer concentration (g.L")

Fig. 4. Zeta potential of (a) PC and (b) PC:PG vesicles as a function of polymer
concentration. The arrow indicates an improved adsorption with the increase of
Mw (8-136kDa). Red filled circles refer to deacetylated chitosan and blue
empty diamonds to the amphiphilic chitosan derivatives of higher Mw, DEAE-
CHj30-Dod. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

values of all mixtures in the presence of PC and PC:PG vesicles (Fig. 4a
and b). The zeta potential of PC vesicles becomes increasingly positive
with the polymer concentration. However, each polymer displays a
different increase and the amphiphilic derivatives of higher Mw were
more strongly adsorbed to the vesicles surface. The negatively charged
membrane of PC:PG vesicles induced stronger interactions with CHj3,
and, compared to the amphiphilic chitosan derivatives, a more sudden
charge inversion took place, producing decorated liposomes with more
positive zeta potential values of +28 mV and zeta potential variation,
Azeta, above +40mV (Fig. 4b). Although the addition of the amphi-
philic chitosan derivatives to PC:PG suspension had also resulted in a
steep increase in zeta potential, the final values remained around
+22mV. This difference can be explained taking into account that the
chains of CH;30 remain free in the bulk and accordingly, available for
the adsorption process, while for the amphiphilics, the availability of
free chains is diminished by the concurrent self-aggregation process. It
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can also be speculated that, for CH;39, 2 more extended polymer chain
is expected that would favor its bending and adsorption on the vesicular
surface (Mertins & Dimova, 2011), whereas for the amphiphilic chit-
osan derivatives, the intramolecular hydrophobic forces may lead to
more coiled conformations restraining the adsorption onto the vesicles.
Fig. 4b shows the effect of Mw on the adsorption process, where slightly
more positive zeta potential values are produced by higher Mw deri-
vatives (DEAE-CH;,4-Dod and DEAE-CH,y-Dod).

As previously reported, the adsorption of chitosan onto phospho-
lipid vesicles is driven mainly by electrostatic interaction and it is re-
inforced by the presence of negatively charged phospholipids
(Quemeneur et al., 2008). Alterations of and damage to cell membranes
of fungi with chitosans of low Mw against Candida species (Kulikov
et al., 2014) and Neurospora crassa (Palma-Guerrero et al., 2009) have
been reported. On the other hand, a fungistatic mechanism has been
proposed for Aspergillus parasiticus and attributed to the high Mw
(170-300kDa) of the chitosan samples used (Seyfarth, Schliemann,
Elsner, & Hipler, 2008). Results shown here confirm that a combination
of grafting with DEAE, hydrophobic groups and a precise control of Mw
is a promising way to achieve stronger interactions with the cell
membrane.

To evaluate the ability of these amphiphilic chitosan derivatives of
permeabilizing the model membranes, the interaction was studied
using CF-loaded vesicles (CF-PC:PG, Fig. 5). In general, no leaking was
observed for the amphiphilics tested and a comparative experiment is
shown in Fig. 5a. It can be noticed that, after addition of the amphi-
philic DEAE-CHg-Dod (cuvette B at the center of the picture), the so-
lution becomes slightly cloudy due to aggregation. However, no visible
sign of the characteristic yellowish-green color of diluted CF can be
seen. The fluorescence of CF-loaded PC:PG vesicles was monitored in
the presence of increasing concentrations of DEAE—~CHg-Dod and
DEAE—CH;30-Dod and these are shown in Fig. 5b and c, respectively.
As can be seen from these figures, the addition of both amphiphilics in
the range of 0.03-1.0 g/L did not produce any increase in the fluores-
cence intensity. In addition, the aggregation induced by the polycations
increases the scattered light, decreasing the intensity and supporting a
mechanism of adsorption of polymer chains on the negatively charged
vesicular surface (Fig. 5b and ¢, pink bars). Moreover, this result in-
dicates that, in this concentration range, the integrity of the lipid bi-
layer is not compromised, since for all three tested concentrations, no
fluorescence increase was observed.

The PC:PG coated vesicles were subsequently challenged by adding
TRITON-X100 to induce the disruption of the bilayer. For the lower
polymer concentrations of 0.03gL~! and 0.25gL™!, the coating is
partial and the fluorescence intensity increased because of CF leaking
(Fig. 5a and b, green bars). Further addition of polymer, at the con-
centration of 1 gL ™", produced the charge reversion and a more com-
plete coating of the vesicular surface. Hence, the addition of TRITON-
X100 resulted only in minor increases in fluorescence, corroborating
the interpretation given to DLS and zeta potential measurements
(Fig. 3) and supporting the proposal of formation of stabilized lipo-
somes (Quemeneur, Rinaudo, Maret, & Pépin-Donat, 2010; Tan et al.,
2015, 2016). However, the formation of pores cannot be disregarded by
the present results, being dependent on the type of liposome (Mertins &
Dimova, 2013) and the concentration used in the experiment (Tan
et al., 2015).

