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ARTICLE INFO ABSTRACT

The antimicrobial activity of chitosan and derivatives to human and plant pathogens represents a high-valued
prospective market. Presently, two low molecular weight derivatives, endowed with hydrophobic and cationic
character at different ratios were synthesized and characterized. They exhibit antimicrobial activity and in-
creased performance in relation to the intermediate and starting compounds. However, just the derivative with
higher cationic character showed cytotoxicity towards human cervical carcinoma cells. Considering cell mem-
branes as targets, the mode of action was investigated through the interaction with model lipid vesicles mi-
micking bacterial, tumoral and erythrocyte membranes. Intense lytic activity and binding are demonstrated for
both derivatives in anionic bilayers. The less charged compound exhibits slightly improved selectivity towards
bacterial model membranes, suggesting that balancing its hydrophobic/hydrophilic character may improve ef-
ficiency. Observing the aggregation of vesicles, we hypothesize that the “charge cluster mechanism”, ascribed to
some antimicrobial peptides, could be applied to these chitosan derivatives.
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crop protection (Bautista-Banos et al., 2006). Regarding its anti-
microbial activity, the mechanism of action is influenced by intrinsic

1. Introduction

The demand for biodegradable and non-toxic antimicrobials is an
increasing field of research for controlling plant pathogens and a
variety of harmful microorganisms to human health. Chitosan has been
one of the most studied polysaccharides for this purpose. To provide
additional properties and applications to chitosan, the synthesis and
characterization of new derivatives has been extensively explored
through its functionalization with hydrophobic and hydrophilic groups
(Benediktsdottir, Gudjonsson, Baldursson, & Masson, 2014; Huo et al.,
2010). Special attention has been given to its use in antimicrobial
coatings (Kong, Chen, Xing, & Park, 2010; Rabea, Badawy, Stevens,
Smagghe, & Steurbaut, 2003), fungicides (Rabea et al., 2005; Radulescu
et al., 2015), bactericides (Li et al., 2011; Seo, King, Prinyawiwatkul, &
Janes, 2008), packaging materials (Gonzalez-Aguilar et al., 2009), and

parameters, such as the molecular weight, the degree of deacetylation,
the amphiphilic nature, the chelating ability and the physical state
(Kong et al., 2010). Also, its activity is dependent on the type of mi-
croorganism and other environmental conditions as pH and ionic
strength (Kong et al., 2010; Rabea et al., 2003).

In general, the antimicrobial activity of plain chitosan is more ef-
fective at pH « 6.0 due to protonation of the amino groups, which
provides water solubility and a positive charge density to the macro-
molecular chain, enabling stronger interactions with the cell membrane
of the microorganisms (Kong et al., 2010). Although the exact me-
chanism of action is unknown, it is well accepted that this interaction
may lead to the damage of the cell membrane and leaking of the in-
tracellular constituents (Jung, Kim, Choi, Lee, & Kim, 1999; Xing, Chen,
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Liu, Cha, & Park, 2009). The activity may occur even at low con-
centrations («0.2 gL.™!) through the binding to negatively charged
surface of the microorganisms, causing agglutination, while for higher
concentrations the binding may also provide a positive surface main-
taining the cells in suspension (Sudarshan, Hoover, & Knorr, 1992).

The molecular weight is considered one the most important para-
meters for providing antibacterial and antifungal activity and has been
extensively studied (Seyfarth, Schliemann, Elsner, & Hipler, 2008).
However, the results found in the literature are controversial; they
depend on the physical state (in solution or solid coating) and the type
of fungi or bacteria used (Gonzalez-Aguilar et al., 2009; Guo et al.,
2008; Xing et al., 2008). For example, quaternary derivatives have been
reported to exhibit good antifungal activities against Botrytis cinerea
Pers. and Colletotrichum lagenarium, and the results indicated that high
molecular weight derivatives were more efficient than the low ones
(Guo et al., 2008). Also, high activity has been reported against Candida
species and Escherichia coli for oligomeric chitosans (Kulikov et al.,
2014).

Based on studies using phospholipid vesicles as model membranes it
has been shown that the interaction of chitosan with large unilamellar
vesicles resulted in positively decorated vesicles due to chitosan ad-
sorption onto the membrane. It is suggested that the adsorption process
involves both electrostatic and hydrophobic interactions (Quemeneur,
Rinaudo, & Pépin-Donat, 2008). Moreover, alterations in the vesicles
structure have been shown to take place by insertion of chitosan chains
into the membranes (Fang, Chan, Mao, & Leong, 2001; Mertins,
Cardoso, Pohlmann, & da Silveira, 2006; Mertins, Sebben, Pohlmann, &
da Silveira, 2005).

To produce highly active derivatives against bacteria species, the
attaching of hydrophobic groups (de Oliveira Pedro et al., 2013; Viegas
de Souza et al., 2013) and biologically active moieties is an important
strategy (Fernandez-Megia, Novoa-Carballal, Quifiod, & Riguera, 2007).
The limitation of hydrophobic derivatives is mainly due to their poor
aqueous solubility at neutral pH and quaternary derivatives seem to be
a good alternative to overcome this limitation (Rtnarsson et al., 2010).
We have previously shown that the interaction of chitosan and its N-
dodecyl and poly(ethylene glycol) derivatives with 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine vesicles altered the gel-liquid crystalline
phase transition temperature and decreased both the enthalpy and co-
operativity of the phase transition (de Oliveira Tiera, Winnik, & Tiera,
2010). These results indicate that adsorption on vesicles surface and
incorporation of these amphiphilic derivatives into the lipid bilayer
could lead to vesicles disruption and reorganization (Mertins & Dimova,
2013).

