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ABSTRACT

Lignin constitutes up to one-third of the material found in plant cell walls and is considered the second
most abundant natural polymer in the world. Despite unique characteristics of lignin, it is mostly used
for low-value commercial applications. In this study, lignin obtained after alkaline treatment of steam-
exploded sugarcane bagasse was submitted to an acidification process. The soluble fractions produced at
different pH values were comprehensively characterized and in vitro antioxidant capacity against reactive
oxygen (ROO*® and H,0; ) and nitrogen (ONOO™ ) species was evaluated. The soluble fraction obtained at pH
2 exhibited the highest scavenging capacities against all species tested (10.2 4 0.7 mmol Trolox equivalent
g 1forROO*,IC30 = 14.9 pg mL~! for H,0, and ICs - 2.3 pg mL~" for ONOO~) and the lowest polydispersity
value (1.2) compared to others fractions. According to the SAXS data, the soluble fractions obtained at pH 4
and pH 2 consisted of small nanometer-sized discs and low molecular weight polyphenolic clusters, while
soluble fractions obtained at high pH predominated wide lignin nanoparticles and larger aggregates. Mass
spectroscopy analysis revealed the presence of phenolic and non-phenolic compounds, well-known as
efficient antioxidants, which were identified in all soluble fractions. Collectively, our results provided
further demonstration that acidification treatment is a promising strategy to upgrade heterogeneous
lignin-enriched stream from sugarcane bagasse, such as preparations with homogeneous compositions
and high antioxidant activity.

© 2015 Elsevier B.V. All rights reserved.

Abbreviations: SCB, sugarcane bagasse; AT, alkaline treatment; SF, soluble fraction; ROS, reactive oxygen species; RNS, reactive nitrogen species; TPC, total phenolic
compounds; LMW, low molecular weight; ORAC, oxygen radical absorbance capacity; FTIR, Fourier transform infrared spectroscopy; GPC, gel permeation chromatography;
TH NMR, proton nuclear magnetic resonance; Mn, number-average molecular weight; Mw, weight-average molecular weight; SAXS, small-angle X-ray scattering; GC-MS,

gas chromatography-mass spectrometry.
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1. Introduction

Sugarcane bagasse (SCB) is a renewable power generation
source that provides energy to operate sugar and ethanol mills and
bagasse-based bioelectricity, which is exported to the national grid
(Bizzo et al., 2014). Furthermore, this lignocellulosic material has
been considered promising resource to produce biofuel and oth-
ers value-added products because of the relatively low cost, great
abundance and low environmental impact (Mandelli et al., 2014;
Chundawat et al., 2011).

The biofuel production from SCB usually requires pretreatment
and delignification steps, to separate lignin and hemicellulose
from cellulose and reduce the crystallinity and enzymatic recal-
citrance of plant biomass polysaccharides (Martinez et al., 2015;
Benjamin et al., 2013; Kuo and Lee, 2009). Most of the available SCB
pretreatment technologies for ethanol production (e.g organosolv,
hydrothermal, dilute acid and alkaline) often produce a large
amount of lignin stream as major residue (Carvalho et al., 2015;
Dias et al., 2009). During lignocellulose pretreatment, lignin is
generally extracted under conditions in which is progressively
broken down into lower molecular weight (LMW) fragments,
resulting in considerable changes in physicochemical properties.
Consequently, apart from the lignocellulosic biomass, lignin iso-
lation procedure also affects the structure and purity of the final
material (Doherty et al., 2011).

Lignin often constitutes up to one-third of the material found
in plant cell walls and the second most abundant natural poly-
mer in the world. This aromatic polymer is a complex polymeric
and amorphous structure arising from the enzymatic dehydro-
genative polymerization of coniferyl, sinapyl and p-coumaryl
alcohol (Ayyachamy et al., 2013), although this proportion can
vary depending on the source. Despite lignin’s unique characteris-
tics, it is mostly used for low-value commercial applications, such
as combusted for energy production, and considered untapped
biopolymers in biomass conversion technologies (Ayyachamy et al.,
2013; Doherty et al., 2011).

There are several studies demonstrating that lignin can serve
as renewable resource for aromatic compounds with antioxidant
capacity (Garcia et al., 2010; Vinardell et al., 2008; Pan et al., 2006).
The recently literature has reported that the antioxidant capacity
of lignin fractions from steam-exploded bamboo stems and SCB are
higher than the synthetic antioxidant dibutylhydroxytoluene (BHT)
(Kaur and Uppal, 2015; Sun et al., 2014).

Because of its high content of diverse functional groups (e.g.,
phenolic and aliphatic hydroxyls, carbonyls, and carboxyls) and
phenylpropanoic structure, lignin can act as a neutralizer or
inhibitor in oxidation processes and stabilize reactions that are
induced by oxygen radicals and derivatives thereof (Randhir et al.,
2004). Nevertheless, the antioxidant capacity of lignins signifi-
cantly depends on the lignocellulosic material and isolation method
employed (Ponomarenko et al.,, 2015; Li and Ge, 2012; Dizhibite
et al, 2004).

A number of studies have shown that high chemical hetero-
geneity of lignin, including differences in lignin macromolecule
chemical structure, functionality and molecular mass distribution,
can turn impractical its applicability as antioxidant in targeted
systems (Ponomarenko et al., 2015; Bikova et al., 2004). Recently,
it was reported different strategies to obtain homogeneous lignin
fractions with antioxidant activity, such as acid precipitation (dos
Santos et al., 2014; Ma et al., 2013; Faustino et al.,, 2010) and
sequential solvent fractionation (Ponomarenko et al., 2015; Cui
etal, 2014; Lietal., 2012). The acid precipitation approach is based
on differences in either solubility or molecular weight of lignins
and it has been widely employed since 1960s for Kraft black liquor
(Wada et al., 1962).

