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Abstract

Background: Preparing multiple products from lignocellulosic biomass feedstock enhances the profit and sustain-
ability of future biorefineries. Grasses are suitable feedstocks for biorefineries as they permit a variety of possible
by-products due to their particular chemical characteristics and morphology. Elucidating the fate of p-hydroxycin-
namates (ferulates—FAs and p-coumarates—pCAs) and major structural components during bioprocessing helps to
discriminate the sources of recalcitrance in grasses and paves the way for the recovery of p-hydroxycinnamates, which
have multiple applications. To address these subjects, we assessed sugarcane bagasse biorefining under alkaline-
sulfite chemithermomechanical (AS-CTM) pretreatment and enzymatic saccharification.

Results: The mass balances of the major bagasse components were combined with 2D-NMR structural evaluation of
process solids to advance our understanding of sugarcane bagasse changes during biorefining. AS-CTM pretreatment
provided a high yield and thoroughly digestible substrates. The pretreated material was depleted in acetyl groups,
but retained 62 and 79% of the original lignin and xylan, respectively. Forty percent of the total FAs and pCAs were
also retained in pretreated material. After pretreatment and enzymatic hydrolysis, the residual solids contained mostly
lignin and ester-linked pCAs, with minor amounts of FAs and non-digested polysaccharides. Saponification of the
residual solids, at a higher alkali load, cleaved all the ester linkages in the pCAs; nevertheless, a significant fraction of
the pCAs remained attached to the saponified solids, probably to lignin, through 4-O ether-linkages.

Conclusion: AS-CTM pretreatment provided soundly digestible substrates, which retain substantial amounts of
xylans and lignin. Acetyl groups were depleted, but 40% of the total FAs and pCAs remained in pretreated material.
Ester-linked pCAs detected in pretreated material also resisted to the enzymatic hydrolysis step. Only a more severe
saponification reaction cleaved ester linkages of pCAs from residual solids; nevertheless, pCAs remained attached to
the core lignin through 4-O ether-linkages, suggesting the occurrence of an alkali-stable fraction of pCAs in sugarcane
bagasse.
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Background

Biorefining lignocellulosic biomass to produce fuel,
chemicals and heat has been the target of extensive
research and development during the last few decades.
Due to the high costs of biomass processing via bio-
chemical routes, including pretreatment and enzymatic
saccharification steps, multiple-product biorefineries
have been noted to enhance the profit and sustainability
of the process [1, 2]. For biochemical routes of biomass
processing, at least one pretreatment step is necessary to
enhance access to the structural polysaccharides [3]. Elu-
cidating the physico-chemical mechanisms that describe
the changes in biomass structure during pretreatment
can help to reinforce biorefinery designs producing mul-
tiple products from the original feedstock.

Given their long-term use in the pulp and paper
industry, pulping processes have served as the base for
pretreatment in wood chips biorefining [4—6]. Sulfite
chemithermomechanical (CTM) pulping is one of the
industrially developed processes [7, 8] that have been
successfully tuned for wood pretreatment [6]. However,
lignocellulose from grasses, a relevant raw material for
large biorefineries [9], differs from wood feedstocks con-
cerning morphology and chemical composition and thus
requires tailored investigations [10]. Grass internode
morphology includes epithelial cells, and vascular bun-
dles, which are rich in fibers and vessels, as well as large
areas that are occupied by parenchymal cells [11, 12].
Nodes are even more complex and have been reported to
be extremely recalcitrant [13]. The singular morphology
of grasses makes them very heterogeneous material for
pretreatment purposes.

From a chemical point of view, in addition to cellulose,
hemicelluloses and lignin, p-hydroxycinnamates (feru-
lates and p-coumarates) comprise a significant portion of
the aromatic compounds present in grass cell walls [14—
16]. Ferulates (FAs) and p-coumarates (pCAs) form esters
predominantly with hemicelluloses and lignin, respec-
tively [16, 18], which contribute to cell wall recalcitrance
[16]. Indeed, part of the p-hydroxycinnamates is detected
as lignin via routine analytical techniques [14, 19].

In sugarcane, a detailed study discriminated lignin and
p-hydroxycinnamates as core lignin and non-core lignin,
respectively [19]. The authors suggested that approxi-
mately 60% of the original aromatics in sugarcane are
non-core lignin based on the relative abundances of
pyrolysis products detected by gas chromatography cou-
pled with mass spectrometry. Non-core lignin was the
first aromatic fraction to be released during the alkaline
treatment of sugarcane bagasse, providing a less recalci-
trant pretreated material, whereas core-lignin was shown
to be more resistant [19]. UV microspectrophotometry
also indicated that some of the p-hydroxycinnamates
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present in the fiber cell walls of sugarcane bagasse are
resistant to alkaline-sulfite pretreatment [10]. Another
study using rice straw treatment under mild alkaline
conditions revealed that ester-linked FAs were promptly
released into the treatment liquor, whereas ester-linked
pCAs decreased simultaneously with lignin at a slower
rate [20]. Under more severe reaction conditions, the
2D-NMR evaluation of sugarcane bagasse lignins recov-
ered from soda/anthraquinone pulping liquors presented
pCAs with “free” carboxylic acids linked to the core lignin
through 4-0O ether-linkages, suggesting the occurrence of
an alkali-resistant pCA fraction in sugarcane [21].