Considering the importance of microbial membranes as the target
for new drugs to avoid the rapid development of resistance mechan-
isms, we engineered cationic derivatives of chitosan with features that
could profit from this advantage for new antimicrobial or antitumor
agents. From highly deacetylated chitosans of low molecular weight we
prepared compounds that were subjected to a reductive amination re-
action with dodecylaldehyde, and subsequently quaternized with me-
thyl iodide to provide solubility at neutral pH. Then, we assessed the
antimicrobial activity toward Gram-positive and Gram-negative strains
and the cytotoxicity toward human cervical carcinoma cells. The results
obtained in the bio-assays lead us to investigate the interaction of the
precursors and derivatives with model membranes of different lipid
compositions that mimic bacterial (Lohner & Prenner, 1999; Matsuzaki,
Sugishita, Fujii, & Miyajima, 1995), tumoral (Dobrzyniska, Szachowicz-
Petelska, Sulkowski, & Figaszewski, 2005; Zwaal, Comfurius, & Bevers,
2005) and erythrocyte membranes (Lohner & Prenner, 1999). This
novel and embracing approach helps to understand the mode of action
underlying these activities of chitosan and derivatives, which are un-
derexplored and neither clear nor easy to comprehend (Verlee, Mincke,
& Stevens, 2017). Considering the hypothesis that the cationic charge of
these compounds will make them target the anionic membranes, we
determined their binding through zeta potential measurements. Then,
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their ability to disturb the model membranes was evaluated by the lytic
activity and changes of the lipid packing monitored in fluorometric
experiments. Using dynamic light scattering we verified the clustering
ability of the compounds. The results are discussed in relation to the
degree of substitution of the derivatives, which impart different hy-
drophobic/hydrophilic features, and interpreted under the light of the
mechanisms of action similarly proposed for cationic antimicrobial
peptides as the charge cluster mechanism (Epand, Maloy,
Ramamoorthy, & Epand, 2010). The high local density of cationic
charges in chitosans clusters anionic phospholipids away from the
zwitterionic ones, disturbing the barrier properties of the membranes,
promoting leakage and also recruiting other vesicles for charge neu-
tralization.

2. Experimental section
2.1. Materials

Chitosan, 85% DDA was purchased from Polymar Co., Fortaleza,
Ceard, Brazil. Dodecylaldehyde, methyl iodide, sodium cyanoborohy-
dride, deuterium chloride (35%) in deuterium oxide, deuterium oxide,
5,6-carboxyfluorescein (CF), diphenylhexatriene (DPH), cholesterol,
and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bromide
(MTT) were purchased from Sigma Aldrich (St. Louis, MO). Egg L-a-
phosphatidylcholine (PC) and egg L-a-phosphatidylglycerol sodium salt
(PG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-i-serine sodium salt
(PS) and cardiolipin (CL) were supplied by Avanti Polar Lipids
(Alabaster, AL). Dulbeccés modified eagle medium (DMEM), fetal bo-
vine serum (FBS), 1-glutamine, and penicillin/streptomycin were pur-
chased from Life Technologies (Sao Paulo, Brazil). SpectraPore mem-
branes (Spectrum Laboratories, Rancho Dominguez, CA) were
employed for dialysis. All solvents and reagents were of high quality
analytical grade and used as received. Water was deionized or ultra-
pure.

2.2. Synthesis of the derivatives of chitosan

The synthesis is summarized in Fig. SI1. The derivatives were syn-
thesized using 98% deacetylated (by '"H NMR) and degraded chitosan
sample (CH2; Mw 12.0 kDa and Mw/Mn 1.34; Fig. SI2a), which was
obtained following a previously described procedure (Tiera et al.,
2006). Shortly, CH2 was subjected to hydrophobic modification
through reductive amination with dodecylaldehyde (Desbriéres,
Martinez, & Rinaudo, 1996), and the dodecylated derivative (CHDD)
was quaternized as detailed elsewhere (Rtinarsson, Holappa, Jonsdéttir,
Steinsson, & Masson, 2008).

To produce a derivative containing 20% dodecyl groups (CHDD20),
0.5 g of CH2 was dissolved in a mixture of 90 mL acetic acid 2% and
50 mL ethanol. The pH was adjusted to 5.7 and, while stirring, 0.15 mL
of dodecylaldehyde dissolved in 20 mL ethanol was drop wise added to
the reaction mixture. It was continuously stirred for 24 h at room
temperature; sodium cyanoborohydride (6:1, NaCNBH3:NH.,,
mol mol™1) was added after the first hour. Thereafter, the reaction
mixture was precipitated by adding aqueous NaOH (1.0 molL™1),
centrifuged, washed with water and methanol and dried at 50 °C for
24 h (Table 1). The quaternization using methyl iodide (Rtnarsson
et al., 2008) was carried by dispersing 0.5 g of the CHDD20 in 25 mL
DMF/water (50:50) under vigorous magnetic stirring. Based on the
amino groups content of CHDD20, sodium hydroxide and methyl iodide
were added to the solution at equivalent ratios of 3:1 and 6:1, respec-
tively. Then, the mixture was stirred at room temperature and after
48 h the addition was repeated at the same ratio. This step was again
repeated twice to generate CH30 and three times for CH50. The pH was
monitored and maintained above 7.0 by addition of solid sodium hy-
droxide (Rtnarsson et al., 2008). The reaction mixture was dialyzed
(using a membrane of 3500 g mol ™! MWCO) against water for 5 days
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changing the dialysis water twice a day. The product was freeze dried in
a lyophilizer (Thermo Electron Corporation, USA), and subsequently
purified in a Soxhlet system using chloroform to remove non-reacted
dodecylaldehyde. The derivatives were characterized by 'H NMR, re-
corded using a Bruker ARX-500 500 MHz spectrometer.

