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SUMMARY

Sulfonated derivatives of lasiodiplodan (LAS-S) with different degrees of substitution
(1.61, 1.42, 1.02 and 0.15) were obtained and characterized by Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and thermal and solubility anal-
yses. Antimicrobial, antioxidant and cytotoxic potential were also assessed. The sulfona-
tion was confirmed by FTIR analysis with specific bands at 1250 cm™ (S=0, strong asym-
metrical stretching vibration) and at 810 cm™ (C-O-S, symmetrical vibration associated
with the C-O-SO, group) in the sulfonated samples. SEM demonstrated that sulfonation
promoted morphological changes on the surface of the biopolymer with heterogeneous
fibrillary structures appearing along the surface following chemical modification. LAS-S
showed high thermal stability, with mass loss due to oxidation at temperatures close to
460 °C. Sulfonation increased the solubility of LAS, and in addition, increased the antimi-
crobial activity, especially against Candida albicans (fungicidal) and Salmonella enterica
Typhimurium (bacteriostatic). Native lasiodiplodan (LAS-N) showed higher OH" removal
capacity, while LAS-S had higher ferric ion reducing antioxidant power (FRAP) potential.
LAS-N and LAS-S did not demonstrate lethal cytotoxicity against wild and mutant strains
of Saccharomyces cerevisiae. Samples with higher degree of substitution (1.42 and 1.61)
showed lower potential to induce oxidative stress.
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INTRODUCTION

Polysaccharides from bacteria, yeasts, filamentous fungi and algae have been de-
scribed in the scientific literature as materials with different biological potentialities. Many
of these biomacromolecules have attracted attention from the pharmaceutical industry
because they have immunomodulatory, antioxidant, anti-inflammatory, antimicrobial and
antitumour activities, and some contribute to reduction of the risks leading to the devel-
opment of cardiovascular diseases and diabetes (7-3).

Among the microbial polysaccharides, the B-p-glucans, biopolymers composed of
glucose units linked by glucosidic bonds in the -anomeric configuration, stand out with
their innumerable possibilities of applications in the most varied areas. The biological
and technological functions of 3-glucans are directly associated with the macromolecu-
lar structure of these biomolecules. Size of the polymer chains, spatial conformation and
branching types are relevant parameters that strongly influence their properties (7). In this
context, the search for new glucans, including the chemically modified derivatives, which
may present new biotechnological functions or have their original properties enhanced,
is a strategic and promising tool.

Sulfonation is highlighted among the different chemical modifications of polysac-
charides that can present novel biological functions. It is a reaction that involves the nu-
cleophilic substitution of the hydroxyl groups from the monomeric sugar units by sulfo-
nyl hydroxide group (S(=0),(OH)). Derivatization reactions can change the properties of
polysaccharides, and in the case of sulfonation present new functions such as anticoagu-
lation, antithrombotic, antiviral and antimicrobial activities (4,5).
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Chemically modified polysaccharides have increasingly
attracted the attention of researchers and industry for their
interesting technological properties, and physiological and
biological functions. These biopolymers today constitute a
niche market involving millions of dollars, with prospects of
expansion especially in the pharmaceutical and food sectors.
The global biopolymer market was valued at US$ 2.5 million
in 2017, and is estimated to grow at annual growth rate of 15.2
%, reaching an estimated value of US$ 7.2 million by 2024 (6).

Based on the aforementioned information, and build-
ing on earlier studies on the fungal carbohydrate biopoly-
mer, lasiodiplodan, that was developed in our laboratory (7),
the present study focuses on the fermentative production of
lasiodiplodan and its chemical derivatization by sulfonylation.
Lasiodiplodan is afungal exocellular linear p-glucan of the type
(1—6)-B-p-glucan produced by the ascomycete Lasiodiplodia
theobromae MMPI that has demonstrated different biological
functions, including antioxidant, hypocholesterolemic, hypo-
glycemic and anticarcinogenic activities (2).

Lasiodiplodan-derivatized macromolecules with different
degrees of substitution were obtained, characterized chemi-
cally, and evaluated for potential biological activities, such as
antimicrobial and antioxidant activity. In addition, the oxida-
tive stress potential of the derivatives on recombinant strains
of Saccharomyces cerevisiae was also evaluated. As an innova-
tive aspect in obtaining sulfonated lasiodiplodan, we report
on the use of a new sulfonation protocol, where the sulfonat-
ing agent (chlorosulfonic acid) and catalyst (pyridine) were first
mixed and then added directly to the solubilized polysaccha-
ride. Different relationships between the concentrations of de-
rivatizing agent and catalyst, and their effects on the degree of
substitution of the derivatives are also evaluated.

MATERIALS AND METHODS

Microorganism and chemicals

The -glucan (lasiodiplodan) studied in this work was pro-
duced by the ascomyceteous fungus, Lasiodiplodia theobro-
mae MMPI, and maintained in the culture collection of the Bio-
process and Food Technology Research Group of the Federal
University of Technology, Parang, Brazil. The fungus was kept
on Sabouraud agar medium containing chloramphenicol (an-
tibiotic), and was subcultured at four-month intervals.

All chemicals used in the sulfonation protocols and in the
determination of the degree of substitution, solubility, antioxi-
dant and antimicrobial activities were purchased from Sigma-
-Aldrich Company (Merck, St. Louis, MO, USA). Glucose and
mineral salts used in the preparation of fermentation media,
and Sabouraud agar culture medium were purchased from
Synth Company (Sao Paulo, SP, Brazil).