Overall, it can be concluded that the presence of hydrophobic
groups in the polymer backbone may give place to polymer-polymer,
polymer-cell wall and polymer-cell membrane interactions. The in-
hibition assay showed that the decrease in molecular weight resulted in
an increased antimicrobial activity, revealing that Mw is an important
factor and its increase strengthens the intermolecular polymer-polymer
hydrophobic forces. This interpretation is supported by the lower CAC
values (Table 1) and indicates that self-aggregation of the higher molar
mass amphiphilic derivatives limits their antimicrobial activity, in-
dicating a concurrence between the self-aggregation and the interaction
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Fig. 5. a) Experiment of dye leakage of entrapped CF from PC:PG LUVs in the absence of polymer: cuvette A (negative control); cuvette B, after addition of 1.0 gL ™"
of DEAE-CHg-Dod; and cuvette C, after addition of Triton X-100, positive control. Fluorescence intensity of CF-loaded PC:PG vesicles as a function of b) DEAE~CHg

—Dod and ¢) DEAE—~CH;35 —Dod concentration.

with the fungal structures.

The results from the study with PC and PC:PG membranes clearly
suggest that besides hydrophobic interactions, the electrostatic inter-
actions originating from the presence of negatively charged lipids in-
creases the adsorption to the membrane surface. As previously re-
ported, anionic lipids are also found in the composition of the fungal
membrane of A. flavus, mainly phosphatidylinositol, at about 15%
(Dennison et al., 2014). Hence, increased adsorption of the amphiphilic
derivatives on the membranes is driven by the negative lipids of A.
flavus and supports the higher antifungal activity of the lower Mw de-
rivatives DEAE-CHg-Dod and DEAE-CH,s5-Dod, which exhibit weaker
polymer-polymer self-associations. In support of this interpretation, a
similar result was reported for amphiphilic quaternary oligomeric
chitosan derivatives, whose antibacterial activities were higher than
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those obtained with the higher MW chitosan polymer (Riinarsson et al.,
2010). Moreover, the stronger hydrophobic and electrostatic interac-
tions with the cell membrane may potentialize the stress responses of
the fungus. As demonstrated for other fungi types, such as Ustilago
maydis (Olicén-Herndndez, Uribe-Alvarez, Uribe-Carvajal, Pardo, &
Guerra-Sanchez, 2017), R. stolonifera (Alfaro-Gutiérrez, Guerra-
Sénchez, Hernandez-Lauzardo, & Velazquez-del Valle, 2014), Candida
albicans (Pena, Sanchez, & Calahorra, 2013) and Neurospora crassa
(Lopez-Moya et al., 2016), the permeabilization of the cell membrane,
triggers the oxidative stress. Hence, as indicated by our study, the
higher ability of our amphiphilic derivatives of binding to the cell
membrane cannot be neglected and contributes to the inhibition of the
fungal growth.
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Fig. 6. Laser confocal scanning microscopy of A. flavus grown in PDA labeled with DAPI (Control), exhibiting preserved conidiophore, vesicle and conidia, and the
fungus treated with DEAE-CH and its dodecylated derivatives of higher and lower molecular weight, DEAE-CH;3¢-Dod and DEAE-CHg-Dod, respectively, displaying
distorted conidiophore, shrunken vesicles, and a decreased population of conidia (DEAE-CHg-Dod). Magnification: 1200 X .

3.4. Interaction of amphiphilic derivatives and the fungus monitored by
laser confocal scanning microscopy and electronic transmission microscopy

The interactions between the amphiphilic derivatives and the cell
wall and the cell membrane were investigated by confocal microscopy.
The rhodamine-labeled derivatives were incubated with A. flavus to
evaluate the ability of the amphiphilic compounds to adhere to the
fungal structures. Fig. 6 shows the images obtained from non-treated
fungus, the hydrophilic chitosan derivative DEAE-CH and its deriva-
tives of higher and lower Mw (DEAE-CH;34-Dod and DEAE-CHg Dod).
The images show that chitosan and all tested amphiphilics strongly
adhered to the hyphae, phialides and conidiophores. The fungus treated
with DEAE-CH showed preserved structures with no visible alterations
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of the morphology, similar to the non-treated fungus (Fig. 6, control).
Confocal images also show that the fungus growth in the presence of
DEAE-CHg-Dod or DEAE-CH,;3¢-Dod exhibited alterations and distor-
tions on the conidiophore, shrunken vesicles and a decreased con-
idiophore population.