2.3. Preparation of chitosan and derivatives solutions

Chitosan derivatives (~1mg) were dissolved in acetic acid
0.01 mol L™ at the stoichiometric amount plus 10% excess considering
the fraction of protonable amine groups. The solution was kept under
stirring for at least 12 h at room temperature. This stock solution was
diluted with equal volume of buffer, Tris-HCl 30 mM for the dye
leakage experiments and biological tests or buffer citrate/phosphate
(10 mmol L™ 1C¢Hg07, 10 mmol L™ Nay,HPO,, 150 mmol L™ ! NaF) pH
5.5 for the biophysical experiments.

2.4. Bactericidal assay

The antimicrobial activity was assayed by the suppression of growth
of E. coli (DH5a strain, Invitrogen) and S. aureus (ATCC 25923) in-
cubated with different concentrations of chitosan derivatives. Bacteria
were grown in Luria-Bertani broth liquid medium to an ODggo of 0.3
(240 x 10° CFUmL™"). Samples were diluted to a concentration of
24 x 10°CFUmL ™! and incubated for 3h at 37 °C with different
concentrations of chitosan derivatives. Next, the ODgo of the samples
was measured in a Spectrophotometer Hitachi U-2910 (Hitachi High
Technologies, San Jose, USA) or in a FlexStation 3.0 (Molecular
Devices, Sunnyvale, USA).

2.5. Cell cytotoxicity

The cell toxicity was assessed by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction inhibition assay
(Berridge & Tan, 1993). Human cervical carcinoma (HeLa) cells were
cultured at 37 °C in humidified air with 5% CO, in DMEM medium
supplemented with 10% fetal bovine serum, 2mmol L ™! glutamine,
100 units mL ™" penicillin and 100 mg mL~! streptomycin. The cells
were plated at a density of 5000 cells per well in 96-well plates in
100 pL of culture medium. The cells were incubated for 24 h with the
desired concentration of chitosan derivatives. Next, 10 uL. of MTT
(10 mg mL™1) were added to each well. After 2h, 100 pL. of DMSO
were added to each sample that was incubated at room temperature
until complete cell lysis. The absorbance of the formazan was measured
at 570 nm in Ultra Microplate Reader EL 808 (Bio-Tek Instruments).

2.6. Self-association: determination of the Critical Aggregation
Concentrations (CAC)

The aggregation properties of chitosan and derivatives were in-
vestigated using pyrene as a probe in a Cary Eclipse — Varian fluores-
cence spectrometer, at 25.0 + 0.1 °C. Stock solutions were added to a
citrate/phosphate buffered solution of pyrene (5.0 x 10~7 mol L™ %;
pH 5.5) under magnetic stirring, and fluorescence spectra were re-
corded after each addition. The ratio between the fluorescence in-
tensities of peaks I (375nm) and III (386 nm) of pyrene emission
spectrum (I;/I3 ratio) was used to evaluate the polarity of the local
environment and to determine the CAC (Vieira, Moscardini, Tiera, &
Tiera, 2003). Pyrene was excited at 310 nm (slit 20 nm) and the
emission (slit 1.5 nm) was recorded from 350 to 550 nm.

2.7. Large unilamellar vesicle (LUV) preparations
Lipid films at the desired composition were prepared by mixing

aliquots of the stock solutions of phospholipids, evaporating the solvent
under a gentle nitrogen flow, and further drying under vacuum for at
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least 3 h. Then, films were hydrated with appropriate buffers (either
10 mmol L™ ! Tris-HCl, 1 mmol L™ ! Na,EDTA, containing 25 mmol L ™*
CF, pH 7.4 for the CF-filled LUVs, or 10 mmol L™ CgHgO,
10 mmol L™ ! Na,HPO,, 150 mmol L~ ! NaF, pH 5.5 in the biophysical
experiments) and vortex mixed at room temperature rendering solu-
tions around 10 mmol ™! lipid concentration. The actual lipid con-
centration was confirmed by phosphorus analysis (Rouser, Fkeischer, &
Yamamoto, 1970). LUVs were obtained within a diameter range of
105-130 nm after 6 times extrusion through 400 nm pore size poly-
carbonate membranes (Nuclepore Track-etch Membrane, Whatman,
USA), followed by 11 times extrusion through 100 nm pore size poly-
carbonate membranes using a Liposofast mini-extruder (Avestin Inc.,
Ontario, Canada), at room temperature. LUVs containing entrapped
carboxyfluorescein (CF) were separated from free CF using a Sephadex
G25 M gel column (PD-10, GE Healthcare Life Sciences) and eluted with
Tris-HCl buffer containing 1 mmol L™! Na,EDTA and 150 mmol L™!
NaCl, pH 7.4. LUVs were used within 24 h of preparation, kept under
refrigeration (8 °C) and protected from light. Vesicle size was confirmed
by dynamic light scattering (DLS) with a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, U.K.). LUVs of the following lipid com-
position (molar ratio) were prepared: 70:30 PC/PG, 50:50 PG/CL,
60:20:20 PC/PS/Chol and 100% PC, mimicking respectively the
membranes of Gram-negative and Gram-positive bacteria (Lohner &
Prenner, 1999; Matsuzaki et al., 1995), tumors (Dobrzynska et al.,
2005; Zwaal et al., 2005) and erythrocytes (Lohner & Prenner, 1999).

2.8. Dye leakage

Experiments were conducted in an ISS PC1 spectrofluorometer (ISS,
Urbana Champaign, IL, USA), at 25°C, using a 1 cm quartz cell. A
100 umol L~ ! suspension of CF-filled LUVs was obtained by diluting the
LUVs preparation with the 10 mmol L ™! Tris-HCl buffer, pH 7.4 de-
scribed above. An aliquot of the chitosan derivative stock solution was
added to the magnetically stirred vesicle suspension. CF fluorescence
intensity was monitored at 520 nm wavelength with a 0.5 slit width
(excitation wavelength 490 nm and 1.0 nm slit width). The percentage
of CF released was calculated as % leakage = 100 x (F — Fp)/
(F100 — Fo), where F is the observed fluorescence intensity, Fo and Fyq9
are, respectively, the fluorescence intensities in the absence of polyca-
tions and at 100% leakage, as determined by the addition of 20 uL of
10% Triton X-100 solution. F,oo has been corrected for the corre-
sponding dilution factor.