Available data from the alkaline treatment of grasses
suggest that some of the p-hydroxycinnamates remain
attached to the pretreated material. Elucidating the fate of
p-hydroxycinnamates and the structural characteristics
of the residual lignin and xylan under these pretreatment
conditions could help to discriminate sources of recalci-
trance in sugarcane, which would enable new biorefinery
models that include the recovery of p-hydroxycinna-
mates from grasses for multiple applications [22]. These
subjects were assessed in the current work using alka-
line-sulfite CTM (AS-CTM) pretreatment of sugarcane
bagasse under increasing loads of chemicals to provide a
set of samples suitable for showing progressive changes
in the structural characteristics of the pretreated materi-
als. The enzymatic saccharification, chemical composi-
tion and mass balance of the main bagasse components
were combined with a detailed structural evaluation of
the pretreated materials based on 2D-NMR experiments
to advance understanding of sugarcane bagasse changes
that occur during AS-CTM pretreatment.

Methods

Sugarcane bagasse and pretreatments

Sugarcane bagasse was obtained from a local mill, and
it was air dried and stored under dry conditions. Table 1
includes the chemical composition of the studied sug-
arcane bagasse sample. The AS-CTM pretreatment was
based on a previous report [23]. In the current study, sug-
arcane bagasse (air dried, non-milled material) was pre-
cooked for 2 h at 120 °C using a solid:liquid ratio of 1:10
and three different alkaline-sulfite loads. In all experi-
ments, the Na,SO; load was twice that of NaOH and
corresponded to 10, 5 or 2.5 g of Na,SO; for each 100 g
of dried sugarcane bagasse. Initial liquor pHs were 13.3,
13.0, and 12.7, respectively. Alkaline-sulfite pre-cooked
sugarcane bagasse was separated from the cooking liquor
by centrifugation, avoiding a washing step [24]. Retained
solids were refined at 2.4% (w/v) solids in a disk refiner up
to 250 Wh of energy consumption [23]. Pretreated mate-
rial was recovered as a pulp slurry, which was dewatered
by centrifugation up to a final humidity of 70%. Chlorite
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treatment was used to produce a reference sugarcane
bagasse sample with reduced lignin content as previously
described [25]. The reaction time was 2 h and the tem-
perature was set to 70-80 °C.

Chemical characterization, sugarcane bagasse component
mass balance and sample microscopic evaluation

Before chemical characterization, all samples were air
dried and milled to pass through a 0.84-mm screen.
Untreated samples were extracted with 95 vol% ethanol
for 6 h in a Soxhlet apparatus to characterize the extrac-
tives. Extracted samples and pretreated samples were
hydrolyzed with sulfuric acid to determine their major
components (lignin, glucan, xylan, arabinosyl groups
and acetyl groups) as described elsewhere [26]. Triplicate
analyses were performed for each sample. The reported
data correspond to the average values and their standard
deviations. Ash content in the sugarcane bagasse sample
was 2.8 £0.7%. Owing to this low ash content, acid insol-
uble ash present in klason lignin was not discounted in
the total lignin contents reported in the text.

Ferulic and p-coumaric acids were determined after the
alkaline treatment of milled samples at mild (1 M NaOH
at 30 °C for 24 h) and severe (4 M NaOH at 170 °C for
2 h) reaction conditions as previously described [14].
Triplicate analyses were performed for each sample. The
reported data correspond to the average values and their
standard deviations.

Mass balances for the major bagasse components, as
well as for the FAs and pCAs, were calculated based on
the initial contents that were recorded for the untreated
samples and the final contents that were calculated as
the percent composition multiplied by the solids yield
recorded for each treatment condition.

Microscopic evaluation of the untreated sugarcane
bagasse was performed after the samples were fixed in
epoxy resin, cut along the transversal axes using a Leica
EM UC7 ultramicrotome (1 pum thick), stained with
toluidine blue and evaluated under an Olympus BX53
microscope as previously described [27]. After AS-CTM
pretreatment, fibrous pretreated material was suspended
in water and visualized under an Olympus BX53 micro-
scope. After enzymatic hydrolysis of the pretreated mate-
rial, the residual solids were air dried and macerated in a
mortar and pestle. Milled solids were suspended in water
and visualized under an Olympus BX53 microscope.