The expansion of commercial lignocellulosic biorefineries based
on the enzymatic deconstruction of plant polysaccharides will
increase the production of lignin-rich streams (Ragauskas et al.,
2014). Based on projected scenarios for integrating first- and
second-generation ethanol production processes in Brazil, with the
electrical cogeneration system, lignin streams are currently con-
sidered fuel for boilers to supply the required energy power to run
plants (Dias et al., 2013). Thus, the development of strategies for
fully exploiting the potential of lignin is necessary to overcome the
economic and sustainability challenges associated with the use of
lignocellulose in the bio-product value chain.

This work focused on studying lignin derived from SCB after
steam explosion and alkaline treatment (AT lignin), which is a con-
sistent stream from the second-generation bioethanol pilot-scale
study in Brazil (Rocha et al., 2012a,b). This AT lignin was submitted
to a simple acidification method for dissolving the heterogeneous
lignin mixture to generate soluble fractions with low polydisper-
sity, similar phenolic compositions and high antioxidant capacity.
In this study, the structural features of the soluble fractions were
comprehensively investigated by different techniques, as well as,
the in vitro antioxidant capacity against reactive oxygen (ROO* and
H,0,) and nitrogen (ONOO™) species were also evaluated.

2. Methods
2.1. Raw material

Lignin extracted from steam-exploded SCB with NaOH 1% (w/v)
was provided by The Engineering School of Lorena (EEL-USP) and
the process is described in detail in Rocha et al. (2012b). The mate-
rial was named in this study as AT lignin (Alkaline Treatment).

2.2. Purity analysis and acid-insoluble and acid-soluble lignin
determination

The impurities in the AT lignin (starting material) were defined
as ash content (inorganic material), sugars (cellobiose, xylose,
glucose, arabinose and galactose), acetic acid furfuraldehyde and
hydroxymethylfurfural content. For ash analysis crucibles were
pre-dried to constant weight in a muffle furnace at 575°C. The
AT lignin samples were weighed into the crucibles and heated
to 100°C to remove moisture. The crucibles were subsequently
heated at 300°C for 2h and 800°C for 2h to constant weight
(ASTM Methods, 1966). The weight of the remaining ash was
calculated as a percentage of the original dry weight of the
sample. For insoluble and soluble lignin determination, carbo-
hydrates, acetic acid and furfuraldehyde/hydroxymethylfurfural
determination, approximately 2 g of AT lignin was treated with
10mL of 72% sulfuric acid under vigorous mixing for 7 min in
a bath at 45°C (Gouveia et al., 2009). The reaction was inter-
rupted thought the addition of 275mL of distilled water and
the solution was autoclaved for 15 min at 1.05 atmand 121 °C to
complete the oligomer hydrolysis. The hydrolyzed material was
separated from solids through filtration using a paper filter (Nal-
gon, 18.5 cm diameter) previously weighed. The solid in the paper
filter was washed with distilled water which was added in the
hydrolysate stored for further analysis. The lignin retained in paper
filter was dried in oven at constant temperature of 105°C and
the content was obtained by gravimetry. Soluble lignin in the
hydrolysate was determined by UV spectroscopy as previously
described (Rocha et al., 2012a). The results reported as a percent-
age of the original dry weight of the sample. Sugars, acetic acid and
furfuraldehyde/hydroxymethylfurfural content in the hydrolysate
were determined through high performance liquid chromatogra-
phy (HPLC) as described in Rocha et al. (2012a) and reported as a
percentage of the original dry weight of the sample.
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Lignin AT resuspended ACIDIFICATION
in NaOH solution > PROCESS
pH 12 (SF-pH12) 7
H2S04 until discarded
pH 10 Supernatant SF-pH10
Lignin from
SCB -
extracted by H2SO4 until Precipitate discarded
alkaline pH 8
treatment Supernatant SF-pH8
(AT)
H2SO4 until Precipitate discarded
pH6
Supernatant SF-pH6
H2SO4 until Precipitate discarded*
pH 4

Supernatant SF-pH4

1

H2SO4 until
pH 2

Precipitate discarded*

Supernatant SF-pH2

Fig. 1. Scheme for the acidification process protocol of lignin. *Large amount of
precipitate was observed at pH 4 and 2.

2.3. Acidification treatment

AT lignin acidification treatment was achieved by adding sul-
furic acid (Fig. 1) in order to obtain the soluble fractions (SF) in
different pH conditions. Approximately 20 g of AT lignin was dis-
solved in 2 L of NaOH aqueous solution (400 wL NaOH 10 mol L~ in
2 L distilled water) at pH 12 (SF-pH12). Sulfuric acid 1 mol L1 was
slowly added to SF-pH12 under stirring until reaching a pH value of
10. The pH value was allowed to stabilize for 30 min. The solution
was centrifuged at 1878 x g for 20 min at 4°C, and the supernatant
(soluble fraction) separated from the precipitate (discarded). An
aliquot (200 mL) was removed from the supernatant and named
SF-pH10. The same procedure was conducted to the remainder of
the solution to obtain SF-pH8, SF-pH6, SF-pH4 and SF-pH2. The pH
value stabilization was allowed to stabilize for 30 min, and the pH
value was adjusted if necessary. All aliquot fractions were dried
at 30°C under normal atmosphere. Dry powdered fractions were
used for further analysis. The concentration of soluble lignin was
determined using UV-spectroscopy as previously described (Rocha
etal., 2012a).

2.4. Determination of the phenolic hydroxyl content

The phenolic hydroxyl content was determined using the dif-
ferential scanning UV-spectroscopy method adapted based on the
average absorptivity of the model lignin compounds (Wexler,
1964). A solution was prepared by diluting 1 mL of lignin solution
(20mgmL-1) in 10.0 mL of dioxane 50% (v/v). The pH values of the
solutions were adjusted to 14 with sodium hydroxide (1 molL-1).
A blank of each sample was prepared in the same dilution at pH
1 using hydrochloric acid (1 molL-1). The sweep of the alkaline
solution against the acid solution was performed. The results were
expressed in percentage of phenolic hydroxyl. Eq. (1) describes the
phenolic hydroxyl content determination.

(AAsz50nm x 0.1 92)
Clig
where%OH-Ph=phenolic hydroxyl content in percentage;
AADbS;50nm = absorbance of the solution at 250 nm subtracted from

the relative absorbance of the baseline spectrum; Clig=Lignin
concentration in gL~1.