Lasiodiplodan production

Lasiodiplodan was produced by submerged fermenta-
tionin 250-mL Erlenmeyer flasks on nutrient medium (135 mL)

comprising minimal salt medium (MSM) (8) and glucose (20 g/
mL), and was inoculated with a standardized fungal inoculum
(15 mL) as described by Alves da Cunha et al. (9). The flasks were
keptin a shakerincubator (TE 4200; Tecnal, Piracicaba, Brazil) at
28°Cfor 72 h and 150 rpm agitation. At the end of the process,
the fermented broth was separated from the mycelial biomass
by centrifugation (1500xg for 15 min) in a digital bench centri-
fuge (NT 810; Novatecnica, Piracicaba, SP, Brazil). The exopoly-
saccharide was precipitated from the fermentation broth with
95 % (V/V) ethanol at 5 °Cfor 12 h, and the precipitate was col-
lected by filtration, resolubilized in water, and exhaustively di-
alyzed for 5 days against distilled water (MMCO dialysis tubes
12000 Da, 1.3 in; Sigma-Aldrich, Merck), and then lyophilized.
Under the conditions of fermentation and recovery of the bio-
polymer, a high purity polysaccharide (97 % total carbohydrate
(as glucose) and 2-3 % protein) was obtained.

Lasiodiplodan sulfonation

The sulfonation reagent was prepared according to Lu
et al. (10) with modification. To obtain sulfonated derivatives
of lasiodiplodan with different degrees of substitution (DS),
four ratios of chlorosulfonic acid (CSA) to pyridine (Py) of 1:4,
1:5, 1:6 and 1:10 were examined. The CSA/Py ratios were cho-
sen to assess both, a low (1:4) and a high (1:10) catalyst (Py)
amount in the reaction with derivatizing agent (CSA). The sul-
fonating reagent was prepared in two-necked flasks (kept in
an ice bath) by allowing chlorosulfonic acid to drop onto pyri-
dine for 40 min under constant stirring.

Derivatization of lasiodiplodan was performed following
the procedure described by Zhang et al. (17) with subtle ad-
aptation. In a two-necked flask, 200 mg of LAS-N were solu-
bilized in 20 mL of concentrated formamide under vigorous
stirring for 72 h at room temperature. Then, sulfonated rea-
gent (20 mL) as prepared above was added dropwise, and the
mixture was stirred for 3 h at 60 °C. The sulfonation reaction
was terminated using NaOH solution (15 % m/V) until the pH
was neutral. Next, the resulting solution was extensively dia-
lyzed against distilled water for 6 days and the dialysate was
lyophilized and denoted as LAS-S.

Chemical characterization

Determination of the degree of substitution

The degree of substitution (DS) was determined based
on the correlation between the sample sulfur and carbon
contents (12). It is defined as the average number of sulfon-
yl hydroxide groups (S(=0),—-(OH)) inserted onto each mon-
osaccharide (glucose) unit. The sulfur and carbon contents
presentin LAS-S samples were determined on a CHNS/O 2400
series Il Elemental Analyzer (Perkin Elmer, Waltham, MA, USA),
and the DS was estimated using the following equation:

w(S) w(Q) w(S)

DS= =2.25. /1/
%) a6 "
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where w(S) and w(C) are mass fractions of sulfur and carbon in
the sample, respectively, A.(S) and A,(C) are the atomic mass-
es of sulfur and carbon, respectively, 6 is the number of car-
bon atoms per monomeric unit, and 2.25 is the ratio between
A,(C)-6 and A,(S). The analyses were performed in triplicate
and the results are expressed as the average values.

Evaluation of solubility of lasiodiplodan

Solubility of lasiodiplodan in water and 20 % (V/V) DMSO
was evaluated according to Wang et al. (13) with adaptations.
LAS-N and LAS-S samples (10 mg) were suspended in distilled
water (10 mL) and stirred for 24 h at 25 °C. The resulting solu-
tion was centrifuged at 1500xg (NT 810; Novatecnica) for 10
min, then the supernatant was collected and used for quan-
tification of total sugars by phenol-sulfuric acid method (74),
which is directly related to the soluble sample content. The
solubility in water was expressed as mass of soluble polysac-
charide in sample (%). Solubility in 20 % DMSO was also eval-
uated following a similar protocol, but replacing water with
20 % DMSO solution (15).

Fourier transform infrared spectroscopy analysis

Fourier transform infrared spectroscopy (FTIR) spectra
of LAS-N and LAS-S were obtained on a Frontier spectrome-
ter (Perkin Elmer, Waltham, MA, USA) in the spectral range of
4000-400 cm™, with a resolution of 2 cm™ and 16 scans ac-
cumulated for each spectrum, using the KBr disk technique.

Scanning electron microscopy

Micrographs of the lyophilized LAS-N and LAS-S samples
were obtained using a scanning electron microscope TM3000
(Hitachi, New York, NY, USA). Images with magnitudes of 300,
800 and 1200x were acquired from samples attached to a
carbon tape.

Thermal analysis

Lyophilized LAS-N and LAS-S samples were submitted to
derivative thermogravimetry (DTG), differential thermal anal-
ysis (DTA) and thermogravimetric analysis (TGA), performed
on an SDT (simultaneous DSC/TGA) Q600 instrument (TA In-
struments, New Castle, DE, USA). The mass loss was moni-
tored between 25 and 800 °C, at a heating rate of 10 °C/min, in
an atmosphere of synthetic air with a flow rate of 50 mL/min.

Biological characterization of native and
sulfonated lasiodiplodan

Evaluation of antimicrobial activity

The potential antimicrobial activity was determined ac-
cording to Krichen et al. (16) with modifications, on four bac-
terial strains (Escherichia coli ATCC 25922, Listeria monocy-
togenes ATCC 19111, Staphylococcus aureus ATCC 25923 and
Salmonella enterica Typhimurium ATCC 0028) and two yeast

strains (Candida albicans ATCC 10231 and Candida tropicalis
ATCC 13803).

Antimicrobial assays were conducted in 96-well ELISA
plates. Into each well 100 pL of samples (LAS-N and LAS-S
separately at different concentrations: 0.26, 0.20, 0.15, 0.10
and 0.05 mg/mL), 100 pL of Mueller-Hinton broth (Sigma-Al-
drich, Merck) for bacteria or Sabouraud with chlorampheni-
col agar (Synth) for yeast, and 5 pL of previously standard-
ized microbial suspension in McFarland turbidity standard
0.5 (1.5-108 CFU/mL) were added. The ELISA plates were incu-
bated for 24 h at 28 °C (yeasts), or 37 °C (bacteria), and then
20 pL of resazurin dye (0.01 %; Sigma-Aldrich, Merck) were
added to each well to evaluate the presence of viable cells.
The plates were read after 2 h and viable cells were indicated
by the appearance of pink colour, while blue staining indicat-
ed cellinhibition. Positive samples for determining microbial
inhibition were plated on Petri dishes containing brain heart
infusion agar (bacteria) or Sabouraud with chloramphenicol
agar (yeasts), and incubated in a bacteriological oven (NT 522;
Novatecnica) set at 28 °C (yeast) or 37 °C (bacteria) for 24 h to
verify possible bactericidal or fungicidal activity of the sam-
ples. The antimicrobials tetracycline (bacteria) and flucon-
azole (yeast) were used as positive controls, while sterilized
peptone water (0.1 %) was used as a negative control.