2.9. Size and zeta potential determinations

The Zetasizer Nano ZS (Malvern Instruments, Worcestershire, U.K.)
was used to determine aggregation of LUVs induced by the chitosan
derivatives and precursors, through its size mode and the corresponding
zeta potential changes to verify the binding of the same samples to the
LUVs. Chitosan derivative solutions were prepared in buffer, pH 5.5, in
plastic vials and an aliquot of the vesicle suspension was added to a
final concentration of 100 umol L™!. Each preparation was first equi-
librated for 30 min at 25 °C and then transferred to a disposable cuvette
for the size evaluation. Afterward, the same preparation was transferred
to a DTS10700 cell (Malvern Instruments) for zeta potential measure-
ment.

3. Results
3.1. Synthesis and characterization

Chitosan derivatives (Fig. 1) were prepared from CH2 sample in a
two steps process. I) After the reductive amination reaction with do-
decyl aldehyde, the 'H NMR spectra of the generated derivative,
CHDD20, exhibit three new signals after substitution by the dodecyl
group: a singlet at 1.30 ppm, corresponding to the protons of the methyl
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Fig. 1. 'H NMR spectra of CH derivatives. (a) Structure; (b) CHDD20, the dodecylated derivative; and the quaternary derivatives, (c) CH30 and (d) CH50. Acquisition temperature: 70 °C;

solvent: D,O/DCl (1%). () dimethylated and (i) trimethylated groups.
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group on the dodecyl chain; a signal at 1.70 ppm corresponding to
protons in the hydrocarbon chain; and that at 2.15 ppm corresponding
to the methylene protons of the carbon atom linked to the amino group
of chitosan (Fig. 1b, CHDD20). The attachment of dodecyl groups to
CH2 framework alters the "H NMR spectrum most notably in respect to
the anomeric protons of substituted and non-substituted glucosamine
units. This signal undergoes a downfield shift from 5.34 to 5.47 ppm,
which results from substituted glucosamine rings. The integrated areas
of the signal at 1.30 ppm and those assigned to the anomeric protons of
chitosan chains at 5.20-5.60 ppm were used to calculate the degree of
substitution by DD by Eq. (1) (Desbriéeres et al., 1996).

(€8]

II) After the quaternization step, the reacted CHDD20 with CH;l,
produced two different methylated derivatives, CH30 and CH50, whose
'H NMR spectra are shown in Fig. 1c and d, respectively. The qua-
ternization reaction takes place on the free and dodecylated amino
groups as indicated in Fig. la. The degrees of substitution for di-
methylated (% GDM) and trimethylated units (% GTM) were estimated
from the signals appearing at 3.48 and 3.74 ppm. % GTM was estimated
taking into account the contribution of the trimethyl groups of both,
dodecylated and non-dodecylated units. The signal of trimethylated
amino groups overlaps the signal of the H-2 protons of the glucosamine
rings, appearing shifted to downfield in the range of 3.67-3.85 ppm
(Runarsson et al., 2007). Therefore, GDM and GTM were estimated
using the relationships 2 and 3 (Rinarsson et al., 2008).

Gy = s
Amx6 (2)
GTM = (AN(CH3)3 - 1)
A x10.8 3

where Ay refers to the signals at 5.40-5.90 ppm range due to the
anomeric protons of substituted and non-substituted glucosamine re-
sidues. The factor “—1” in Eq. (3) numerator subtracts the contribution
of the H-2 hydrogen signal, and the factors “6” and “10.8” refer to
protons of the dimethylated and trimethylated units, respectively. The
term 10.8 accounts for nine protons from trimethylated amino groups
plus the contribution arising from methyl groups inserted on dodecy-
lated amino groups.

To verify the importance of the hydrophobic moiety for the activity
of the chitosan derivatives a quaternized compound, MeCH2, was also
produced (Fig. SI2b). The 'H NMR spectrum of MeCH2 exhibited new
signals, most notably at 3.72, 3.47 and 3.29 ppm, corresponding to
trimethylated, dimethylated and monomethylated units, respectively,
that confirmed the methylation of deacetylated chitosan. The attach-
ment of methyl groups brings further changes in the resonances of
protons in close proximity to the substitution site, specifically, protons
H-1 and H-2 of the glucosamine unit. The anomeric proton signal un-
dergoes a downfield shift, from 5.3 ppm to 5.5 ppm, while the signal at
3.61 ppm shifts to 3.79 ppm. The substitution degrees for trimethylated
and dimethylated units were estimated using the relationships 2 and 3
and the monomethylated units were estimated using the relationship.

ANCH3
AH1X3

GDM =
@

As the quaternary derivatives, CH30 and CH50, were obtained at
mild reaction conditions, i.e., the reductive amination step was per-
formed at low temperature, pH 5.0 and the methylation step at room
temperature, we considered that polydispersity of the polymers were
kept under limited variation. The composition of chitosan intermediates
and synthesized derivatives are summarized in Table 1. Derivatives
mostly differentiate by the dimethylated and trimethylated contents as
shown in Table 1 and Fig. 1.
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Table 1

Physico-chemical properties of chitosan derivatives. % GTM, % GDM and % GMM are the
estimated contents of trimethylated, dimethylated and monomethylated units. % DD
stands for the content of dodecyl groups.