%0H-Ph =

(1)

2.5. Fourier transform infrared spectroscopy (FTIR) analysis

Dry powdered fractions were dissolved in pure chloroform,
filtered using a paper filter and dried at 30°C under normal
atmosphere to eliminate the sodium sulphate formed during the
acidification treatment. The FTIR analyses were performed using
a PerkinElmer FTIR Spectrum™ 400 Series FT-IR/FT-NIR, which
was equipped with Attenuated total reflectance (ATR) and zinc
selenide. The spectral resolution of the apparatus was 4.0cm™!.
For each sample, 32 spectra were accumulated in the range of
500-4000cm~! and averaged. The region between 1900 cm~! and
1850cm~! was chosen for normalization procedure.

2.6. Proton nuclear magnetic resonance ('H NMR) analysis

Approximately 100 mg of lignin was acetylated in 2 mL of an
acetic anhydride: pyridine solution (1:1, v/v), which was kept at
room temperature for 18 h under stirring. After stripping with chlo-
roform, pyridine was removed with hydrochloric acid solution (7%)
and water. The samples were dried in vacuum and solubilized in
CDCls, which contained TMS 1% (tetramethylsilane). The quanti-
tative '"H NMR spectra of the lignin fractions were recorded on
an Agilent DD2 spectrometer operating at a Larmor frequency of
499.726 MHz at 25°C. The parameters for data acquisition were:
pulse width of 10.250°, spectral window of 8000 Hz, and 256 time
increments were recorded. The spectra were calibrated based on
the signal from TMS.

2.7. Gel permeation chromatography (GPC) analysis

The number-average molecular weight (Mn) and weight-
average molecular weight (Mw) of acetylated lignin fractions were
evaluated in a Shimadzu apparatus, which was equipped with a
UV detector and an auto sampler. The samples were injected onto
a series of three PLGel (500, 103 and 104 A) columns including a
guard column, eluted at 35°C, a pressure of 71 kgf cm~2, a flow rate
of 1 mLmin~! of tetrahydrofuran (THF) and detected at 280 nm. The
injection volume was 50 L, and the concentration of the injected
solutions, whether they contained standards or samples, was fixed
at 40 mg of material dissolved in 1 mL of THF. Standard polystyrene
(Sigma-Aldrich) samples were used to construct a calibration curve
(molecular weight range from 350kDa to 165 Da). The average
molar mass (M) of a polydispersed polymer results from several
possible methods that average different present species according
to Eq. (2).

(ZNimi™ 1)
M=-——— (2)
b (NlMl")
Due to the differences in chemical structure between the lignins
and polyphenols and the calibration polystyrene standards, the
data only represent the relative Mw and Mn.

2.8. Small-angle X-ray scattering (SAXS)

SAXS measurements of all studied soluble fractions were con-
ducted at the DO2A-SAXS2 beam line of the Brazilian Synchrotron
Light Laboratory, Campinas, Brazil. The SF-pH4 and 2 fractions were
purified to eliminate impurities using a Superdex 30 Pep Grade and
NaOH 0.1 molL~! as eluent.

Soluble fractions were studied by SAXS using a monochro-
matic X-ray beam (wavelength A =1.55A). 2D X-ray patterns were
recorded by a two-dimensional CCD X-ray detector (MarResearch,
USA). The sample-to-detector distance was set at 1000 mm, thus
allowing for a modulus of accessible scattering vector ranging from
q=0.14nm~1upto3.4nm1, q=4IT sinf/\, where @ is half the scat-
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tering angle. All soluble fractions were prepared in aqueous 10%
(m/v) NaOH solution seven days prior to SAXS analyses (Maziero
et al,, 2012). The SAXS intensity curves were determined under
several dilution conditions thus yielding three different lignin solu-
tions at 2.5,5and 10gL-1.

For SAXS measurements, lignin solutions and solvent were suc-
cessively placed in a sample cell with two thin parallel windows
(1mm of path length) maintained at approximately 25°C. Two
successive frames of 300s each were recorded for each sample
to evaluate eventual effects of radiation damage and X-ray beam
instabilities.

The experimental SAXS patterns were corrected for detector
response and normalized to equivalent incident beam intensity,
samples absorption and lignin concentration. The background (sol-
vent + parasitic) scattering intensity was subtracted from the total
intensity curves. The recorded isotropic 2D SAXS patterns were
integrated to obtain 1D scattering intensity, I(q), by using the Fit2D
software (Hammersley, 1997). The fitting analysis using modelled
SAXS intensities that allowed us to determine relevant structural
parameters of all soluble lignin fractions was performed by apply-
ing the SASFIT package (Kohlbrecher, 2006).

2.9. Determination of the total phenolic compounds (TPC)

The Folin-Ciocalteu colorimetric method of Singleton (Singleton
et al.,, 1999) was adapted to a microplate reader (Synergy Mx;
Biotek, USA) for TPC determination. The reaction mixtures in the
sample wells contained the following reagents: 150 wL of ultra-
pure water, 25 wL of soluble fractions in different concentrations
and 25 pL of the Folin-Ciocalteu reagent. The mixture was incu-
bated in the microplate reader, shaken for 20 s, and maintained at
25°C for 5 min. This process was followed by adding 100 wL of a 7%
sodium carbonate solution. The absorbance signal was measured
after 2 h at a wavelength of 765 nm. The results were expressed in
milligrams of gallic acid equivalent per gram of lignin.

2.10. Reactive oxygen and nitrogen species scavenging (ROS and
RNS) assays

A microplate reader equipped with a thermostat (Synergy
HT, Biotek, Vermont, USA) for fluorescence and chemilumines-
cence measurements was used for all assays. Each ROS- and
RNS-scavenging result corresponds to five concentrations and was
performed in triplicate.