Evaluation of antioxidant activity

Ferric reducing antioxidant power (FRAP) was evaluat-
ed based on a protocol described by Wootton-Beard et al.
(17). In this test, 90 pL of the lasiodiplodan samples at differ-
ent concentrations (0.10, 0.18 and 0.26 mg/mL) were mixed
with distilled water (270 pL) and FRAP reagent (2.7 mL). The
mixture was stored in the dark for 30 min at 37 °C, and the
absorbance was read in a UV/Vis spectrophotometer (Hita-
chi U-2800; Lambda Advanced Technology, Wembley, UK) at
595 nm. FRAP reagent was used as a blank. Results were ex-
pressed in mmol/L Fe(ll) from a calibration curve of iron(ll)
sulfate (0.2-2.0 mmol/L).

The hydroxyl radical scavenging potential was evaluated
based on that described by Liu et al. (18). Mixtures (2 mL) con-
taining 0.5 mL FeSO, (1.5 mmol/L), 0.35 mL H,0, (6 mmol/L),
0.15 mL sodium salicylate (20 mmol/L) and 1 mL lasiodiplo-
dan sample at different concentrations (0.10, 0.18 and 0.26
mg/mL) were incubated in tubes for 1 h at 37 °C. Thereafter,
the absorbance was measured at 562 nm. Ascorbic acid (1
mg/mL) was used as a positive control. The percentage of
sequestration of OH" was determined according to the fol-
lowing equation:

OH removal=[1 - M} -100 12/
Ao
where A, is the absorbance of the control, A, is the absorb-
ance of the sample or ascorbic acid, and A, is the absorbance
of the blank with only sodium salicylate.

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scav-
enging activity was analyzed following the method described
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by Locatelli et al. (19) with adaptations. Samples of 0.50 mL
of different lasiodiplodan concentrations (0.10, 0.18 and 0.26
mg/mL), 3 mL absolute ethanol, and 0.30 mL ethanolic DPPH
solution (0.5 mmol/L) were mixed in test tubes. After 80 min
of reaction, the absorbances were read at 517 nm. Blank con-
tained only ethanol solution in water (80 %), while the con-
trol contained all of the ingredients of the reaction mixture,
with the ethanol solution replacing the lasiodiplodan sam-
ples. The percentage of DPPH radical scavenging activity was
estimated according to the following equation:

-100

sanple

DDPH =100 —( /3/

control
where A . and A ., are the absorbances of the sample
control, respectively.

The 2,2"-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) radical scavenging activity was determined accord-
ing to Wootton-Beard et al. (17) with adaptations. ABTS cat-
ion radical (ABTS*) was obtained by mixing 5 mL ABTS solu-
tion (7 mmol/L) with 88 pL potassium persulfate solution (140
mmol/L) at room temperature for 16 h. Then, the ABTS* solu-
tion (1 mL) was diluted in absolute ethanol to an absorbance
of 0.70 at 734 nm. In test tubes, lasiodiplodan samples (30 uL)
at different concentrations (0.10, 0.18 and 0.26 mg/mL) were
mixed with ABTS* solution (3 mL) and shaken vigorously in
the dark for 6 min, and then the absorbance was measured at
734 nm. DMSO (20 % in water) was used as a blank reagent.
The results are expressed in mmol/L of (+)-6-hydroxy-2,5,7,8-
-tetramethylchromane-2-carboxylic acid (Trolox) equivalent
per mL as determined from a standard Trolox curve (0.1, 0.25,
0.5, 1.0, 1.5 and 2.0 mmol/L).

Evaluation of cytotoxicity on Saccharomyces cerevisiae cells

The cytotoxic activity of LAS-S and LAS-N was evaluated
by measuring the oxidative stress capacity of wild and mu-
tant strains of Saccharomyces cerevisiae as biological models.
Saccharomyces cerevisiae ex r.f. bayanus (Fermol Perlage, AEB
Bioquimica Latino Americana, S&o José dos Pinhais, Brazil)
and S. cerevisiae mutant strains (YLLO60C, GH1YIR038C and
YSL101C) were evaluated.

The S. cerevisiae strains YLLO60C, GH1YIR038C and
YSL101C are mutants whose genes GTT1 (glutathione trans-
ferase 1), GTT2 (glutathione transferase 2) and GSHT (glu-
tamate cysteine ligase) were respectively disrupted by the
KanMX4 gene (Euroscarf, Frankfurt, Germany), so they are de-
ficientin the enzyme glutathione (GSH and GSSG). The yeast
strains were maintained on yeast extract, peptone, dextrose
(YPD) broth (Sigma-Aldrich, Merck) at 5 °C.

The potential to induce oxidative stress in the LAS-N and
LAS-S samples was evaluated based on the protocols de-
scribed by Castro et al. (20) and Subhaswaraj et al. (21) with
adaptations. Assays were conducted in 96-well ELISA plates.
Into each well LAS-S and LAS-N samples (100 pL separate-
ly at concentrations 0.10, 0.20 or 0.26 mg/mL), 100 pL YPD
broth and 20 pL microbial suspension standardized on the

0.5 McFarland scale (1.5-108 CFU/mL) were added. The plates
were incubated at 28 °C for 24 h, and then 20 pL resazurin
dye (0.01 % in water) were added to each well and the plates
were incubated for a further 2 h to verify the presence (pink
staining) or absence (bluish staining) of viable cells. The wells
with bluish staining (microbial inhibition) were inoculated
onto agar plates containing YPD agar, and incubated at 28
°C for 24 h to demonstrate the absence of cell viability (cell
death), or only inhibitory effect on the evaluated yeasts (col-
onies grown on the YPD plates). Menadione (Sigma-Aldrich,
Merck) was used as a positive control, and peptone water 0.1
% as negative control.