Enzymatic hydrolysis of the pretreated materials

Pretreated bagasse samples were air dried, milled to
pass through a 0.84-mm screen, and hydrolyzed with
a commercial cellulase blend, Cellic CTec2 (SAE0020,
SIGMA). The FPU activity of the commercial preparation
was determined as described elsewhere [28]. Pretreated
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samples were suspended in 50-mL Falcon tubes with
50 mM acetate buffer containing 0.01% sodium azide
(w/v), pH 4.8, at 2% solids (w/v). The suspended samples
were mixed with commercial enzymes to assure 10 FPU/g
of substrate in a total reaction volume of 10 mL. Samples
were taken after different hydrolysis periods, with up to
72 h of reaction time. Samples were boiled at 100 °C for
5 min to stop enzymatic activity. The glucose and xylose
contents were determined by HPLC [27]. Triplicate
hydrolysis experiments were performed for each sample.
The reported data correspond to the average values and
their standard deviations. Cellulose and xylan conver-
sions were calculated, respectively, from the amounts of
glucose and xylose released during the hydrolysis, and
they are expressed as a percentage of the theoretical
maximum based on the glucan and xylan content of the
pretreated material. To determine the yield of residual
solids after 72 h of enzymatic digestion, the solids were
washed 3 times with water, air dried and weighed.

Saponification reactions of the solids remaining

after enzymatic hydrolysis

The residual solids formed after enzymatic hydrolysis
were crushed in a mortar and pestle and submitted to
saponification at 90 °C for 48 h. Each reaction was per-
formed inside a 10-mL Falcon tube containing 50 mg of
sample and 5 mL of 1 M NaOH. After completion, the
reaction mixture was adjusted to pH 2.0 with 6 M HCI,
and water was added to a final volume of 10 mL. The
mixture was stored at 4 °C overnight and was then fil-
tered through a 0.45-um membrane and analyzed by
HPLC to measure the ferulic and p-coumaric acid con-
tents as previously described [14]. To determine the yield
of solids that remained after saponification, one analysis
set was performed for each sample as described before,
but residual solids were washed 3 times with water, air
dried, and weighed.

2D-NMR characterization of pretreated materials
and residual solids

2D-NMR characterization of the samples was per-
formed using procedures already described [21, 24].
Briefly, approximately 50 mg of each biomass sample
was dissolved in 0.75 mL of DMSO-d;, and NMR spec-
tra were recorded at 25 °C using a Bruker AVANCE III
500 MHz instrument equipped with a cryogenically
cooled 5-mm TCI gradient probe with inverse geom-
etry (proton coils closest to the sample). Heteronuclear
single quantum coherence (HSQC) experiments used
Bruker’s ‘hsqcetgpsisp2.2’ pulse program (adiabatic-
pulsed version) with spectral widths of 5000 Hz (from
10 to 0 ppm) and 23,843 Hz (from 165 to 0 ppm) for the
'H- and '*C-dimensions, respectively. The central solvent
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peak was used as an internal reference (8. 39.5; 8 2.49).
HSQC correlation signals were assigned by compar-
ing the results with previous evaluations of sugarcane
bagasse samples [18, 21]. The "H/*C correlation signals
of Hy ¢, G2 and S2,6 in the aromatic region of the spectra
were used to estimate the content of the respective H-,
G- and S-lignin units (relative to the content of amor-
phous carbohydrates, estimated from the signals of the
anomeric carbons in xylose, glucose and 4-O methyl-a-
D-glucuronic acid). The signals for pCA2,6 and FA2 were
used to estimate the abundance of the different p-hydrox-
ycinnamates. The Ca/Ha correlation signals of the -O-4/
alkyl aryl ethers (Aa) and phenylcoumarans (Ba) in the
aliphatic-oxygenated region of the spectra were used to
estimate their relative abundances (as per 100 aromatic
units), whereas the Cy/Hy correlation signals were used
to estimate the relative abundance of the cinnamyl alco-
hol end-units (as per 100 aromatic units).

Results and discussion

Pretreatment and enzymatic digestibility of pretreated
samples

AS-CTM pretreatment performed with increasing alka-
line-sulfite loads provided a set of pretreated sugarcane
bagasse samples to investigate the fate of p-hydroxy-
cinnamates (FAs and pCAs) and the structural char-
acteristics of the residual hemicelluloses and lignin. A
chlorite-delignified bagasse sample served as a reference
material in the chemical characterization procedures and
enzymatic hydrolysis experiments (Table 1).

Sulfite pretreatment enhances the efficiency of the
enzymatic conversion of polysaccharides in several ligno-
cellulosic materials [6, 29, 30]. In the case of sugarcane
biomass, we demonstrated that this pretreatment can
provide readily digestible materials depending on the
chemical load used in the pretreatment and on the sugar-
cane cultivar [31]. In the current work, sugarcane bagasse
from the industrial production of sugar and ethanol was
pretreated with increasing alkaline-sulfite loads to gen-
erate a single set of results in which the same sugarcane
bagasse lot was pretreated, digested with highly active
commercial enzymes [32] and chemically characterized
in detail.