2.10.1. Peroxyl radical scavenging assay

The ROO°* scavenging capacity was measured by monitor-
ing the effect of the soluble fractions on the fluorescence decay
resulting from ROO*-induced oxidation of fluorescein, using the
oxygen radical absorbance capacity (ORAC) method (Rodrigues
et al., 2013). ROO* was generated by the thermodecomposition of
a,o’-azodiisobutyramidine dihydrochloride (AAPH) at 37°C. The
reaction mixtures in the wells contained the following reagents
at the indicated final concentrations (final volume of 200 wL):
fluorescein (61nmol L-!), AAPH solution in phosphate buffer
(19mmolL-1) and soluble fractions in different concentrations.
The mixture was preincubated in the microplate reader for 10 min
before the addition of AAPH. The fluorescence signal was moni-
tored every minute for the emission wavelength of 528 +£20nm
with excitation at 485 4+ 20 nm over a period of 180 min. Trolox was
used as the positive control (Net area (64 wmol L~1)=23). Briefly,
the net protection provided by the extracts or Trolox (standard) was
calculated using the difference between the area under the fluores-
cence decay curve in the presence of the sample (area under the
curve AUCextract) and in its absence (AUCpank)- Regression equa-
tions between the net AUC and the sample concentrations were

calculated for all extracts and Trolox. The results of the peroxyl
radical scavenger capacity of the extracts were expressed as Trolox
equivalents in micromoles per gram of lignin.

2.10.2. Hydrogen peroxide scavenging assay

The H,0, scavenging capacity of soluble fractions was measured
by monitoring the H,0,-induced oxidation of lucigenin (Gomes
et al., 2007). Reaction mixtures contained the following reagents
at the final concentrations (final volume of 300 p.L): 50 mmol L~!
Tris HCl buffer (pH 7.4), lucigenina solution in Tris HCl buffer
(0.8 mmolL-1), 1% (w/w) H,0, and lignin in different concen-
trations or Trolox (five concentrations). The chemiluminescence
signal was detected in the microplate reader after 5 min of incu-
bation. Ascorbic acid was used as the positive control. The results
were expressed as the inhibition in percentage (IC3g) of the Hy05-
induced oxidation of lucigenin.

2.10.3. Peroxynitrite scavenging assay

The ONOO~ scavenging capacity was measured by monitoring
the ONOO~-induced oxidation of non-fluorescent dihydrorho-
damine (DHR) to fluorescent rhodamine (Gomes et al., 2007).
ONOO~ was synthesized as previously described (Beckman et al.,
1994). The reaction mixtures contained the following reactants
at the indicated final concentrations (final volume of 300 p.L):
DHR (5 pmolL~1), ONOO~ (600 nmol L~!) and lignin in different
concentrations or Trolox (five concentrations). The fluorescence
signal was measured in the microplate reader after 5min of
incubation at emission and excitation wavelengths of 528 +£ 20 nm
and 485 +20nm, respectively. The assays were performed in
the presence of 25mmolL~! NaHCO; to simulate the physio-
logical CO, concentration once under physiological conditions;
the reaction between ONOO~ and bicarbonate is predominant
(k=3-5.8x10*M -!s -1), which generated nitrogen dioxide
(NO5*) and carbonate radical anion (COs.~). Ascorbic acid was
used as the positive control (ICso=0.31wgmL"!). The results
were expressed as the inhibition in percentage (ICsg) of the
ONOO™ -induced oxidation of non-fluorescent DHR to fluorescent
rhodamine.

2.11. Gas chromatography/mass spectrometry analysis (GC-MS)

The profile of soluble fractions was performed with deriva-
tized samples by a GC-MS system (Agilent GC 6890 and MSD
5973 N series, Agilent, USA), according to Suguiyama et al. (2014).
The samples were derivatized with 200 p.L of pyridine and 50 pL
of N,O-bis[trimethylsilyl] trifluoroacetamide (BSTFA), shaken care-
fully and placed on a heating block at 75°C for 1h (tubes were
shaken every 10 min in vortex). The samples were transferred to a
crimp-cap GC vial and submitted for analysis. GC was performed
on a 30m DB-1701 column with 0.25 pm film thickness (Agilent
Technologies, USA). The injection temperature was setat 230 °C, the
interface at 250°C, and the ion source adjusted to 150°C. Helium
was used as the carrier gas at a flow rate of 1 mL min—!. The analysis
was performed under the following temperature program: 5 min of
isothermal heating at 70°C, followed by a 5°Cmin~! oven tem-
perature ramp to 310°C, and a final 1 min of heating at 280°C.
Mass spectra were recorded at 2scans~! with a scanning range
of 50-600 m/z. Both chromatograms and mass spectra were evalu-
ated using the Chem Station program (Agilent Technologies, USA)
and the software AMDIS (NIST, USA). The peaks were identified and
quantified in comparison with authentic standards and the NIST
Mass Spectral Library.

2.12. Correlations and statistical analysis

Triplicate analyses of the samples were performed through-
out the experiments. Statistical analyses were performed using the
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Table 1
Chemical and physical properties and scavenging capacities of soluble fractions.

Chemical and physical properties

Scavenging capacities

Sample Soluble fraction Soluble fraction Phenolic Mw Mn Mw/Mn TPC™ ROO* H,0, ONOO~-
yield (%) concentration Hydroxyl
(gL ™) content’
SF-pH12 12 10 4.99+0.10 4438 661 6.71 2785+11.3% 3830.7+134.2¢ 30.0¢ 2.4
SF-pH10 10 8.3 4.71+0.07 4254 702 6.05 317.5+26.54¢ 37659+ 672.4% 305> 2.8
SF-pH8 10 8.2 4.94+0.04 9359 605 1547 297.9+20.3?2 2749.7 +223.8¢ 34.1¢ 3.2¢
SF-pH6 10 8.13 4.66 +0.02 9068 878 103 284.7 £ 18.6%¢ 2868.9 +307.43¢ 39.9¢  2.3d
SF-pH4 5 4.44 3.98 £0.03 488 342 1.43 269.1+18.8%¢ 3646.3 +238.1%0 29.6¢ 3.4¢
SF-pH2 1 0.55 3.54+0.09 409 339 1.21 430.8 +42.8" 10167.8 £694.7¢ 14.9¢ 2.3d

Legend: The characteristic of the soluble preparations are presented: soluble fraction yield (%), soluble fraction concentration (%) in the supernatant, phenolic hydroxyl content
in the supernatant, weight average (Mw), number average molecular weight (Mn), polydispersity (Mw/Mn) of acetylated soluble fractions, total phenolic compounds (TPC),
peroxyl radical (ORAC)-, hydrogen peroxide (H,0)-, peroxynitrite (ONOO™)- scavenging capacities of soluble fractions. Soluble fraction yield (%) expressed as percentage
relative to the oven-dry mass of SCB, these results were calculated according to the mass balance data described from previous study of our group using the same raw material

(Rocha et al., 2012b).