Polymer % GMM % GDM % GTM % NH» % DD
MeCH2 15.3 53.3 8.2 23.2 -
CHDD20 - - - 77.9 20.1
CH30 - 52.9 27.0 - 20.1
CH50 - 27.6 49.3 3.0 20.1

3.2. Amphiphilic properties

The interaction of amphiphilic polycations with cell membranes has
been shown to depend on their hydrophilic/hydrophobic balance pro-
viding higher antimicrobial activities by the appropriated adjustment.
This intrinsic property might strength the interaction with the cell
membrane and could also introduce intra- and intermolecular interac-
tions that affect antimicrobial activity. Derivatives of chitosan may
aggregate as a result of intra- and intermolecular association. At pH
around 5.5 and lower, derivatives are positively charged, and it is ex-
pected that self-association is driven by the hydrophobic effect. The I;/
I5 ratio of the fluorescence vibronic bands of pyrene report the onset of
aggregation of polydisperse samples (Philippova et al., 2001), and al-
lows the estimation of the critical aggregation concentration values
(CACs). They were graphically estimated, as shown in Fig. 2, from the
plots of I/I3 in the presence of increasing concentrations of the deri-
vatives, which show clear breaks due to self-association. For example,
CH30 and CH50 exhibit a steep decrease in the I;/I; ratios at
4.5 x 10" %and 31 x 10~ 3 gL', respectively, while for CH2 the CAC
under the same conditions is 57 gL_1 (Table 2). This illustrates how
differently the hydrophobic effect of dodecyl groups overcomes elec-
trostatic repulsion between positively charged groups, leading to the
formation of intra- and/or intermolecular aggregates at these con-
centrations.

When concentrations of chitosan and derivatives are above the re-
spective CAC values the interaction with cells and lipid bilayers may be
affected by aggregated forms being less available as they were in so-
lution (Kulikov et al., 2016).

3.3. Bio-assays

The antimicrobial activity of the derivatives CH30 and CH50 was
determined in comparison to their parent compounds, CH2 and
CHDD20, and a quaternized non-hydrophobic derivative, MeCH2,
against Gram-negative (E. coli) and Gram-positive (S. aureus), which are
representative of the most clinically important bacteria (Fig. 3). We

2.0

1.04 O MeCH2
B CHDD20
O CH30 %—QOQ;?SO
081 @ cHs0
0.6 L] T T
0.01 0.1 1

concentration (g.L")

Fig. 2. Fluorometric CAC determination of derivatives through 1;/I5 ratio of the probe
pyrene, at pH 5.5.
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Fig. 3. Effect of chitosan derivatives concentration on the survival curves for E. coli (a)
and S. aureus (b), and on the viability of human cervical carcinoma cells (¢). Bacteria and
cells were incubated with different concentrations of chitosan derivatives for 3 h and
24 h, respectively. The survival rates were determined by the optical density in 600 nm
(OD 00) and the cell viability was assessed by MTT reduction.

observed that CH2 (Fig. SI3a) and MeCH2 do not exhibit antimicrobial
activity at any tested concentration, while the hydrophobic functiona-
lized derivative, CHDD20, is as active as CH30 and CH50 just against S.
aureus. However, when considering concentrations below
100 x 1073 gL~!, CHDD20 is more active than CH30 and CH50
against S. aureus, while against E. coli, CH30 is the most active.
Nevertheless, none of the compounds totally eradicated bacteria,
showing the minimum survival rate of 20% for E. coli. We must em-
phasize that the contact time of 3h is longer than previously
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determined as required for significant bacterial cell wall permeability
(Naberezhnykh, Bakholdina, Gorbach, & Solov’eva, 2009). Also, the
possible influence of iodide counter-ions was investigated along the
experiments with the chitosan compounds. The control experiments
show that at the maximum concentration of 4 x 10~2 g L™ !, it presents
very limited influence on cell viability or survival (Fig. SI3b). These
findings demonstrated that hydrophobic character and the presence of
cationic groups are equally important for the development of a broad
spectrum compound and that additional efforts are required in the
development of chitosan derivatives with optimum antibacterial prop-
erties. In this sense, investigating the possible forms of chitosan deri-
vatives interactions with lipid bilayers could positively contribute to
the design of improved compounds.

The cytotoxic activity of chitosan derivatives toward human cer-
vical carcinoma cells was assessed by the MTT assay. Fig. 3c shows that
MeCH2 and CH30 do not exhibit cytotoxicity at 200 x 1073 gL~
While CH2 (Fig. SI3a) and MeCH2 show small activity at half this
concentration, CH2DD20 reduces cell viability to 60% at concentrations
above 25 x 1073 gL~ Just CH50 shows significant cytotoxicity, re-
ducing the formazan production in a concentration-dependent manner.

The correlation between antimicrobial, cytotoxicity and physico-
chemical features as shown in Table 2 indicates that (1) the cationic
charge is important for bioactivity; (2) but, the hydrophobicity con-
ferred by dodecylation is even more important; (3) cationic charge and
hydrophobicity produce better compounds either as antimicrobials or
as tumoricidal agents; (4) the balance between cationicity and hydro-
phobicity obtained in CH30 is more suitable for the antimicrobial ac-
tivity while that balance obtained in CH50 is better for the tumoricidal
activity. Considering the CAC values, the concentration range in which
the antimicrobial and cytotoxic activities of chitosan and derivatives
were obtained include those where aggregated forms would be found in
solution. This means that chitosan derivatives start exerting activities in
their respective aggregated forms.

3.4. Interactions with membrane models

It has been demonstrated that chitosan is active at the cell surface of
bacteria and leads to permeabilization. Also, it has been demonstrated
that electrostatic and non-electrostatic interactions are important for
the antimicrobial activity (Verlee et al., 2017). Thus, it seems relevant
to investigate the activity of chitosan and its derivatives on model
membranes to understand their mechanisms of action.