Statistical analysis

Analytical results of antioxidant activity and solubility
were expressed as the mean value of triplicate analyses. The
mean values were compared by Tukey’s test (p<0.05). The
homogeneity of variance was checked by Levene’s test, and
normal distribution of results was checked using the Shapi-
ro-Wilk test at the 5 % significance level using Statistica v. 8.0
software (22).

RESULTS AND DISCUSSION

Degree of sulfonation

The sulfonation reaction of native lasiodiplodan (LAS-N)
can be divided into three steps (Fig. 1). The first one consists
in preparing the sulfonating reagent by using a mixture of
chlorosulfonic acid (sulfonic group donor) and pyridine (cat-
alyst). In the second step, the reaction proceeds between the
pyridine chlorosulfonate salt and the polysaccharide sam-
ple. In this case, the hydrogen of one hydroxyl group from
LAS-Nis removed and the sulfonyl group from the previously
formed pyridine chlorosulfonate salt is inserted in the mac-
romolecule. In parallel, the pyridine catalyst is released into
the reaction medium. In the third and final step, the reaction
mixture is neutralized with NaOH, which forms sodium chlo-
ride, and an alkali hydroxyl group binds to the macromole-
cule generating the stable sulfonated product (Fig. 1).

The use of different ratios of chlorosulfonic acid and pyri-
dine (CSA/Py=1:4, 1:5, 1:6 and 1:10) in the derivatization leads
to the production of sulfonated derivatives with different de-
grees of sulfonation (DS=1.42, 1.61, 1.02 and 0.15). When ra-
tios 1:4 and 1:5 were used, derivatives with higher DS val-
ues (1.42 and 1.61, respectively) were obtained, and there
appears to be a correlation between the DS and the CSA/
Py ratio. The ratio of derivatizing agent (CSA) to catalyst (Py),
temperature and time of the reaction were the main factors
affecting the efficacy of derivatization by this sulfonylation
protocol (70,23).

The use of higher CSA volume fractions contributed to
higher DS. However, when comparing the sulfonated lasiodip-
lodan (LAS-S) samples obtained using the ratios CSA-/Py 1:4
(LAS-S 1:4, 25 % V/V CSA) and CSA/Py 1:5 (LAS-S 1:5, 20 % V/V
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Step 1: Preparation of the sulfonated reagent
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N S &
0. 0 NN 0 N 0
N\ = o/ . i a0
\;S/ + | _— \\Sé / | ~ HO + \S/
% _ 7N \
HO  c HO " cI / P cl
Chlerosulfonic acid Pyridine N‘
R
/
Step 2: Sulfonation reaction Pyridine chlorosul fonate
(0] 0 0
0
\\sf NP
%
cl o {\ Cl
N + | "Ro —_— N* HS 0 CHa
| = OH | X
40
- n = K_\H N
Pyridine chiorosulfonate Lasiodiplodan
(1,6)-Bo-glucan
H b HO
J =
> | = | H g CH,
= }90 3J
Pyridine 0x /O
/S\\\O n
Cl

P ™ Jay
Yooy

cHy + NaOH
' /

HO
8o CH; + NaCl
OQS/O
Ny n
ho  ©

Sulfonated lasiodiplodan

Fig. 1. Reaction mechanism of the O-sulfonation of lasiodiplodan

CSA), a small difference was found among the DS values. Un-
der such conditions of derivatization, a higher DS value was
found when using 20 % V/V CSA (LAS-S 1: 4) than when using
25 % CSA (LAS-S 1:5). This effect may possibly be explained by
the low solubility of the pyridine chlorosulfonic salt, which is
obtained at higher volume fractions of CSA used in the deri-
vatization process. In this context, preliminary tests showed
that the use of volume fraction of 28 % CSA in the derivatizing
mixture (CSA/Py) made sulfonation unfeasible, since the gen-
erated pyridine chlorosulfonic salt began to crystallize.

Alternatively, the use of lower CSA/Py ratios (1:6 and 1:10)
led to the production of derivatives with lower DS values (1.02
and 0.15, respectively). These results suggest that to obtain
derivatives with higher sulfonation, it is necessary to use
higher volume fractions of chlorosulfonic acid. It is notewor-
thy, however, that the combined use of chlorosulfonic acid
and pyridine appears to be more effective in sulfonation than
adding chlorosulfonic acid dropwise onto the polysaccharide
and pyridine mixture. This finding is based on comparing the
data from the present study with previous work (7).

In the present study derivatives with higher degrees of
sulfonation were obtained by comparison to our previous

work (DS 0.24) (7), although, here, the chlorosulfonic acid
amounts used in the sulfonation reaction were proportion-
ally lower (chlorosulfonic acid/lasiodiplodan ratio). Callegari
etal. (7) used a ratio of 4 mL of chlorosulfonic acid to 50 mg
LAS-N, and allowed the sulfonation reaction to proceed for
17 h at room temperature. In the present study, a lower ratio
of chlorosulfonic acid (1.8 to 4 mL) and LAS-N (200 mg) was
used, and sulfonation was conducted at a higher temperature
(60 °C) for a shorter reaction time (3 h).

The derivatization conditions greatly interfered with the
degree of substitution of the obtained LAS-S. Another impor-
tant aspect to be highlighted is the way sulfonation is con-
ducted. In the previous study (7), the polysaccharide (LAS-N)
was solubilized in DMSO and initially mixed with the pyri-
dine catalyst, followed by the addition of chlorosulfonic acid
to the mixture. In the present work, LAS-N was solubilized in
formamide, which was then added dropwise to a previous-
ly prepared mixture of chlorosulfonic acid and pyridine. The
derivatization conditions employed in this study proved to
be more effective than the conditions initially studied and
reported by our group (7).
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Assuming that it is possible to obtain a maximum DS=3
on each glucose unit in LAS-N, which has three potentially
free hydroxyl groups (C-2, C-3 and C-4) for substitution, the ef-
ficiency of the sulfonation reaction of LAS-N can be estimat-
ed as reported below. The estimated efficiencies of sulfona-
tion were: 47.33 % (LAS-S 1:4 with DS=1.42), 53.67 % (LAS-S 1:5
with DS=1.61), 34 % (LAS-S 1:6 with DS=1.02) and 5 % (LAS-S
1:10 with DS=0.15).