" n=3. Note: the lignin concentration in the supernatant was estimated using Eq. (1) developed for the original lignin (AT).

™ Total phenolic compounds expressed as mg gallic acid equivalent g lignin—".

™" ORAC, hydrogen peroxide and peroxynitrite assay were expressed as pmol TE glignin—!, IC3o ICsp and (g mL-1), respectively. IC3p and ICs is inhibitory concentration,
in vitro, to decrease (by 30% and 50%, respectively) the oxidative effect of reactive species in the tested media. Values represent the average of triplicates + standard deviation;
means followed by different letters in the same column differ statistically (p <0.05) by the Tukey test. TE is Trolox equivalent.

Statistica 10.0 software at 95% confidence level. The results were
expressed as the averages of triplicate experiments & SD (standard
deviation). Differences were considered significant at p<0.05. A
simple regression analysis with two independent variables was
used for the ROS and RNS scavenging assay and TPC results. To
establish the relationship among the TPC, Mw and the ROS and
RNS scavenging assay results using a simple regression analysis
with independent variables, we assumed an x factor [TPC/Mw] and
ay factor [ORAC/(]C30 Hj 02* IC50 ONOO~ )]

3. Results and discussion

3.1. Alkali treatment of steam-exploded SCB was effective to
produce almost pure lignin

Future biorefineries will integrate total biomass conversion pro-
cesses and provide sustainable chains for producing fuels, power,
and value-added products from biomass feedstock. Thus, a large
amount of lignin will be generated from this biomass conversion
process, making it available for different purposes. One factor that
may restrict the use of lignin fractions to produce high-value-added
materials and applications is the presence of organic and inorganic
impurities. Several impurities such as sugars, silicates, sulfur, ash,
proteins and other compounds derived from either raw materials
or the delignification process can be produced after the pretreat-
ment step (El Mansouri and Salvadé, 2006). The lignin examined
in this study was produced from pilot-scale steam explosion pre-
treatment of SCB followed by alkaline delignification described by
Rochaetal.(2012b). According to mass balance data, approximately
91% of the lignin contained in the steam-exploded solids was sol-
ubilized by delignification, resulting in a pulp with almost 90% of
cellulose content. After acidification of the black liquor, 48.3% of
the lignin originally contained in the raw material was recovered
(Rocha et al., 2012b).

The acid-insoluble lignin (Klason lignin), acid-soluble lignin,
sugars and decomposition products content after treatment of
AT lignin with 72% sulfuric acid were determined. The percent-
age of acid-insoluble and acid-soluble lignin in AT lignin was
91.294+0.63% and 6.02 +0.22% (w/w), respectively. Xylose was the
only sugar detected in the hydrolysate at 0.19 £ 0.07% (w/w). Furan
aldehydes and acetic acid was not detected. The ash content deter-
mined in solid AT lignin was 2.92 +0.03% (w/w).

The low amount of impurities in the starting material indicate
that the approach based on steam explosion, followed by alkali

precipitation, as described in Rocha et al. (2012b), produced almost
pure lignin from SCB.

3.2. Fractions with similar chemical structures were produced
after the acidification steps

The potential utilization of lignin to produce value-added com-
pounds can be affected by heterogeneous nature of lignin. In this
study, AT lignin (Fig. 1) was acidified with sulfuric acid (1 molL~1)
to yield soluble fractions, composed by lignins and LMW pheno-
lic compounds, of homogeneous molecular weight and chemical
functionality. This process is based on the solubility of lignins and
LMW phenolic compounds at different pH values. The initial pH of
the black liquor was 12, and no precipitate formation was observed
during the first solubilization step. The progressive decrease from
pH 12 to 2, which was achieved by adding sulfuric acid (1 molL-1),
increased formation of precipitate and lightened the liquor’s color.
Two zones of high lignin precipitation yield were observed at pH
4 and pH 2. The resulting soluble fractions SF-pH4 and SF-pH2
presented polyphenolics contentration of 4.44gL-! and 0.5gL1,
respectively (Table 1). In a similar experiment, Garcia et al. (2009)
used black liquor from Miscanthus sinensis pulping to precipitate
lignin. The authors also observed different zones of meaningful
precipitation, but over pH 10-11, which was attributable to the
silicates in the raw material, and pH 7-4.

The soluble fraction yield (total amount of lignins and LMW
phenolic compounds) in percentage of dry mass of SCB was cal-
culated based on the mass balance of the pretreatment process
(Rocha et al., 2012b). The highest yield obtained was 12% for SF-
pH12 (Table 1) because in this pH condition AT lignin was totally
soluble. The lowest yield was obtained at SF-pH2, about 1%.

It is known that oxidative degradation of ether linkages during
alkaline treatment can increase hydroxyl groups content (Li and
Ge, 2012).In this study, phenolic hydroxyl content was determined
using differential scanning UV spectroscopy (Table 1). The SF-pH12
showed highest phenolic hydroxyl content (4.99%), whereas the
SF-pH2 showed the lowest value (3.54%). Using a titration method,
Mousavioun and Doherty (2010) obtained a notably similar value
for the phenolic hydroxyl content (5.1%) from lignin derived from
SCB in natura after alkaline treatment.

