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Abstract One of the primary challenges for efficient utili-
zation of lignocellulosic biomass is to clarify the complicat-
ed structure of lignin. In this study, in situ heteronuclear
single quantum coherence nuclear magnetic resonance
(NMR) characterization of the structural heterogeneity of
lignin polymers during successively treated bamboo was
emphatically performed without componential separation.
Specially, the NMR spectra were successfully obtained by
dissolving the acetylated and non-acetylated bamboo sam-
ples in appropriate deuterated solvent (CDCl; and DMSO-
dg). The heterogeneous lignin polymers in bamboo samples
were demonstrated to be HGS-type and partially acylated at
the y-carbon of the side chain by p-coumarate and acetate
groups. The major lignin linkages (3—0—4, 3—f3, and [3-5,
etc.) and various lignin—carbohydrate complex linkages
(benzyl ether and phenyl glycoside linkages) can be
assigned, and the frequencies of the major lignin linkages
were quantitatively obtained. In particular, the residual en-
zyme lignin (REL) contained a higher amount of syringyl
units and less condensed units as compared to other sam-
ples. Inspiringly, the method gives us a vision to track the
structural changes of plant cell wall (e.g., lignin polymers)
during the different pretreatments.
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Introduction

Shifting society's dependence away from petroleum to re-
newable biomass resources is generally viewed as an im-
portant contributor to the development of a sustainable
industrial society and effective management of greenhouse
gas emissions [1]. With the inevitable decrease in supply of
petroleum-based resources and mitigate the pressure of
greenhouse gas, lignocelluloses, such as agricultural and
forest residues, have been viewed as sustainable alterative
resources for producing energy and chemical feedstocks
because of their huge abundance and sustainability [2].
However, one of the primary challenges for efficient utili-
zation of lignocellulosic biomass is to clarify their compli-
cated structure. In the past, researchers have focused on
characterization of the chemical structures of various com-
ponents in the plant cell walls (cellulose, hemicelluloses,
and lignin). In general, waxed-free kibbling samples or ball-
milling preparations are required for common isolation and
spectroscopic analysis of its components. The methods have
played a very significant role in plant chemistry; however,
they only focus on one component of cell wall, and could
not provide panoramic structural features or changes of the
whole cell wall components via an un-isolated approach,
i.e., in situ approach. Ideally, the chemical structure of the
cell wall and its components should be identified in intact
samples containing the native cell wall [2]. Thanks to the
advanced nuclear magnetic resonance (NMR) techniques, the
in situ characterization of plant cell wall has been primitively
achieved [3]. This developed method can be used in tracing
the structural changes of biomass during fungal treatments
[4]. In consideration of the fact that current conversion of
biomass to biofuels is detrimentally impacted by its native
recalcitrance [5, 6], such as the adverse impact of lignin and
hemicelluloses, the method of in situ characterization gives us
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enlightenment to track the structural changes of plant cell
wall during the continuous pretreatments, especially the evo-
lution of lignin structure during successive treatments.

Characterization of plant cell wall via NMR method was
firstly proposed in 2003 by Lu and Ralph, who developed a
bi-solvent system of N-methylimidazole (NMI) and dimethyl
sulfoxide (DMSO) to dissolve finely ball-milled plant cell
walls and performed detailed structural studies on the acety-
lated plant cell wall solutions using a high-resolution NMR
spectroscopy [7]. The method opens up a new horizon to
identify biomass structure, especially lignin structure. How-
ever, the complexity of spectra still hinders the unmasking of
the lignin structure in situ status. Subsequently, the bi-solvent
system (DMSO/NMI) was also applied to the whole lignin
study [8]. The researchers remove bulk of carbohydrates to
reveal the lignin structure and give us a satisfactory spectrum.
However, the data obtained were only suited for softwood
lignin. Afterwards, the in situ NMR technique was also ap-
plied to antiquity preservation [9, 10], in which the changes of
lignin and carbohydrates in the waterlogged wood were in-
vestigated by Py-GC/MS and NMR techniques via derivatiz-
ing the wood in ionic liquid. Recently, Qu et al. [11] acetylated
Fir wood in an ionic liquid and then qualitatively identified the
acetylated lignin and polysaccharide signals using 2D hetero-
nuclear single quantum coherence (HSQC) NMR technique.
However, chemical modification of the plant cell wall, even
simple derivatization, led to the loss of some structural infor-
mation. For example, natural acetylation in the plant cell wall
was masked when the sample was per-acetylated.