Sulfonated polysaccharides with DS greater than 0.8 have
been highlighted in the scientific literature as bioactive mac-
romolecules (24-26). In this sense, it is important to develop
efficient sulfonation protocols that promote the derivatiza-
tion of polysaccharides to obtain higher DS values.

Solubility of the obtained derivatives

Structural modifications of polymers can promote vari-
ous changes in their chemical, physicochemical and biolog-
ical properties (5). The insertion of heteroatoms or chemical
groups in the polysaccharide structure can lead to changesin
interactions with water or other solvents, which may increase
or decrease their solubility (2). In this study, the solubility of
LAS-N and LAS-S samples in water and aqueous DMSO (20
%) at room temperature was evaluated, and the results are
shown in Table 1.

Table 1. Solubility of native (LAS-N) and sulfonated lasiodiplodan
(LAS-S) samples in water and 20 % DMSO

Solubility/%

Sample bs Water DMSO (20 %)
LAS-N - 6.14+0.00 8.720+0.007
LAS-S 1:10 0.15 7.550+0.002 11.70+0.02

LAS-S 1:6 1.02 11.500+0.002 17.050+0.008
LAS-S 1:4 1.42 8.030+0.003 10.420+0.005
LAS-S 1:5 1.61 15.350+0.007 26.500+0.005

The results are expressed as the mean valuetstandard deviation.
LAS-S samples were produced using different chlorosulfonic acid/
pyridine ratios. DS=degree of substitution

LAS-N has low solubility in water, even though it contains
polar clusters such as hydroxyl groups. This can be explained
by the linear structure and conformational state of the triple
helix of the molecule (25) associated with the probable oc-
currence of several intramolecular interactions with the hy-
droxyl groups leading to the formation of macromolecular
aggregates, which hinder its solvation.

As shown in Table 1, the LAS-N sample showed a solubili-
ty of 6.14 % in water, and 8.720 % in DMSO (20 %). Similarly, all
sulfonated samples showed solubility in 20 % DMSO, which
was somewhat higher than in water. The sulfonation reac-
tion contributed to increased solubility in both water and 20
% DMSO of the LAS-S samples, and increased solubility oc-
curred with increasing DS.

The sample LAS-S 1:10 (DS=0.15) showed solubilities of
7.550 and 11.70 % in water and 20 % DMSO, respectively.
When the lasiodiplodan DS was raised to 1.61, solubilities of
15.350 % in water and 26.500 % in 20 % DMSO were found.

The introduction of large and polar chemical groups into
polysaccharide macromolecules may contribute to increased
solubility in water. The presence of a greater number of sul-
fonyl hydroxide groups can contribute to the distance of the
hydroxyl groups from the macromolecules due to their large
volume. The presence of a greater number of sulfonyl hydrox-
ide group (5(=0),-(OH)), and a larger intramolecular distance
may lead to the appearance of a polar layer, which favours
the interaction of hydrogen with water, and consequently
increases solvation. On the other hand, lower solubility of
the sulfonated derivatives with low DS than of derivatives
with higher DS can be explained by interactions occurring
between the oxygen from the sulfonyl hydroxide group and
hydrogens on the unsubstituted hydroxyls of the glucose ring
in the polysaccharide molecule.

It is important to note that water and DMSO solubility of
the derivatives with DS values of 1.02 and 1.42 did not follow a
linear correlation. Such behaviour could be explained by the
relatively small differences between the substitution of the
two derivatives. Another aspect that needs to be considered
is that solubility is also related to the spatial arrangement of
the macromolecule and the consequent exposure of hydrox-
yl and sulfonyl hydroxide groups.

FTIR spectra of LAS-N and LAS-S

Fig. 2 shows the FTIR spectra of LAS-N and LAS-S. Typical
polysaccharide signals with bands characteristic of glucans
were verified. The large band of strong intensity in the 3400
cm™' region is attributed to O-H stretch vibration (4,16) as free
hydroxyls present in LAS-N and LAS-S. The band at approx.
2900 cm™ corresponds to stretch C-H sp, (4), present in poly-
saccharides such as the B-p-glucans, which have many carbon-
-hydrogen connections. The band of mediumintensity at 1600
cm™" was attributed to the stretching vibration of the glucose
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Fig. 2. FTIR spectra of native lasiodiplodan (LAS-N) and the sulfonat-
ed derivatives with different chlorosulfonic acid/pyridine ratios (CAS/
Py) that contributed to the different degrees of substitution (DS) of
sulfonated lasiodiplodan LAS-S. CAS/Py=1:10 (DS=0.15),1:6 (DS=1.02),
1:4 (DS=1.42) and 1:5 (DS=1.61)
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ring (27). Low-intensity bands between 1400 and 1200 cm™
indicate C-H and O-H deformation vibrations typical of car-
bohydrates (7), which may have small variations in intensity
and wavenumber depending on the nature of the polysac-
charide (28). In addition, there was a signal in the 1060 cm™'
region that was characteristic of the C-0O stretching vibra-
tion of the pyranose ring present in glucose (7). Absorption
in the 880 cm™ region indicates the B-type configuration of
this polysaccharide (7,29), which was weakened in the sulfo-
nated derivatives.

In the spectra of the sulfonated derivatives (LAS-S), bands
characteristic of sulfur and sulfonyl hydroxide groups appear
unlike bands observed in the LAS-N spectrum. In Fig. 2, it is
possible to verify that the characteristic O-H stretching band
in the region between 4000 and 2500 cm™" decreases in inten-
sity following the sulfonation reaction (76). The reduction in
the intensity of this band can be attributed to the differenc-
es in absorption in the infrared region between the hydroxyl
constituents of lasiodiplodan and the hydroxyls present in
the sulfonyl hydroxide group (S(=0),-(OH)).