The FTIR spectra of the soluble fractions are presented in Fig. 2.
As shown in Fig. 2, the polysaccharide bands are not detected in
the fractions. The results showed that the linkages between lignin
and polysaccharides in sugarcane bagasse was completely cleaved
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Fig. 2. FTIR spectra of soluble fractions.

during lignin alkali extraction from steam-exploded SCB described
in Rocha et al. (2012b). The spectral patterns between SF-pH12 and
10 fractions and between SF-pH8 and 6 were notably comparable,
suggesting that these fractions possessed similar lignin chemical
compositions. A strong band around 1700cm~! observed for the
SF-pH2 fraction has been assigned to carbonyl stretching group
in unconjugation with the aromatic ring (Faix, 1994). Garcia et al.
(2009) observed that intensity of the carbonyl group increased after
application of an acidification step to lignins obtained from apple
tree pruning, which suggested oxidation or degradation of some
phenolics groups. Probably, a significant number of polyphenols in
the SF-pH2 fraction were likely oxidized. The bands at 1600 cm™!
and 1516 cm~! which is attributed to aromatic skeleton vibrations
and aromatic skeleton vibrations of guaiacyl and syringyl units,
respectively, were observed for all fractions and with a higher
intensity signals in SF-pH4 and 2 fractions (Faix, 1994). Asym-
metric C—H deformations appear at 1460 cm~! (Faix, 1994) in all
fractions and higher intensity signals in SF-pH4 and 2 fractions.
The band at 1330cm~! corresponds to the syringyl and guaia-
cyl condensed rings (Faix, 1994). Absorption at 1166cm~! only
observed in SF-pH2 spectra indicates C=0 stretching in conjugated
ester groups. The bands at 1105cm~!, 1030cm~! and 830cm™!
attributed to aromatic C—H in plane deformations (syringyl type)
and C—H out-of-plane vibrations in position 2, 5 or 6 of guaia-
cyl units, respectivetly, were observed in all fractions spectra with
stronger signals in SF-pH4 and 2 fractions (Faix, 1994).

The chemical structure of acetylated soluble fractions was stud-
ied using 'H NMR spectrometry; the spectra are shown in Fig. 3. The
SF-pH 12-6 fractions showed similar spectra with typical regions
of lignin fragments (Garcia et al., 2009), whereas the SF-pH 4-2
fractions showed a more defined profile with the region typical of
LMW phenolics (Yoshimura et al., 2015). The integral of all signals
between 6.4 and 8.0 ppm can be attributed to aromatic protons.
More specifically, the integrals of the signals centered at 6.6 and
6.9 ppm observed only for SF-pH2 are assigned to aromatic pro-
tons in syringyl and condensed guaiacyl structures, respectively.
The signal around 7.4 ppm in SF-pH2 spectra and discreet for SF-
pH4 confirming the presence of p-hydroxyphenyl units and Ca=0

groups in these fractions. The signal is attributed to the aromatic
protons in positions 2 and 6 in structures containing a Ca=0 group,
to aromatic protons in positions 2 and 6 of p-hydroxyphenyl units
conjugated with a double bond and also protons in Ca=C[} struc-
tures (Sun et al., 2013). The signal around 6.0 ppm and 5.5 ppm
in SF-pH2 spectra is related to Ha in 3-O-4 and -5 structures,
respectively.

The integral of signals between 0.85 and 1.20 ppm, more intense
in SF-pH4 and 2, can be attributed to the aliphatic moiety. Methoxyl
protons (OCH3) produced an intense signal centered at 3.75 ppm in
SF-pH12-6 fractions. Acetylation step was necessary to solubilize
lignin and LMW phenolic compounds in CDCl3; however, deriva-
tives displaying broad proton signals were produced between 1.65
and 2.70 ppm. In addition, aromatic and aliphatic acetyl groups
were not shifted differently, which led to peaks overlapping.

3.3. Large lignins aggregates, small nanometer-sized discs and
polyphenolics clusters were found in the different lignin fractions

To investigate the effect of acidification process on molecular
weight of the AT lignin, soluble fractions obtained after acetylation
protocol were first analyzed by GPC. Table 1 shows Mw, Mn and
polydispersity (Mw/Mn) of soluble fractions.

The first two soluble fractions (SF-pH12 and SF-pH10) exhibit
notably similar Mw (~4346 Da), Mn (~680Da) and polydispersity
(~6.4). According to Li and Ge (2012), similar Mw (4300 Da) and
a lower polydispersity (2.86) were observed for sugarcane lignin
derived from alkali process. However, Li and Ge (2012) used a dif-
ferent process for sugarcane bagasse pretreatment.

The SF-pH8 and SF-pH6 fractions exhibited the highest Mw
(~9200Da) and polydispersity (10.3 and 15.5, respectively). The
highest Mw for these fractions can be attributed to acetylation
step (required to perform GPC analysis) that could result in chem-
ical modification of lignin. According to GPC data, the SF-pH4
and SF-pH2 fractions predominated LMW phenolics with low Mw
(~448 Da), Mn (~340 Da) and polydispersity (1.32).

SAXS is an experimental technique widely used for structural
characterization of colloidal or nanoscopic (organic or inorganic)
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particles in solution (Glatter and Kratky, 1982). This technique
provides useful information about shape, dimension and size dis-
tribution of macromolecules in dilute solutions, as well as, the
nature of molecular interactions. SAXS studies were previously
applied to lignin by Harton et al. (2012) and others, to characterize
lignin molecular architecture, shape, dimensions and intermolec-
ular interactions.

We applied the SAXS technique to provide biophysical param-
eters from lignin and polyphenolics content of all soluble fractions
describe in this remit. SAXS intensity data (function of the modulus
of the scattering vector, I(q)) were obtained for each soluble frac-
tion at three different concentrations of polyphenols: 2.5, 5 and
10gL-1. The SF-pH4 and 2 fractions were purified by GPC prior
the analysis to eliminate the interfering inorganic components (see
Supplementary material Fig. S1).

The results were displayed as log I(q) vs. log q in Fig. 4. It was
observed the same g-dependence for all three concentrations, indi-
cating dilute regime even at highest concentration of polyphenols
(10gL-1).

PPM 12 10 8

cetylated soluble fractions.

SF-pH4 and SF-pH2 fractions yielded similar SAXS curves, but
since the scattering curve corresponding from SF-pH2 fraction
exhibited very high statistical errors, the SAXS data from this sam-
ple is not shown.