Enzymatic hydrolysis of the pretreated samples corrob-
orated previous data [31], showing improved hydrolysis
efficiency with increased chemical loads in the pretreat-
ment (Additional file 1: Figure S1). The initial enzymatic
hydrolysis rates and extent of polysaccharide conversion
after 72 h of incubation are summarized in Table 2. The
initial hydrolysis rates for xylan were lower than those for
glucan, probably because xylo-oligosaccharides accumu-
late in the reaction medium and thus require the inclusion
of hemicellulases for a better hydrolysis response [33]. At
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Table 2 Initial polysaccharide hydrolysis rates and final
conversion efficiencies during the enzymatic digestion
of sugarcane bagasse pretreated via an alkaline-sulfite
chemithermomechanical process at increasing chemical
loads

Sample Initial hydrolysis Polysaccharide
rate (% h™") conversion
after 72 h

of enzymatic
digestion (%)

Glucan  Xylan Glucan Xylan
2.5% Na,SO;+ 1.25% NaOH 26£02 12+02 31#£1 22+1
5% Na,5O03 4 2.5% NaOH 804+08 33+£07 58+4 43+£3
10% Na,SO5 4 5% NaOH 99+£0.7 60x£06 96+£1 79+1
Chlorite-delignified reference  11.74+06 58403 100+2 10042

a longer reaction time (72 h), the xylan conversion effi-
ciency increased significantly but was still lower than that
of glucan conversion. The glucan and xylan conversions
reached their maximal values after pretreatment with
the highest alkaline-sulfite load (95.6 and 78.9%, respec-
tively). These glucan and xylan conversion efficiencies
were slightly higher than those of a previous report [31].
The use of a highly active enzymatic cocktail in the cur-
rent work seemed to yield improved enzymatic hydrolysis
efficiency [32]. The reference chlorite-delignified sample
was completely digested by the commercial enzymes after
72 h of incubation (Additional file 1: Figure S1).

Mass balance and structural modifications of sugarcane
bagasse during AS-CTM pretreatment

The chemical composition of the pretreated materials
and a mass balance of bagasse components confirmed
that lignin removal was the main effect of the AS-CTM
pretreatment. Limited washing of the pretreated solids
avoided excessive dissolution of xylan, providing high
solids yields after pretreatment (Table 1). The highest
Na,SO5;/NaOH load used in the current experiments pro-
vided 38% lignin removal and xylan losses were limited
to 20.6%. Acetyl groups were also extensively hydrolyzed,
reaching up to 97% removal at the highest alkaline-sulfite
load. Glucans were almost completely preserved. Selec-
tive lignin removal is characteristic of alkaline- and
neutral-sulfite processes performed with less than 50%
delignification. Higher delignification levels usually cause
the simultaneous loss of polysaccharides [7]. In this con-
text, alkaline-sulfite processes are suitable for biomass
pretreatment purposes because 40-50% delignification
has been proven to be enough to decrease biomass recal-
citrance in a significant manner, permitting efficient pol-
ysaccharide conversion by commercial enzymes [25, 34,
35]. In the current work, the 2 h chlorite-delignified sam-
ple demonstrated this assertion for sugarcane bagasse, as
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lignin removal was selective, yet achieved 56% (Table 1),
providing a substrate readily digestible by commercial
enzymes (Table 2 and Additional file 1: Figure S1).

During AS-CTM pretreatment of sugarcane bagasse
and after acid-chlorite delignification, FAs and pCAs
were progressively removed at increasing chemical loads
(Table 3). In grasses, FA is generally esterified to hemicel-
luloses (acylating the O-5 position of arabinosyl residues
in arabinoxylans) with possible 4-O-f and 8-f cross-link-
ages to the lignin backbone; conversely, pCA is mainly
esterified to the y-OH of the syringyl (S) lignin units, typ-
ically as a terminal group in the polymer [16, 17].

The fate of FA and pCA during sugarcane bagasse
pretreatment was initially evaluated by analytical deter-
minations using mild (1 M NaOH at 30 °C) and severe
(4 M NaOH at 170 °C) reaction conditions. These proce-
dures would account for alkali-labile and total amounts
of p-hydroxycinnamates, respectively [14, 36, 37]. Alkali-
labile FA intensely decreased with increasing chemical
loads in the pretreatment, whereas labile pCA decreased
more gradually (Table 3). The total p-hydroxycinnamate
content decreased with increasing alkaline-sulfite loads
in the pretreatment but were detectable at high con-
centrations even after the most severe pretreatment
(Table 3). Mass balances for total p-hydroxycinnamates
indicated that 40% of the original FA and pCA content
remained in the sample pretreated at the highest alkaline-
sulfite load. It is noteworthy that alkaline conditions were
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maintained up to the end of each pretreatment condition
(the final pH values of the pretreatment liquors were,
respectively, 8.0, 8.5 and 9.8 for the increasing chemical
loads used in the pretreatments). Nonetheless, some of
the p-hydroxycinnamates remained attached to the pre-
treated materials. These data indicate that a significant
fraction of the p-hydroxycinnamates was inaccessible to
the alkaline liquor and/or that their ester linkages were
cleaved, but they remained linked to the residual lignin
and/or carbohydrates through 4-O ether cross-linkages.
2D-NMR-HSQC characterization of the pretreated
samples clarified the fate of p-hydroxycinnamates as well
as the structural characteristics of the residual hemicel-
luloses and lignin after pretreatment. Figure 1 presents
the HSQC spectra of the untreated and AS-CTM pre-
treated sugarcane bagasse samples together with the
chlorite-delignified reference sample. The main lignin
and carbohydrate substructures that were found are also
depicted in Fig. 1 and their correlation signals that were
assigned in the HSQC spectra are listed in Additional
file 2: Table S1. The HSQC spectra of the untreated and
AS-CTM pretreated bagasse samples showed strong car-
bohydrate and lignin signals, whereas the spectrum of
the reference-delignified sample essentially showed car-
bohydrate signals with a weak residual guaiacyl (G) lignin
signal; the low concentrations of FA and pCA detected
during wet chemical characterization of the chlorite-
delignified sample (0.16 and 0.02%, respectively) were not