LAS-S 1:10

LAS-S 1:6

LAS-S 1:4

LAS-S 1:5

After sulfonation, the characteristic bands of C-H and
O-H deformation vibrations at 1400 cm™" in the LAS-N sample
disappear (29), which indicates the occurrence of a structur-
al change in the molecule caused by derivatization. Another
aspect observed is the appearance of a band at 1250 cm™ in
the sulfonated samples, which is attributed to the asymmet-
ric (strong) stretching vibration S=0, associated with the dis-
tribution of sulfonyl hydroxide groups in the molecule (30).
Fig. 2 also shows an increase in band intensity at 1250 cm™
concomitant with an increase in the sample’s DS.

At 810 cm™, a band corresponding to the symmetrical vi-
bration C-O-S, associated with the C-O-SO, group is verified,
which confirms sulfonation (7,25). A higher intensity of this
band is found in the lasiodiplodan samples with higher DS,
as shown in Fig. 2.

Scanning electron micrographs of LAS-N and LAS-S

The SEM micrographs of LAS-N and the sulfonated de-
rivative samples are shown in Fig. 3 at 300, 800 and 1200x

Um UTFPR

Fig. 3. Scanning electron microscopy (SEM) micrographs of native (LAS-N) and sulfonated la-
siodiplodan (LAS-S) with different chlorosulfonic acid/pyridine ratio: 1:6 (DS=1.01), 1:4 (DS=1.42)
and 1:5 (DS=1.61) at magnifications of: a) 300, b) 800 and c) 1200x. DS=degree of substitution
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magnification. SEM shows that LAS-N has a nonuniform surface
containing irregular folds and edges (Fig. 3a and Fig. 3b, LAS-N)
with portions similar to thin and translucent films with torsions
along the extension (Fig. 3¢, LAS-N). Sulfonation promoted mor-
phological changes on the lasiodiplodan surface, leading to the
appearance of heterogeneous fibrillary structures along the sur-
face area. The DS of the sulfonated samples appears to have in-
fluenced the surface morphology of lasiodiplodan, as observed
in the samples with the highest DS (LAS-S 1:4 with DS=1.42 and
LAS-S 1:5 with DS=1.61), with greater number of fibrillary struc-
tures associated with thin and translucent films. On the other
hand, samples with lower DS (LAS-S 1:10 with DS=0.15 and LAS-S
1:6 with DS=1.02) had a smaller number of fibrillary structures
along the surface area. The morphological differences among
the LAS-S samples with higher DS than those with lower DS may
be associated with the intensity of the sulfonation reaction. To
obtain LAS-S derivatives with higher degrees of sulfonation, it
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was necessary to use higher concentrations of chlorosulfonic
acid in preparing the sulfonating reagent.

Thermal profile of lasiodiplodan samples

The thermal profiles (DTG, DTA and TGA) of LAS-N and
LAS-S are shown in Fig. 4. LAS-N was stable up to 200 °C and
showed three stages of mass loss as can be verified in DTG,
TGA and DTA curves (Fig. 4). The first mass loss (12 %) occurred
up to 122 °C, corresponding to the elimination of water by
hydration. The second stage of mass loss (83 %) occurred be-
tween 200 and 377 °C (TGA curve), and was indicated by an
exothermic peak at 301 °C (DTA curve) and corresponded to
the thermal decomposition of the sample. The third stage of
mass loss (100 %) occurred in the temperature range 376 to
548 °C (TGA curve) with an exothermic peak at 442 °C (DTA
curve), and is attributable to the final decomposition (carbon-
ization) of the sample.
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Fig. 4. Derivative thermogravimetry (DTG), differential thermal analysis (DTA) and thermogravimetric analysis (TGA) profiles of: a) native lasio-
diplodan (LAS-N), and b) sulfonated lasiodiplodan (LAS-S) samples with different chlorosulfonic acid/pyridine ratio: b) 1:10 (DS=0.15), c) 1:6

(DS=1.02), d) 1:4 (DS=1.42) and e) 1:5 (DS=1.61). DS=degree of substitution
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Sulfonation promoted changes in the thermal profile of
lasiodiplodan. The LAS-S samples showed four stages of mass
loss, while the LAS-N had three. The first stage of mass loss (14
%), typical of intracellular water elimination, occurred up to
160 °C, with this range being higher than the water elimina-
tion temperature range of the non-sulfonated sample (up to
122 °C). This phenomenon can be attributed to the reduction
of the macromolecule hydrophobicity after introduction of
the sulfonyl hydroxide group (S(=0),-OH) by sulfonation. In
fact, this behaviour corroborates the increase in water solu-
bility of the sulfonated derivatives in relation to LAS-N.

The second stage occurred between 160 and 290 °C, with
mass losses ranging from 44 % (LAS-S 1:10 with DS=0.15) to
43 % (LAS-S 1:5 with DS=1.61), as evidenced by an exother-
mic peak (DTA curve) at 200 °C, and attributed to the ther-
mal decomposition of the sample (Fig. 4). The third stage of
mass loss (73 %) occurred between 290 and 460 °C, and it
corresponds to the oxidative decomposition of the sample,
as evidenced by the exothermic peak (DTA curve) at 400 °C.
The final stage, corresponding to carbonization, occurred be-
tween 440 and 570 °C, as revealed by the exothermic peak at
500 °C (DTA curve).

In general, sulfonation of lasiodiplodan contributed to a
smallincrease in thermal stability. This behaviour is evidenced
by theincrease in the temperature range corresponding to the
oxidation of the biopolymer (from 377 to 460 °C), as well as an
increase in the final carbonization temperature (548 to 570 °C).

Antimicrobial activity of LAS-N and LAS-S

According to Table 2, itis possible to verify that both LAS-N
and LAS-S samples showed potential inhibition against both
the investigated yeasts and bacteria. LAS-N had a fungistatic
effect against C. albicans and C. tropicalis at concentrations of
0.15 and 0.26 mg/mL, respectively. LAS-N also showed bac-
teriostatic effect against L. monocytogenes (Gram-positive)
ata minimum inhibitory concentration (MIC) of 0.15 mg/mL,
and a bactericidal effect against E. coli (Gram-negative) with
minimum bactericidal concentration (MBC)=0.05 mg/mL.