The qualitative analysis of SAXS curves plotted in Fig. 4 sug-
gests that all soluble fractions exhibit typical behavior expected for
nanoscopic macromolecules and their aggregates with two struc-
tural levels. At high g range (q > 0.4 nm~1), with negative curvature,
it indicates the presence of rather small macromolecules or clus-
ters (primary structure level). The intensity in the low q range
(g<0.4nm~1), with positive curvature, implies occurrence of larger
macromolecules or aggregates (secondary structure level).

The SASFIT package (Kohlbrecher, 2006) was used to fit simu-
lated SAXS intensity functions to experimental curves. As approach
for SAXS curves modeling, it was assumed that the system to be
studied is isotropic, as well as, consists of diluted set of macro-
molecules or molecular clusters embedded in a homogeneous
liquid solvent. It was also assumed that low-resolution shape of
the primary macromolecules could be well described as a set
of disks with unique thickness and distribution radius with log-
normal distribution. The hypothesis of oblate ellipsoid, similar to
disk-shaped lignin organization in solution, has been proposed pre-
viously (Vainio et al., 2004). The secondary structure level was
considered to be composed of aggregates of lignin macromolecules
with fractal structure.

The relevant parameters determined using the best fit pro-
cedure were the arithmetic average radius <R>, the standard
deviation (sdg) and the thickness (L) of the disk-shaped entities,
along with the fractal dimension of molecular aggregates (D). The
aggregates radius of gyration, which can be used for characteri-
zation of the average size of the aggregates (secondary structure
level), were not determined because the minimum g value acces-
sible was not low enough in our experimental setup.

Comparison of the experimental scattering curves (symbols)
with modeled scattering curves (solid line) is showed in Fig. 4.
The structural parameters derived from best fitting procedure are
reported in Table 2. The average radius of the studied lignin and
LMW phenolics is approximately the same for pH ranging from 6 to
10, <R>=1.35-1.36 and smaller for SF-pH12, <R>=1.13 nm. SF-pH4
and SF-pH2 exhibited smaller average radius, <R>=0.31 nm, com-
pared to the others fractions. The disk-shaped lignin are rather thick
in SF-pH12 with L=0.81 nm and becomes progressively thinner in
SF-pH4 and SF-pH2 with L=0.31 nm. These findings indicate that
progressive addition of sulfuric acid (consequent decrease in final
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Table 2
Structural parameters of different soluble fractions determined by SAXS.
Sample SF-pH12 SF-pH10 SF-pH8 SF-pH6 SF-pH4/pH2
<R>(nm) 1.13 1.35 1.35 1.36 0.31
sd (nm) 0.41 0.26 0.31 0.37 0.57
L (nm) 0.81 0.66 0.71 0.58 0.31
D 2.80 2.71 2.15 2.18 2.19

Legend: Average disk radius <R>, radius standard deviation (sd), disk thickness (L)
and fractal dimension (D).

pH) caused fragmentation of lignin disk-shaped macromolecules
and reduction of their thickness.

The fractal dimension of the lignin aggregates ranged from 2.80
to 2.71nm in SF-pH12 and SF-pH10, respectively, and decreased
during the acidification steps within D=2.15-2.19 nm range. How-
ever, the values obtained for this parameter indicate that all studied
samples exhibited mass fractal structure of lignin aggregates.

Lindstrom and Westman, 1982 explained the aggregation of
alkali lignin in aqueous solutions by hydrogen bonding between
neighboring lignin group carboxylic groups, ether oxygens, and
hydroxylic groups. However, the same study with organosolv lignin
and kraft lignin showed the intermolecular associative effects are
governed by nonbonded orbital interactions (- interactions)
among the benzene groups (Sarkanen et al., 1981). This type of
interaction is a kind of 7m—1 aggregation of the aromatic groups that
induces molecular aggregation. In the case of molecular aggrega-
tion governed by hydrogen bonding proposed by Lindstrém and
Westman (1982) is a kind of aggregation that is not necessarily
accompanied by -1 aggregation of the aromatic rings.

Collectively, SAXS data corroborated with molecular weight dis-
tribution of soluble fractions determined by GPC analysis (Table 1).
According to the structural parameters determined, the soluble
fractions over the pH range of 12-6 contain rather large lignin
aggregates, whereas the fractions with pH 4 and pH 2 consist of
relatively small nanometer-sized LMW phenolics clusters.

3.4. TPC, ROS and RNS scavenging assays correlated to the
biophysical properties of soluble fractions

Different in vitro assays were used to evaluate the effects of the
soluble fractions on reactive oxygen and nitrogen species. In vitro
systems have the advantage of being relatively simple and inex-
pensive to implement; however, it can only rank the antioxidant
capacity for particular reaction system. Therefore, the correlation
to in vivo systems must be further studied (Alves et al., 2010). Fur-
thermore, it is considered prudent to use more than one antioxidant
assay system to measure antioxidant capacities, since there may
be distinct mechanisms involved that result in different outcomes
depending on the test method employed (Magalhaes et al., 2008).
In this work, we evaluated the capacity of soluble fractions to serve
as scavengers of peroxyl radical (ROO*), hydrogen peroxide (H,0,)
and peroxynitrite (ONOO™).

The TPC and scavenging capacities of all soluble fractions are
presented in Table 1. SF-pH2 showed the highest content of TPC,
whereas the results were notably similar for samples SF-pH12 to 4.
It is important to note TPC were determined by Folin—Ciocalteu col-
orimetric method. However, this method is not specific for phenolic
compounds and estimates the total reducing capacity of certain
sample, i.e. the Folin reagent reacts with any reducing compound
and not only with the ones possessing phenolic hydroxyl groups
(Everette et al., 2010).

SF-pH2 exhibited the highest values of scavenging capacity
against peroxyl radical (10167.8 +694.7 wmol TE. glignin—!) and
hydrogen peroxide (IC39 =14.9 g mL~1). In the peroxynitrite scav-
enging capacity assay, SF-pH6 and SF-pH2 exhibited identical

capacities (ICsg=2.3 pgmL~1). It should be noted that the signif-
icance and relevance of an antioxidant evaluation strongly depend
on the test method employed.