More details regarding the consequences of these interactions on the
conidia were obtained from TEM. Fig. 7a—c show the conidia of non-
treated fungus, which exhibited a preserved cell wall (CW) structure
with a uniform distribution of layer constituents surrounding the cell
membrane. On the other hand, A. flavus treated with DEAE-CH (Fig. 7d
and e) exhibit some regions in which the structure is preserved but also
some areas where an aggregated phase is visible denoted by small black
spots. These small aggregates are more easily observed for the fungus
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Fig. 7. Scanning electron micrographs of A. flavus grown on PDA nutrient agar. (a, b and c) In the absence of polymer showing well-defined conidia with a preserved
cell structure. (d and e) In the presence of DEAE-CH with partial aggregation of the cell wall. (f, g) In the presence of DEAE-CH;3¢.Dod and (h, i) in the presence of
DEAE-CHg-Dod. The final four images (f-i) exhibit an extensive aggregation of the cell wall constituents. Magnification Figures: (a): 5000 x, (b, g): 50000 X, (c, d, e,
i): 75000 %, (f, h): 2500 x.

treated with DEAE-CH;36-Dod (Fig. 7f and g) and DEAE-CHg -Dod Saprolegnia parasitica, in which the cell wall was observed either thinner
(Fig. 7h and i). Similar ultrastructural alterations had been observed in or thicker than normal and the membrane was only partially visible
an earlier study on the interaction of chitosan derivatives with (Muzzarelli et al., 2001).
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It is well known that the cell wall is a vital structure for fungi,
especially for protection against dehydration and against changes in
osmotic pressure and attack of pathogens. In particular, hyphae have
hydrophobic proteins and the surface of conidia reported to have a
layer of “rodlets”. One of the suggested functions of rodlets is to act as a
water repellent, with structures known as “hydrophobins” that have a
hydrophobic and a hydrophilic part (Erwig & Gow, 2016; Littlejohn,
Hooley, & Cox, 2012). Our results indicate that the amphiphilic nature
of the chitosan derivatives favors the electrostatic targeting of hydro-
philic components and strong interactions with the hydrophobic rodlets
present in the cell wall (Fig. 8). Moreover, melanins are hydrophobic
pigments polymerized from phenolic or indolic compounds that have
high molecular weight, negative charge and are also present on the wall
of the conidia (Erwig & Gow, 2016). Therefore, the aggregates ap-
pearing in the images may result from hydrophobic and electrostatic
interactions with the conidia pigments. Altogether these effects con-
tribute to the breakdown of the defense barrier allowing the access of
amphiphilic chitosans to the cell membranes. Hence, after binding to
the conidial surface, the amphiphilics might affect the morphogenetic
events responsible for growth and germination. Additionally, the lower
Mw derivatives may more easily cross the cell wall, reaching the plasma
cell membrane of the fungus, which in turn may affect the membrane
permeability properties (Palma-Guerrero, Jansson, Salinas, & Lopez-
Llorca, 2008), triggering other mechanisms such as membrane function
impairment.

4. Conclusions

Amphiphilic derivatives of chitosan of varied molecular weights and
with fixed contents of tertiary amino groups and hydrophobic grafts
were successfully synthesized. The in vitro assay showed that hydro-
phobic groups have a central role in the antifungal activity of these
amphiphilics and that the decreasing Mw was pivotal to achieving
higher inhibition of the fungal growth. Moreover, our results show that
polymer-polymer and polymer-fungus interactions are concurrent and
that, by increasing Mw, polymer-polymer interactions were favored,
decreasing the antifungal activity. The study of the interaction with
model membranes showed that these amphiphilics strongly partition to
the cell membrane surface. This adsorption is greatly reinforced by the
presence of negatively charged lipids, which are also found in the
composition of the fungal membrane of Aspergillus flavus. Considering
that, for the lower molecular weight chitosan amphiphilics, the

Aggregation
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Fig. 8. Schematic representation of the adsorption of amphi-
philic DEAE-chitosan on cell wall and cell membrane of A.
flavus resulting from interactions with their chains and ag-
gregates. Hydrohobins and melanin are more prone to ag-
gregation due to their amphiphilic character and anionic
charges. Amphiphilic chains of lower Mw can also interact
with the cell membrane affecting its permeability.

polymer-polymer interactions are weaker, they were more likely to
interact with cell wall constituents. Further investigation using CLSM
demonstrated the strong interaction of the polycations with the con-
idiophores and conidial head, directly affecting the sporulation phase.
The aggregation of constituents of the cell wall, which were induced by
the amphiphilic derivatives, was shown by transmission electronic
microscopy and indicates that the integrity of the cell wall is affected.
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