3.4.1. Lytic activity

Investigating the lytic activity of our compounds will indicate if
they can target the cell membrane, permeabilize it and compromise its
barrier properties. CH30 and CH50 are lytic compounds at low con-
centrations towards LUVs made of PC and PC/PG (70:30 mol%, named
PCPG), while the lytic activity is moderate towards LUVs made of PC/
PS/Chol (60:20:20 mol%, named PCPSChol), and PG/CL (50:50 mol%,
named PGCL) (Fig. 4). In relation to the precursor CHDD20, CH30 and
CH50 exhibit much intense activity, except on PGCL, where an

Table 2

Physicochemical features and bioactivity of chitosan and derivatives. % GTM is the es-
timated contents of trimethylated units or charged units. CAC is the critical aggregation
concentration. % survival and % cell viability as obtained at 150 x 10 *gL™ "

Polymer % CAC E. coli S. aureus HeLa cells
GTM  (x10° gL % survival % survival % cell viability
CH2 - 57 14412 176+4 T7£3
MeCH2 8.2 77 97+4 91£10 74+£5
CHDD20 - 35 63+8 37+2 645
CH30 27.0 4.5 32+6 30+8 96+5
CHS50 49.3 31 51+4 6618 372

Highlighted in grey are the best results obtained by the derivatives.
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equivalent activity was observed. For MeCH2 limited lytic activity was
detected at concentrations above 50 x 102 g L™ %, while for CH2 (Fig.
SI4) some activity was found in PC and PGCL vesicles. CH30 and CH50
exhibit similar kinetic profile tending to a plateau after 5 min contact.
Nevertheless, 100% leakage is not achieved for any derivative. Strong
flocculation occurs in some cases above 5 min contact time with CH30
around 25 x 1073 gL~! and with CH50 above 14 x 10 3gL™! in
PCPG LUV. The dose-response curves indicate that the interaction of
these derivatives is not cooperative; the calculated Hill coefficients are
close to 1. CH30 exhibits more intense lytic activity than CH50 on the
anionic vesicles PCPG and PCPSChol and slightly less intense activity
on the zwitterionic PC. These observations suggest a more selective
performance of CH30, probably as a result of a more suitable hydro-
phobic/hydrophilic balance. Although CH50 shows more intense lytic
activity than CH30 on PGCL, both derivatives and precursors are much
less efficient in this vesicle that mimics Gram-positive bacteria mem-
branes. Bilayers containing cholesterol and cardiolipin are known for
being less fluid than those where these phospholipids are absent (dos
Santos Cabrera et al., 2012). Moreover, chitosan activity was reported
to be negatively influenced by cell membrane fluidity in experiments
with resistant fungi (Verlee et al., 2017). This could be the reason for
the lytic activity appearing quite similar in PGCL for CH50, CH30 and
CHDD20, while in PCPG the derivatives are significantly more efficient.

3.4.2. Zeta potential measurements

Once that our compounds are lytic to vesicles mimicking the
membranes of bacteria and tumors, zeta potential measurements will
indicate the importance of the electrostatic attraction and confirm that
binding occurs. For zeta potential measurements the permanently
charged compounds, CH30, CH50 and MeCH2, were considered. They
neutralize membrane charges by binding to the more fluid membranes,
PCPG and PC, with a significant preferential interaction with the an-
ionic one. Fig. 5 shows that increasing the concentration of chitosan
derivatives increase the initial electro-kinetic potential (,) as a con-
sequence of the polycation binding to the vesicles surface and neu-
tralization of charges. On PGCL, MeCH2 exhibits a more pronounced
charge neutralization effect, while in PCPSChol, CH50 is the more ef-
ficient, in good agreement with its superior effect in HeLa cells. CH30
shows poor binding to these less fluid bilayers. Their respective iso-
therms, as well as the dose-response curves of the lytic activity, suggest
that the partition of these chitosan derivatives depends on the fluidity
of vesicle compositions. This was confirmed when the interaction of
CH30 and CH50 was investigated on PC/PS/Ergosterol (40:40:20 mol
%) LUVs. In this environment that mimics C. albicans membranes and in
PCPG, CH30 and CH50 performed similarly (Fig. SI5). CH50 is more
efficient in promoting charge neutralization than CH30, as could be
expected from its higher cationic character, except on PGCL. Although
deprived of biological and lytic activities, MeCH2 shows efficient
charge neutralization in the anionic vesicles tested, and shows potential
reversal in PCPG and PCPSChol. For CH30, the potential reversal occurs
around 23 X 10"3gL~! in PCPG. At this concentration flocculation
was observed in the leakage experiments. With CH50 the isotherm
obtained in PCPG shows an abrupt increase in zeta potential at the
concentration around 5 x 10 3gL™!, and the potential reversal oc-
curs around 8 X 107 3g L™’ Also, flocculation was observed. Most
isotherms tend to a plateau, suggesting that compounds are ag-
gregating. The aggregation is supported by vesicle size measurements
(Fig. 6).

Whereas results of the bioassays clear indicate that CH30 would be
more efficient as an antimicrobial and CH50 more efficient as an an-
titumoral, and also that CH30 would be equally effective against Gram-
negative and Gram-positive bacteria, results using mimetic membranes
does not discriminate their action in the same way. The mechanism of
action of CH30 and CH50 seems to be directed by electrostatic inter-
actions. CH30 with lower cationic character is more lytic towards PCPG
and PCPSChol, the less anionic lipid bilayers, while CH50 is more lytic
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towards PGCL. Nevertheless, experiments with lipid vesicles were very
helpful to demonstrate that derivatives endowed with hydrophobicity
and net charges, as CH30 and CH50, were the most promising candi-
dates for further developments as antimicrobials.