The correlation analysis between TPC and molecular weight was
performed to understand the interrelationship between the solu-
ble fractions and their antioxidant capacity. A good correlation was
observed with the TPC and ROO® scavenging capacity (R?=0.89)
and TPC and hydrogen peroxide scavenging capacity (R?=0.71),
but correlation was not found between TPC and peroxynitrite scav-
enging capacity (R? =0.19). When all assays of scavenging capacity
were compared with TPC and molecular weight, the linear cor-
relation was R2=0.72. These correlations suggest that TPC affects
the antioxidant capacity, but more experimental data should be
evaluated to confirm this hypothesis.

3.5. GC-MS analysis identified LMW compounds with
antioxidant capacity

Based on the GC-MS analysis employed, it was possible to iden-
tify several phenolic and non-phenolic compounds in the soluble
fractions (see Supplementary material Table T1). Cinnamic acid
was identified in all fractions, as well as, ferulic acid, excepting for
SF-pH12 and SF-pH2. Caffeic acid was identified only in SF-pH4
fraction. All compounds are reported in the literature as efficient
natural antioxidants (Paiva et al., 2013; Damasio et al., 2013; Sova,
2012; Giilgin, 2006). Glycolic acid was present in all fractions. SF-
pH4 and SF-pH2 fractions showed oxalic and malic acid in its
composition (Table S1), which are related with antioxidant proper-
ties (Kazemi et al., 2012; Kayashima and Katayama, 2002; Morreale
and Livrea 1997).

It is important to mention that the value observed for TPC in
disagreement with phenolic hydroxyl content for SF-pH2 (Table 1)
can be attributed to the response of non-phenolic reducing sub-
stances present in this fraction. Glycolic, oxalic and malic acid are
reducing substances that react with the Folin-Ciocalteu reagent
and therefore are quantified as total phenolic compounds by the
colorimetric method but not by the differential scanning UV-
spectroscopy method for phenolic hydroxyl content determination.

3.6. Nearly monodispersed lignin and LMW compounds recovered
in soluble fractions could be useful for further applications

According to our data, the antioxidant capacity of soluble frac-
tions may be attributed not only to the TPC and phenolic hydroxyl
content but also to the ability of lignins to donate electrons (mech-
anism used in the inactivation of H,0,) and protons (mechanism
used in the inactivation of ROO* and ONOO™) to radical species
(Anouar et al., 2009; Huang et al., 2005). The SAXS data obtained for
the SF-pH4 and 2 fractions suggest the occurrence of a significant
resonance effect in the sample, because of the difficulties of pri-
mary beam attenuation and solvent subtraction. The free phenolic
hydroxyl groups are essential to antioxidant capacity of lignin and
LMW phenolics, because they can scavenge radicals by forming a
stable phenoxyl radical (Barclay et al., 1997). There are substituents
that positively affect the stabilization of phenoxyl radicals, such as
methoxyl groups at the ortho position or conjugated double bonds,
whereas a conjugated carbonyl group negatively affects the antiox-
idant capacity (Pan et al., 2006). Li and Ge (2012) evaluated the
scavenging capacity of lignin that was extracted from SCB using
different chemical procedures. They demonstrated that the radical
scavenging activity was more strongly affected by the hydroxyl and
methoxyl content than by the molecular mass and polydispersity.
Based on a series of lignins that were isolated from deciduous and
coniferous wood species, Dizhibite et al. (2004) demonstrated that
high molecular weight, enhancement of heterogeneity and poly-
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dispersity were the factors that decreased the radical scavenging
capacity of lignins. Garcia et al. (2010) evidenced that different
extraction processes could affect the antioxidant capacity of lignin
obtained from Miscanthus sinensis. Moreover, Hussin et al. (2014)
studied ethanol organosolv lignin from oil palm fronds and con-
cluded that the radical scavenging capacity thereof was closely
related to the average molecular weight and phenolic hydroxyl con-
tent. In addition, previous studies have demonstrated that lignins
prepared from SCB exhibit antioxidant capacity similar to Epicate-
chin (Vinardell et al., 2008) (a well-known antioxidant compound)
and lack cytotoxicity (Ugartondo et al., 2008).

Finally, even with the potential health benefits and industrial
applications of lignins, the great heterogeneity of lignins makes
it difficult to assign their antioxidant efficiency to specific struc-
tural components compared to the activities of chemically defined
molecules such as tannins and flavonoids (Sakagami et al., 2005). In
this study, the phenolic and non-phenolic molecules in obtained as
soluble fractions can be considered high-value components, which
were produced from a low cost acidification treatment of SCB lignin.
Along with the nearly monodispersed lignin with unique structural
features, these preparations could be attractive for development of
range of products with antioxidant and antimicrobial properties.
As a preliminary study not focused on process optimization, the
yield of some promising fractions were low. To achieve complete
integration of lignin from SCB in the biobased economy, more focus
on the development of this process in a single step for example for
lignin valorization is clearly desired. The mixtures of products that
will arise from lignin processing constitutes also a challenge as well
as new separation techniques for LWM phenolic compounds.

4. Conclusions

The acidification treatment of lignin stream, derived from
steam-exploded sugarcane bagasse, resulted in low-polydispersity
and low-molecular-weight preparations with high free-radical
scavenging capacity. The soluble LMW compounds obtained at pH 2
exhibited highest total phenolic yield and better antioxidant prop-
erties. According to the SAXS data, the soluble fractions obtained at
pH 4 and pH 2 consisted of small nanometer-sized and low molecu-
lar weight polyphenols clusters, while in soluble fractions obtained
at higher pHs wide nanoparticles and larger aggregates of lignin
were predominant. Analysis by GC-MS identified in all fractions
phenolic and non-phenolic compounds, which are well described
antioxidants, such as cinnamic acid and glycolic acid, furthermore,
the SF-pH4 and SF-pH2 fractions also presented oxalic and malic
acid in its composition. We expect that our findings help to accel-
erate the development of new routes to overcome the inherent
heterogeneity of lignin-enriched streams and allow the production
of higher-value and sustainable commodities.
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