The sulfonated samples also showed antimicrobial activity
against all of the studied microorganisms, with the exception
of S. aureus, which showed resistance against all the tested
samples (Table 2). The degree of substitution seems to influ-
ence the antimicrobial potential, however, there was no line-
ar correlation between the DS and inhibitory capacity. In this
context, the LAS-S sample with DS=1.42 showed no inhibito-
ry activity against the evaluated microorganisms, whereas
the sample with a lower DS (0.15) showed fungistatic activity
(MIC=0.26 mg/mL) against C. albicans and C. tropicalis. Like-
wise, LAS-S samples with DS=1.02 (MIC=0.20 mg/mL) and 1.61
(MIC=0.26 mg/mL) had fungicidal activity against C. albicans,
but C. tropicalis was not inhibited by the sample with higher
DS (1.61). Sulfonation does not appear to be effective against
Gram-positive bacteria (S. aureus and L. monocytogenes). Only
L. monocytogenes was inhibited by the LAS-S sample with a
DS=1.02 (MIC=0.26 mg/mL). Among all the studied sulfonat-
ed samples, the sample with DS=1.02 showed the highest
antimicrobial potential. It is important to highlight that sul-
fonation producing LAS-S of DS=1.02 and 1.61 promoted anti-
microbial activity against S. enterica Typhimurium (Gram-neg-
ative), an effect not observed by the native molecule (LAS-N).
Another aspect to be considered is that Gram-negative bac-
teria were more resistant than Gram-positive bacteria due to
their cell wall chemistries (37).

Antioxidant potential of LAS-N and LAS-S

The results obtained for FRAP antioxidant potential are
shown in Fig. 5a. Glucose showed very low FRAP potential
(0.24 mg/mL), while LAS-N at the evaluated concentrations
showed no FRAP capacity at all. These results indicate that
there is different antioxidant activity behaviour between the
glucose in its monosaccharide form and the glucose as a con-
stituent of the p-glucan. Ascorbic acid showed a high FRAP
potential (5.87 mg/mL), which was to be expected as it is used
universally as a reference antioxidant standard.

Sulfonation promoted ferric reducing antioxidant ability,
except for the sample with a low DS (0.15), which did not have

Table 2. Antimicrobial potential of native (LAS-N) and sulfonated lasiodiplodan (LAS-S) samples with
different degrees of substitution (DS) against different strains of bacteria and yeasts

Sample

. : LAS-N LAS-S™° LAS-S™® LAS-S™ LAS-S™®

Microorganism
DS
0.0 0.15 1.02 1.42 1.62

Candida albicans #(0.15) #(0.26) ++ (0.20) - ++ (0.26)
Candida tropicalis #(0.26) #(0.26) #(0.20) - -
Staphylococcus aureus - - - - -
Listeria monocytogenes #(0.15) - #(0.26) - -
Salmonella enterica Typhimurium - - #(0.26) - #(0.26)
Escherichia coli ++ (0.05) - #(0.20) - #(0.10)

Superscripts in LAS-S denote different ratios of chlorosulfonic acid/pyridine (1:10, 1:6, 1:4, 1:5) used
for sulfonation. - resistance, ++ bactericidal or fungicidal (cell death promotion), # bacteriostatic
or fungistatic (inhibition of cell growth). Values in brackets correspond to the tested sample

concentrations (mg/mL)
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FRAP potential at all. The introduction of a larger number of
sulfonyl hydroxide groups in the macromolecule contributed
to a higher FRAP potential. LAS-S samples with the highest DS
(1.42 and 1.61) had the highest FRAP potential, 6.53 mg/mL
(y=0.18 mg/mL) and 4.6 mg/mL (y=0.26 mg/mL), respectively.

Another aspect to be highlighted is a correlation between
the concentration of the sulfonated polysaccharide and the
FRAP activity in the samples with different DS values. A dose-
-dependent relationship between sulfonated polysaccharide
concentrations and ferric reducing power has also been re-
ported by Li and Shah (23), who evaluated the FRAP potential
of sulfonated derivatives of a polysaccharide extracted from
Pleurotus enryngii, and an exopolysaccharide obtained from
Streptococcus thermophilus ASCC 1275.

The OH’ scavenging capacity of all studied samples is
shown in Fig. 5b. Among the tested antioxidant evaluation
methods, LAS-N and LAS-S samples showed higher antioxi-
dant capacity when evaluated by the OH' radical scavenging
potential. As shown in Fig. 5b, ascorbic acid removed 100 % of
the OH' radicals. Glucose also had appreciable OH’ scavenging
activity (66.66 %). Likewise, LAS-N was able to eliminate 100 %
OH' radicals at all of the concentrations tested (0.26, 0.18 and
0.10 mg/mL), which indicates that LAS-N was a good candidate
for scavenging OH' radicals.
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LAS-S samples also showed high OH" scavenging activi-
ties, at concentration 0.10 mg/mL and DS=0.15, 1.02 and 1.42
the OH" removal was 56.59, 88.37 and 88.00 %, respectively,
while at concentration of 0.18 mg/mL and DS=1.61 it was 67.44
%. These results were different to those observed with FRAP
method. Sulfonation did not potentiate OH" removal capacity
as high as the native sample (LAS-N).

Unlike the behaviour observed with the FRAP potential, a
direct correlation between the OH" scavenging capacity and
DS was not observed. Likewise, the sulfonated polysaccharide
dose did not influence the OH’ scavenging capacity, since the
higher concentrations tested did not increase this activity.