Table 3 Hydroxycinnamic acids detected in sugarcane bagasse before and after pretreatment via an alkaline-sulfite

chemithermomechanical process or chlorite delignification

Sample Hydroxycinnamic acids (g/100 g of pretreated Solids yield (%) Mass balance (g/100 g of original bagasse)
bagasse)
Mild hydrolysis Severe hydrolysis Mild hydrolysis Severe hydrolysis
Ferulic p-Coumaric Ferulic p-Coumaric Ferulic p-Coumaric Ferulic p-Coumaric

Untreated 0.28+0.03 1.14+0.08 15+0.1 37+04 100 0.28 1.14 15 3.7

2.5% Na,SO;4+125% NaOH  0.20+£0.03 1.1£0.1 12+£04 44403 86.8 0.17 0.94 1.1 38

5% Na,SO3 + 2.5% NaOH 0.11+£0.01 0.80+£0.05 14+0.1 27403 84.1 0.09 0.67 12 23

10% Na,SO5+ 5% NaOH 011+£001 0.11+£003 0.7+£0.1 19+04 818 0.09 0.09 0.6 15

Chlorite-delignified sample  0.084+0.01 nd 0.16£001 002+0.03 857 0.06 nd 0.13 0.02

nd not detectable

(See figure on next page.)

Fig. 1 2D-NMR-HSQC spectra (6-/8y; 53-150/2.0-8.0) of a untreated sugarcane bagasse; b sugarcane bagasse pretreated with 2.5%

Na,SO; 4+ 1.25% NaOH; ¢ sugarcane bagasse pretreated with 5.0% Na,SO5 4 2.5% NaOH; d sugarcane bagasse pretreated with 10% Na,SO;+5.0%
NaOH; and e reference-delignified sugarcane bagasse treated with sodium chlorite for 2 h. See Additional file 2: Table S1 for signal assignments.
The main structures present in the sugarcane bagasse samples are A: 3-O-4' alkyl-aryl ethers; A’: y-p-coumaroylated B-O-4' alkyl-aryl ethers; B:
(-5" phenylcoumarans; I: cinnamyl alcohol end-groups; pCA: p-coumaric acid units; FA: ferulic acid units; H: p-hydroxyphenyl units; G: guaiacyl
units; S: syringyl units; X: xylans; X": acetylated xylans; and U: 4-O methyl-a-p-glucuronic acid. Note that the regions for C,/H, correlation signal of
phenylcoumarans (B,) and the H, ¢ correlation signals of H-lignin units have been magnified for better viewing
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detectable in the HSQC spectra. A semiquantitative anal-
ysis of the abundances of the different lignin units (H, G,
S), p-hydroxycinnamates (pCA, FA), carbohydrates, and
lignin inter-unit linkages and end groups was performed
by volume integration of the respective correlation sig-
nals in the HSQC spectra and is shown in Table 4.

The most important hemicellulose signals in the spec-
tra corresponded to the C2/H2, C3/H3, C4/H4, and
C5/H5 correlations for xylans (X2, X3, X4, and X5) and
the C4/H4 correlation for 4-O methyl-a-D-glucuronic
acid (U4). Arabinosyl side groups were detected in
the sugarcane samples only in low amounts (Table 1),
but below the minimum needed to be detected in
the HSQC spectra. Signals from O-acetylated xylans
(3-O-acetyl-B-p-xylopyranoside, X’3, and 2-O-acetyl-
B-p-xylopyranoside, X'2) were evident in the untreated
sugarcane bagasse spectra. Other carbohydrate signals
included the C1/H1 correlations for the anomeric car-
bons of B-p-xylopyranoside (X1), 2- and 3-O-acetyl-
B-p-xylopyranosides (X'1), B-p-glucopyranoside (Gl1)
and 4-O methyl-a-p-glucuronic acid (Ul). All signal
assignments for xylans confirmed that partially acety-
lated O-methylglucuronoxylans were the predominant
hemicelluloses in sugarcane bagasse. Most of the car-
bohydrate signals observed in the HSQC spectra of the
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reference-delignified bagasse were also present in the
spectra of the untreated bagasse and pretreated bagasse
samples.