3.4.3. Vesicle size determinations

The size variations of vesicles indicate the extent of aggregation that
our compounds could induce as a consequence of intense electrostatic
attractions or hydrophobic interactions. Fig. 6 shows changes in ve-
sicles size induced by the increasing concentrations of chitosan deri-
vatives. In the presence of PC vesicles, they show significant size in-
crease, except for MeCH2. Although CHDD20 induce significant size
increase at 20 x 103 g L™, poor lytic activity was observed in PC.
Thus, these data could be correlated to the lack of (or limited) strong
interactions; electrostatic in the case of CHDD20 and non-electrostatic
for MeCH2. Derivatives CH30 and CH50 are endowed with both types
of interactions.

In the presence of PCPSChol LUVs, MeCH2 induce the highest size
increase that may denote vesicles aggregation, at 10 x 10 > gL~
MeCH2 is followed by CH50, while CH30 and CHDD20 show moderate
size increase at 20 X 10~ 2 gL~ !, Nevertheless, just CH50 and CH30
show significant lytic activity at 50 x 10~ 3 gL~ ! in this model mem-
brane. And only CH50 showed cytotoxicity towards HeLa cells. The
CAC of CH30 and CHDD20 are below 20 x 10~ g L™ . Taken together
these data suggest that a) CH30 activity is impaired by the lower
fluidity of cholesterol-containing bilayers, and by its aggregated state in
solution that hinders its binding, as seen in the zeta potential mea-
surements; b) CH50 activity is increased by the higher content of po-
sitively charged groups that enhances binding, and by a higher CAC
value; and c) the cationic MeCH2 strongly binds and aggregates vesicles
but the lack of hydrophobic character impairs its activity.

In relation to the bacterial model membranes, chitosan derivatives
induce intense size increase, denoting vesicles aggregation, in PCPG,
around 10 x 1073 gL~ concentration. Limited aggregation was ob-
served in PGCL. This could be attributed to three oppositely acting
conditions in PCPG and PGCL: a) the availability of plenty of anionic
groups (PGCL) to neutralize chitosan and derivatives positively charged
groups; b) strong remaining repulsion between LUVs (PGCL); and c)
reduced fluidity of PGCL LUVs.

4. Discussion

There are some recognized advantages when antimicrobials target
the membrane of cells, as their highly preserved features and essenti-
ality among several bacterial species throughout evolution, their ability
to act on the membranes of dormant bacteria and on biofilms, and their
decreased probability of resistance development (Mingeot-Leclercq &
Décout, 2016; Zasloff, 2002). Biophysical parameters of these mem-
branes rule the activity of membrane-active compounds as the amphi-
philic character, fluidity, intrinsic curvature and clustering of lipids
(Mingeot-Leclercq & Décout, 2016). Thus, to achieve an optimized in-
teraction, the antimicrobial compounds must be endowed with a spe-
cific balance between the hydrophobic and hydrophilic character,
which includes a significant content of cationic charges, and an accu-
rate evaluation of the molecular weight (Mingeot-Leclercq & Décout,
2016; Verlee et al., 2017).

Amphiphilic antibacterial aminoglycosides have been developed
from an old class of drugs, the aminoglycosides, as an alternative to
overcome the difficulties imposed by the emergence of resistant bac-
teria. This new class, which includes chitosan and derivatives, may be
made to target the anionic lipid bilayer of bacteria (Mingeot-Leclercq &
Décout, 2016; Verlee et al., 2017). The interaction starts with the
electrostatic attraction between protonated amino groups of chitosan
and derivatives and the negatively charged components of the bacterial
cell surface. This surface may become decorated with chitosan and be
permeabilized leaking the intracellular content (Naberezhnykh et al.,

1221

Carbohydrate Polymers 181 (2018) 1213-1223

2009; Verlee et al., 2017; Wu, Long, Xiao, & Dong, 2016). The results of
the present work also point out to this mechanism of action, which has
been often associated with antimicrobial peptides. This class of sub-
stances has called the attention of researchers for over two decades
because its mechanism of action does not require specific receptors, and
thus also presents a different strategy to overcome the development of
resistance towards antibiotic therapy.

It has been reported that chitosan with approximately the same
characteristics of Mw and deacetylation degree as our CH2 exhibits MIC
around 200 x 1073 gL~ ! for S. aureus and E. coli at pH 6.9 (Kulikov
et al., 2016), however, in the present work we did not find anti-
microbial activity for CH2 even at 500 x 10~ 2g L™ . It was also the
case with MeCH2, while the literature reports that fully quaternized
chitosan has higher antibacterial activity than the parent chitosan (Wu
et al., 2016). Nevertheless, CH30 and CH50 exhibited antibacterial
activity at comparable levels toward Gram-negative E. coli and Gram-
positive S. aureus, mimicked respectively by PCPG and PGCL. Accord-
ingly they presented lytic activity in these lipid vesicles, although being
more intense in PCPG. CH50 also exhibited cytotoxic activity towards
Hela cells. This set of activities was not displayed by their precursors,
although the hydrophobic CHDD20 showed similar antibacterial ac-
tivity towards S. aureus. Thus, it justifies and encourages studies in-
volving modifications of natural chitosan that focus on fine-tuning
hydrophobic and electrostatic interactions.

As pointed out for chitosan-resistant fungi (Verlee et al., 2017), the
differences found in the interaction of the presently developed deriva-
tives with lipid bilayers also evidence characteristics already described
for chitosan, as the impairment effect of membrane fluidity on the
membrane-related activity. Binding and lytic activity of CH30 and
CH50 were reduced when bilayers contained cholesterol or cardiolipin,
lipids that strongly influence membrane packing and fluidity. Also, for
Gram-positive bacterial membranes, which contain cardiolipin, it was
demonstrated that a mutant lacking the outer layer rich in teichoic
acids had impaired chitosan activity (Verlee et al., 2017). Moreover,
exposure to chitosan caused important morphological changes in the
cell wall (Kulikov et al., 2016). These findings evidence the importance
of strong electrostatic interactions as a way to overcome the membrane
reduced fluidity. Although deprived of antibacterial activity, our pre-
cursor, MeCH2, with a high CAC value, showed increased binding on
PGCL bilayers probably as a result of the high availability of positively
charged groups. For many antibacterial compounds, including chitosan,
the antibacterial activity depends on solubility (Kulikov et al., 2016).
For Gram-negative bacteria, studies demonstrated that chitosan dis-
turbs the inner membrane and induces leakage. Accordingly, we found
that on PCPG LUVs, binding of CH30, CH50 and MeCH2 are compar-
able; however, MeCH2 shows much reduced permeabilization and lacks
activity toward E.coli (Verlee et al., 2017).