The DPPH radical scavenging capacity of LAS-N, LAS-S, glu-
cose and Trolox (standard) samples is shown in Fig. 5c. Tro-
lox standard was able to remove almost 100 % DPPH radical,
while glucose did not demonstrate any activity. Both LAS-N
and LAS-S samples showed poor antioxidant activity by the
DPPH method, and there was no dose-dependent relationship
between the DS and p-glucan concentration. LAS-N present-
ed maximum removal capacity (8.21 %) at a concentration of
0.10 mg/mL. The highest values of DPPH removal were found
in LAS-S samples with lower DS values (DS=0.15 and 1.02), re-
moving 15.67 and 22.88 %, respectively, and 0.26 mg/mL for
LAS-S with DS=1.61.
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Fig. 5. Antioxidant activity of native (LAS-N) and sulfonated lasiodiplodan (LAS-S) with different degrees of substitution (DS) and chlorosulfonic
acid/pyridine ratio: 1:5 (DS=1.61), 1:4 (DS=1.42), 1:6 (DS=1.02) and 1:10 (DS=0.15) determined by: a) ferric reducing antioxidant ability (FRAP), b) OH’,
¢) DPPH and d) ABTS radical scavenging potential. TE=Trolox equivalent
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Table 3. Oxidative stress by native (LAS-N) and sulfonated lasiodiplodan (LAS-S) with different degrees of substitution (DS) towards various

strains of Saccharomyces cerevisiae

LAS-N LAS-S :
S .. . c(menadione)/
. cerevisiae strain
(mmol/L)
0.0 0.15 1.42 1.61
Standard #(0.20) #(0.26) #(0.20) - - ++ (18.5)
YLL0O60C #(0.20) #(0.26) #(0.20) - #(0.26) ++ (18.5)
YIR038C #(0.20) #(0.20) #(0.20) - - ++ (18.5)
YSL101C #(0.20) #(0.20) #(0.20) - #(0.26) ++ (18.5)

Standard=Saccharomyces cerevisiae ex r.f. bayanus. - resistance, ++ biocidal activity, # biostatic activity. Values in brackets correspond to the

tested sample concentrations (mg/L)

The ABTS radical scavenging capacity of LAS-N, LAS-S, glu-
cose and Trolox samples is shown in Fig. 5d. LAS-N and the sul-
fonated samples with low DS (0.15) had antioxidant potential
against the ABTS radical. The highest scavenging activity of the
ABTS radical was found in the assays with lower concentrations
(0.10 mg/mL) of LAS-N (2.68 mmol/L) and LAS-S (7.18 mmol/L).
Anincrease in the concentration of polysaccharide did not pro-
mote greater antioxidant capacity. Sulfonated lasiodiplodan
with lower DS (0.15) showed a higher ABTS radical scavenging
capacity (168 %) than LAS-N.

The antioxidant activities of LAS-N and LAS-S evaluated
by the DPPH and ABTS radical scavenging capacity were infe-
rior to those found by the FRAP and OH’ removal procedures.
Such behaviour may possibly be attributable to the use of eth-
anol as solvent in the DPPH and ABTS radical antioxidant assay
protocols, as polysaccharides can be insolubilized in alcohols.

Cytotoxicity on Saccharomyces cerevisiae strains

As shown in Table 3, the reference standard, menadione
(1,4-naphthoquinone or vitamin K3), demonstrated lethal cy-
totoxicity against S. cerevisiae strains, even at very low concen-
trations. In fact, menadione is an important agent that induc-
es oxidative stress, which contributes to the increase of the
production of reactive oxygen species (ROS), and causes ROS
levels to exceed the endogenous antioxidant capacity (27,32).
On the other hand, LAS-N and the sulfonated samples did not
demonstrate lethal cytotoxicity against the S. cerevisiae strains
at the evaluated concentrations. Only LAS-N at 0.20 mg/mL
showed an inhibitory effect (biostatic) for 24 h, both against
the wild and mutant strains. Similarly, sulfonated samples with
the lowest DS (0.15 and 1.02) did not have biocidal activity, in-
hibiting only cellular activity for 24 h at concentrations of 0.20
and 0.26 mg/mL.

The sulfonate derivatives with the highest DS (1.42 and
1.61) showed lower capacity for induction of oxidative stress.
In this case, the sulfonated sample with DS=1.42 did not inhib-
it any of the evaluated strains. LAS-S with the highest DS (1.61)
promoted biostatic activity at concentration 0.26 mg/mL only
on mutant strains YLLO60C and YSL101C. Although LAS-N and
LAS-S demonstrated antioxidant activity, especially hydrox-
yl radical scavenging ability, and ferric ion reducing capacity,

there was probably no complete inhibition of the production
and accumulation of certain ROS by the mutant cells of S. cer-
evisiae induced by lasiodiplodan. It is important to note that
even though there is no elimination of an imbalance between
ROS accumulation and antioxidant activity, there was no le-
thal effect on the mutant strains, which are unable to produce
glutathione (20), suggesting a low toxicity of lasiodiplodan in
relation to induction of oxidative stress.

CONCLUSIONS

Four sulfonated derivatives were obtained by sulfona-
tion of the native exopolysaccharide lasiodiplodan (LAS-N).
The degree of substitution of the derivatives ranged from 0.15
to 1.61, and sulfonation was confirmed by FTIR with bands at
1250 (strong asymmetrical elongation vibration S=0) and 810
cm™ (symmetrical vibration C-O-S, associated with the group
C-0-50,). The introduction of O-SO,H groups into the macro-
molecule contributed to the increase in the solubility of la-
siodiplodan, concomitantly with the increase of the degree of
sulfonation of the sample. Sulfonation appears to be a promi-
nent mechanism for the functionalization of lasiodiplodan, in-
cluding potentiation of antioxidant and antimicrobial activi-
ties. It increased the antimicrobial activity, especially against
Candida albicans and Salmonella enterica Typhimurium, ex-
erting a fungicidal and bacteriostatic effect, respectively. Sul-
fonated derivatives showed high FRAP potential, and both
native and sulfonated samples did not demonstrate lethal cy-
totoxicity against the wild and mutant strains of Saccharomy-
ces cerevisiae. Sulfonated lasiodiplodan samples showed the
highest thermal stability compared to the native non-chem-
ically modified polysaccharide. In addition, derivatization by
sulfonation promoted morphological changes on the surface
structure of the biopolymer, including the appearance of het-
erogeneous fibrillary structures along the surface area.
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