The signals from acetylated xylans (X'1, X'2 and X'3),
which were present with substantial intensities in the
spectra of the untreated bagasse and reference chlorite-
delignified bagasse, gradually disappeared from the
spectra of the pretreated bagasse samples as the alkaline-
sulfite load increased (Fig. la—d). These data corrobo-
rated the wet chemical characterization results of the
samples (Table 1), which indicated that the acetyl groups
attached to the xylans were hydrolyzed and removed
during the alkaline-sulfite pretreatment, but that part of
the acetate was resistant to the treatment with up to 5%
Na,SO; and 2.5% NaOH (Fig. 1c). FA that usually esteri-
fies arabinosyl side groups of hemicellulose in grasses
[16] followed the same trend of the acetyl groups, as aro-
matic carbons from FA were detected with treatment at
up to 5% Na,SO; and 2.5% NaOH (Fig. 1c), corroborating
the labile-FA contents determined using the mild hydrol-
ysis procedure (Table 3). However, the residual total FA
detected in the sample pretreated at the highest chemical
load corresponded to 0.7% (Table 3), which was below the
limit of detection of the HSQC (Fig. 1d, Table 4). U, and
U, signals from O-methylglucuronic acid substituents

Table 4 Semiquantitative 2D-NMR analysis (abundances of lignin units, p-hydroxycinnamates, and carbohydrates,
as per total lignin and carbohydrate units, and abundance of main lignin inter-unit linkages and end-groups, as per 100
lignin units) of the untreated and AS-CTM pretreated sugarcane bagasse samples

Untreated 2.5% Na,SO;+1.25% 5% Na,SO;+2.5 10% Na,SO;+ 5% RES-sap
NaOH NaOH NaOH
Sample composition®
p-Hydroxyphenyl lignin units (H) 0.6 04 04 0.1 0.6
Guaiacyl! lignin units (G) 8.7 6.5 6.5 22 15.6
Syringyl lignin units (S) 10.1 8.1 75 23 134
S/G ratios 12 1.2 12 1.0 09
Total lignin units 194 15.0 144 4.6 ne
Total carbohydrate units 80.6 85.0 85.6 95.1 ne
p-Coumarates (pCA) 104 10.0 9.0 1.7 2.5¢
Ferulates (FA) 46 3.1 19 0.0 0.0
Main lignin inter-unit linkages and end-groups®
B-O-4" Alkyl-aryl ethers (A) 60 59 49 42
Phenylcoumarans (B) 5 4 4
Cinnamy! alcohol end-groups (I) 3 3 0 2

The data for the residual solids that remained after enzymatic hydrolysis of the sugarcane bagasse sample pretreated with 10% Na,SO;+ 5% NaOH, and after

extensive saponification (1 M NaOH, 48 h, 90 °C) (RES-sap) are also shown
ne not evaluated

@ Sample composition represents the abundance of lignin units (H, G, S) and p-hydroxycinnamates (pCA, FA) from integration of their respective signals, and
carbohydrate units (xylose, glucose and 4-O methyl-a-p-glucuronic acid) from integration of the anomeric carbon signals, and are referred to the total lignin

(H+ G+ S) and carbohydrate units (lignin + carbohydrate units = 100)

® The abundance of lignin linkages (A, B) and end-groups (1) is obtained from the integration of aliphatic signals and is referred to the total lignin units

(H+G+5=100)

¢ These represent the pCA that bear a free carboxylic group and are etherified at the 4-OH position to either lignin or carbohydrates
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were readily observed in HSQC spectra of the untreated
sugarcane bagasse (Fig. la). After the mildest pretreat-
ment (2.5% Na,SO; and 1.25% NaOH), these signals were
not detectable (Fig. 1b), suggesting that the O-methylglu-
curonic acid branched xylan fractions were preferentially
solubilized during pretreatment.

Lignin signals were also observed in the HSQC spectra
of the bagasse samples. The main lignin inter-unit link-
ages observed were B-O-4/ alkyl-aryl ethers (A). Intense
signals in the 8C/8H 62.7/3.83-4.30 range (which par-
tially overlapped with the carbohydrate signals) from the
Cy/Hy correlations of y-acylated units demonstrated that
pCA partially acylated the y-OH in the lignin side-chains
of some B-O-4/ substructures (A’) [18]. Detection of A’
substructures by HSQC spectra corroborates the high
contents of total pCA determined by wet chemical char-
acterization (Table 3). Signals assigned to either Cp/Hg
or C,/H, in p-O-4' substructures (A and A’) decreased
in intensity in the samples pretreated at the highest alka-
line-sulfite loads, indicating that residual lignins were
progressively depleted in B-O-4’ substructures (Table 4).
Signals corresponding to phenylcoumaran structures
(B) were also detected in the spectra and could be read-
ily observed after magnification of the corresponding
regions; contrary to p-O-4/ substructures, the abundance
of phenylcoumarans remained essentially constant dur-
ing the different treatments (Table 4). Signals corre-
sponding to the Cy/Hy correlations of cinnamyl alcohol
end groups (I) were also detectable in samples treated
with up to 5% Na,SO; and 2.5% NaOH (Fig. 1c, Table 4).