The literature is rich in relation to the antitumoral activity of chit-
osans, however in this field of application chitosan is mostly used as a
carrier or nanoparticle. However, its appeal as a pH-responsive com-
pound could equally be of interest to our compounds, considering that
the mechanism where the target is the membrane could be verified.
Cancer cells expose increased content of anionic PS in the outer leaflet
of the cytoplasmic membrane, favoring electrostatic interactions (Zwaal
et al.,, 2005) as in the case of antibacterial activity. Other appealing
features of chitosan should be considered as its facilitated adsorption at
the cancer cell membrane due to electrostatic interactions and to the
presence of secondary and tertiary amino groups, and the abundant
possibilities of hydrogen-bonding that enhances for longer the adhesive
effect (Suarato, Li, & Meng, 2016). From our set of compounds, CH50
was the only derivative endowed with significant activity toward HeLa
cells. It has already been reported that chitosan may bind non-cova-
lently with cholesterol (Verlee et al., 2017), suggesting the importance
of other interactions besides the electrostatic. We also verified that the
presence of cholesterol in the lipid bilayers, turning them less fluid,
reduced the binding and lytic activity of the derivatives on the model
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membrane PCPSChol, despite the presence of 30% anionic PS. CH50 is
the derivative that most strongly binds and neutralizes the charges of
PCPSChol, although it is not the most efficient as a membranolytic
compound in this vesicle.

The kinetics of the lytic activity observed for CH30 and CH50 re-
sembles those found for antimicrobial peptides, however the dose-re-
sponse curves are different: lytic antimicrobial peptides usually exhibit
a sigmoid shaped curve and a cooperative behavior (Cabrera et al.,
2014; dos Santos Cabrera et al., 2009), while the present chitosan de-
rivatives do not. The stronger effect of CH50 than that of CH30 on PC
vesicles is also compatible with the effect of highly charged cationic
peptides. For those peptides, the increased charge abolishes the selec-
tive behavior towards anionic bilayers (Dathe, Nikolenko, Meyer,
Beyermann, & Bienert, 2001). Significant similarities with lytic peptides
behavior are also found in the effects of the present chitosan derivatives
on the zeta potential isotherms, except for the potential reversal ob-
served at lower concentration. Aggregated particles probably made of
chitosan and phospholipids were denoted by the size increase and also
visually observed. This finding and the fact that our chitosan deriva-
tives do not reach 100% leakage of vesicles content oppose to the
features generally attributed to the detergent-like mechanism (Henzler
Wildman, Lee, & Ramamoorthy, 2003). This mode of action was re-
cently attributed to nanocapsules of chitosan.>? However, the features
exhibited by our derivatives suggest that their mode of action could be
attributed to the formation of chitosan/phospholipids aggregates and is
comparable to the charge cluster mechanism, which was recently as-
cribed to peptides with high positive charge density (Epand, Maloy,
Ramamoorthy, & Epand, 2010). Another characteristic of these peptides
that promote charge cluster is the fact that the ratio between MICs in S.
aureus to E. coli is above 1, which we also found in our chitosan
compounds. A kind of charge clustering was also proposed for sup-
ported chitosan derivatives with antimicrobial activity (Li et al., 2011).
Fig. 7 summarizes the sequence of events that were observed and cor-
related with this mechanism.

5. Conclusions

CH30 and CH50 differentiate by the number of charged groups in
the polymer chain, which is higher in CH50. Both derivatives exhibit
antimicrobial and cytotoxic activities, which are increased in relation to
the precursor compounds. The experiments with model membranes
evidenced that these amphiphilic chitosan derivatives show strong af-
finity for phospholipid bilayers, capable of inducing significant lytic
activity at concentrations around 10 X 10" 3gL~!, when vesicles
composition was of higher fluidity, or around 40 x 1073gL™?, for
vesicles containing cardiolipin or cholesterol. Although the mechanism
of the antimicrobial activity of chitosan and derivatives are not well
understood, the leakage of intracellular compounds has already been
observed (Fernandes et al., 2014; Rabea et al., 2003). One of the pro-
posed mechanisms associates the electrostatic interaction between ca-
tionic groups of chitosan and the anionic groups of the membrane that
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Fig. 7. Model of the lytic activity of chitosan deri-
vatives. The electrostatic attraction between qua-
ternary chitosans, acting as aggregates, binds them
to the vesicles surface, clusters anionic phospholi-
pids, disturbs the lipid packing, leaks vesicles’ con-
tent, attracts or extracts the anionic phospholipids
from the opposite layer and also attracts and packs
other vesicles as denoted by the size increase. The
clustering of vesicles hinders the total leakage of
vesicles’ content.

induce the leakage of the cell contents (Fernandes et al., 2014; Li et al.,
2011). This interaction that starts from electrostatic attraction and
targets the phospholipid matrix of cell membranes has been often as-
sociated to antimicrobial peptides and represents a strategy to over-
come the mechanisms of bacterial resistance. The results of the present
work point out to the advantages of parallel investigation of chitosan
derivatives effects on the lipid bilayer of cell membranes and suggest
that besides improving the hydrophobic/hydrophilic balance of com-
pounds, modifications that increase CAC and reduce aggregated con-
tents could improve efficiency.
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