The main cross-signals in the aromatic regions of the
HSQC spectra corresponded to the different lignin units
and to the p-hydroxycinnamates. Signals from H-, G-
and S-units were observed in the spectra of untreated
(Fig. 1a) and AS-CTM pretreated samples (Fig. 1b—d).
Although the total abundance of lignin units gradually
decrease with alkaline-sulfite loads (Table 4), it appears
that the S-units decrease more rapidly than H- and
G-units with increasing alkaline-sulfite loads; this is
particularly evident at the highest alkaline-sulfite loads,
where the S/G ratios decrease from 1.2 to 1.0, reflecting
the preferential removal of S-lignin units. This preferen-
tial removal is because S-lignin units are mostly involved
in B-O-4/ ether linkages, which are more amenable to
alkaline cleavage.

The HSQC data also corroborate that significant
amounts of pCA remain in the pretreated samples, even
after pretreatment at the highest alkaline-sulfite concen-
tration. Characteristic signals from CB/Hp correlations
at 8C/8H 113.5/6.27 were consistent with the esteri-
fied form of pCA in all bagasse samples, including the
pretreated materials. The rest of the correlation signals
observed in the spectra were also characteristic of pCA
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acylating the y-OH in the lignin sidechain, as previously
observed [18, 38]. From these data, it is possible to con-
clude that a part of the ester bonds between pCA and
y-OH in the lignin sidechain were resistant to the high-
est alkaline-sulfite load used in the pretreatment. The
single explanation for preserved ester linkages after the
alkaline-sulfite pretreatment under evaluation is limited
accessibility to the pCA esters in the thick secondary cell
walls present in sugarcane fibers [39]. Prompt alkali con-
sumption by alkali-labile groups, such as free carboxylic
acids, acetyl groups, phenolic structures in the extrac-
tives, phenolic lignin and the labile p-hydroxycinnamates,
could compete with saponification of the less accessible
PCA esters during pretreatment.

To advance structural information on the residual
lignin in the pretreated samples as well as the fate of pCA
under severe alkaline-sulfite pretreatment conditions, the
sample pretreated with 10% Na,SO; and 5% NaOH was
hydrolyzed with commercial enzymes for 72 h at pre-
parative scale (Additional file 3: Figure S2). Assaying the
enzymatic hydrolysis liquid for FAs and pCAs resulted in
non-detectable peaks using the HPLC procedure, sug-
gesting that most of the p-hydroxycinnamates present in
the pretreated material accumulated in the residual sol-
ids. Residual solids of the enzymatic hydrolysis procedure
represented 16% of the initial mass of the pretreated sug-
arcane bagasse sample and mostly corresponded to lignin
with pCAs as well as minor amounts of non-digested
polysaccharides and FAs. The residual solids were fur-
ther saponified at 90 °C, and they released only minimal
amounts of pCAs and FAs to the reaction solution (10.8
and 4.8% of the total contained in the residual solids,
respectively).

The aromatic/unsaturated regions of the HSQC spectra
of the residual solids (Fig. 2) helped to explain the fate of
pCAs and FAs in the pretreated samples. Figure 2a corre-
sponds to the spectrum of residual solids after enzymatic
digestion of the polysaccharides. The Cg/Hg and C,/
H, correlation signals of pCA esters were still observed,
corroborating that the ester linkages of pCA acylat-
ing the lignin y-OH were resistant to the most severe
pretreatment as well as the enzymatic hydrolysis of the
polysaccharide fraction. FA signals were not detectable
due to their low amounts in the residual solids. After
analytical saponification of the residual solids at 90 °C,
the signals assigned to pCA esters were not detectable
(Fig. 2b); instead, a characteristic shift of the CB/HB sig-
nal to 116.3/6.32 ppm (pCAg), together with a minor
shift of the C,/H,, signal to 143.5/7.45 ppm (pCA;)), was
observed and assigned to pCA units that bear a “free”
carboxylic group, pCA), but are etherified at the 4-OH
position [21]. However, from the NMR data, it is not pos-
sible to conclude whether these pCA units are etherified
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Fig. 2 2D-NMR-HSQC spectra (6-/8y; 95-150/5.6-8.5) of a residual solids that remained after enzymatic hydrolysis of the sugarcane sample
pretreated with 10% Na,SO; + 5% NaOH and b the same residual solids after saponification conditions (1 M NaOH, 48 h, 90 °C). The main structures
present in the sugarcane bagasse samples are H: p-hydroxyphenyl units, G: guaiacy! units; G”: Ca-oxidized G-units; S: syringy! units; S': Ca-oxidized
S-units; pCA: p-coumaric acid units; and pCAg: pCA units bearing a ‘free’ carboxylic group
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to lignin or to carbohydrates. The abundances of the
different lignin units (H, G, S), etherified p-hydroxycin-
namic acids (pCA), carbohydrates, and lignin inter-unit
linkages and end-groups in this sample (RES-sap), esti-
mated from volume integration of the respective signals
in the HSQC spectrum, are also shown in Table 4.

The compiled HSQC data demonstrate that all pCAs
detected in the untreated sugarcane bagasse were origi-
nally y-OH esterified to lignin. A fraction of these pCAs
presented free OH groups at C-4 (representing mostly
the labile pCA fraction released during pretreatment,

which corresponded to 59% of the original amount—
Table 3), whereas another fraction was also 4-O etheri-
fied to lignin and/or to carbohydrates at the same time
(representing a less labile pCA fraction that was retained
in the pretreated sample). Data from the residual solids
after pretreatment and enzymatic hydrolysis indicated
that the less labile pCAs retained ester linkages likely
because the linkages were inaccessible to the alkaline-
sulfite liquor owing to the complex cell wall structure
of the biomass. After cell wall collapse due to polysac-
charide dissolution (Additional file 3: Figure S2), these
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esters were promptly hydrolyzed by saponification reac-
tions to pCAs bearing “free” carboxylic acids. However,
the pCAs bearing “free” carboxylic acids remained linked
to the residual lignin and or non-digested carbohydrates
through 4-O ether-linkages.

Mass balances for total pCAs and FAs along treat-
ments and analytical procedures are illustrated in Addi-
tional file 3: Figure S2. From 100 g of untreated sugarcane
bagasse, the total pCAs and FAs corresponded to 3.7 and
1.5 g, respectively. After severe alkaline-sulfite pretreat-
ment, labile pCAs and FAs were released into the pre-
treatment liquor, whereas the pretreated solids contained
a residual amount of p-hydroxycinnamates correspond-
ing to 1.5 and 0.6 g of pCAs and FAs, respectively. These
amounts were still present in the residual solids used in
the enzymatic hydrolysis procedure. When these resid-
ual solids were analytically saponified, 1.3 g of pCAs and
0.5 g of FAs remained attached to the solids, representing
the less labile ether-linked pCAs and FAs.

Conclusions
The current data strengthen evidence indicating AS-
CTM pretreatment as a high-yield process that provides
soundly digestible substrates, which can be converted
to monosaccharides using a commercial cellulase cock-
tail. The pretreated material prepared at the highest
alkaline-sulfite load retained high amounts of xylans
that were depleted in acetyl groups. Part of the original
lignin (62%) and 40% of the total FAs and pCAs were
also retained in the pretreated material. The partial
removal of lignin, xylans and p-hydroxycinnamates, and
complete deacetylation (at the highest alkaline-sulfite
load) proved to be sufficient to result in an almost com-
pletely digestible pretreated material. None of the iso-
lated biomass modifications would improve digestibility
to values as high as 80-95% for polysaccharide conver-
sion. Combined transformations of the substrate after
pretreatment were decisive for improving digestibility.
Deacetylation, deferuloylation, and the preferential dis-
solution of O-methylglucurono-xylans should enhance
the enzymatic hydrolysis of residual xylan, thus con-
tributing to increased access to cellulose. Simultaneous
lignin and p-hydroxycinnamates removal also increased
cellulose accessibility. After pretreatment and enzymatic
hydrolysis, residual solids contained mostly lignin and
ester-linked pCAs, with minor amounts of FAs and non-
digested polysaccharides. Saponification of the residual
solids cleaved all the ester linkages in the pCAs; never-
theless, a significant fraction of pCAs remained attached
to the core lignin and/or non-digested carbohydrates
through 4-O ether-linkages.

Elucidating the fate of p-hydroxycinnamates and the
structural characteristics of residual lignin and xylans
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under these pretreatment conditions helped to discrimi-
nate sources of recalcitrance in sugarcane and will inform
new biorefinery models for grasses, which should include
p-hydroxycinnamate recovery (from pretreatment liquor
and residual lignin) for multiple applications.

Additional files

Additional file 1: Figure S1. Time course of the enzymatic glucan and
xylan conversion of sugarcane bagasse after chemithermomechanical
pretreatment with increasing alkaline-sulfite loads. A reference chlorite-
delignified sugarcane bagasse sample is also included in the dataset.

Additional file 2: Table S1. Assignments of 'H/">C correlation signals in
the 2D HSQC spectra from untreated and pretreated sugarcane (Saccha-
rum spp.) bagasse in DMSO-dg.

Additional file 3: Figure S2. Processes diagram, main process steps and
transformations, and mass balances for sugarcane bagasse and total pCAs
and FAs by treatment and analytical procedure. The photomicrography
of the untreated sugarcane bagasse was obtained after toluidine blue
staining.
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