Along with these research avenues, structural character-
ization of biomass could be directly investigated by NMR
investigations via non-derivatization solvent systems, such
as DMSO-dg [12], DMSO-dg/NMI-dg [13], and DMSO-dy/
pyridine-ds [3]. Based on these explorations, it was found
that cell wall could not be entirely dissolved in the DMSO-
ds but formed gel-state substance for NMR experiments. In
general, the overlapped signals in the carbohydrates region
seriously impacted the spectral analysis of the plant cell
wall, especially in lignin polymers. Subsequently, the mixed
solvents (DMSO-d¢/NMI-dgs and DMSO-d¢/pyridine-ds)
were developed to improve the resolution of spectra and
obtained more satisfied results. However, some overlapped
and inexplicable signals still hinder the unmasking of com-
ponent structural features, especially the structures of lignin
polymers. Afterwards, the methodology of in situ character-
ization biomass was recently improved by Ragauskas'
group. They firstly applied in situ characterization in evaluating
the structural changes of biomass pretreatments (steam, dilute
H,SO,, and lime at 160°C) by developing a novel bi-solvent
(per-deuterated pyridinium chloride-DMSO-dg) [5, 6]. The
above-mentioned research interests enlighten us to track the
structural changes of lignin polymers caused by pretreatment
(regeneration) and enzymatic treatment. Most importantly, the

structural determination (acetylated and non-acetylated sam-
ples, qualitative and quantitative) of lignin polymer as well as
lignin—carbohydrate complex (LCC) structure in a native state
during the various treatments should be clarified via NMR
techniques prior to its utilization.

Bamboo, a perennial lignified plant, belongs to the Gra-
mineae family. According to the available data, there are
1,000 species of bamboo worldwide, and approximately 500
species can be found in China. The existing bamboo forest
area in China is six million hectares according to the statis-
tical data from the State Forestry Bureau of China. Bamboo
is considered a promising biomass for pulping and bioetha-
nol production due to its rapid growth rate and huge quan-
tity. Recently, it was reported that the bamboo lignin could
be easily released after the mild alkali treatment, and the
isolated alkali lignin has been studied by wet chemistry and
spectroscopic methods [14]. The well-characterized lignin
fractions could be used as starting materials for developing
downstream products. However, the isolated lignin could
not completely represent the whole lignin of bamboo cell
wall [14]. Therefore, it is necessary to reveal the heteroge-
neity of lignin by in situ method.

In the present study, in situ solution state 2D HSQC NMR
technique was applied to investigate the structural inhomoge-
neity of lignin polymers (acetylated samples) in the bamboo
during sequential treatments (regeneration and enzymatic hy-
drolysis treatment). In addition, the enzymatic hydrolysis
bamboo (EB and REB, non-acetylated), which could be used
as a raw material for developing lignin-based products, were
subjected to in situ analysis to track the structural changes of
lignin polymers and the LCC during the enzymatic treatment.
Furthermore, the ball-milled bamboo undergone consecutive
treatments were also analyzed by GPC to estimate the possible
changes of the corresponding molecular weight distributions
during the successive treatments.

Experimental
Material

Solvents (DMSO and NMI) used were AR grade and sup-
plied by Beijing Chemical Company, Beijing, China. Deu-
terated chloroform was purchased from Sigma Chemical
Co. (Beijing, China).

The cellulolytic enzyme used in this study was Celluclast
1.5 L, kindly supplied by Novozymes, China. It had a filter
paper activity of 70 FPU/g.

Preparation of Ball-Milled Bamboo and Lignin Preparation

Bamboo, Bambusa rigida sp., was obtained from Sichuan,
China. The bamboo culms were dried in an oven at 50°C,
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followed by grinding to obtain particles with a size distribu-
tion between 450 and 900 pum (2040 mesh). The subsequent
treatment with a mixture of toluene/ethanol (2:1, v/v) in a
Soxhlet extractor for 12 h removed most extractives. Klason
lignin in the de-waxed bamboo was determined to be 23 % via
NREL method (determination of acid-insoluble lignin in bio-
mass). The de-waxed sample was then dried at 60°C in an
oven for 16 h prior to ball milling with a planetary ball mill
(FritschGMBH, Idar-Oberstein, Germany) for 5 h. The mill-
ing bowl was composed of zirconium dioxide (500 ml) and
contained 25 zirconium dioxide balls (1 cm diameter). The
milling was conducted at room temperature under N, atmo-
sphere with a milling frequency of 500 rpm. To prevent over-
heating, 10-min breaks were followed by 10 min of ball
milling. MWL, which represents the native lignin released
by aqueous dioxane (96 %, v/v), was prepared according to
the classical procedure [15].

Dissolution and Acetylation of Bamboo Meal in DMSO/NMI

Dissolution and acetylation of bamboo cell walls was con-
ducted according to a previous paper [7]. DMSO (10 ml)
and NMI (5 ml) (v/v, 2:1) were placed in a round-bottomed
flask (50 ml), then the ball-milled bamboo or regenerative
one (1 g) was added slowly to the round-bottomed flask, and
the mixture was stirred (600 rpm, IKA® RCT basic, Ger-
many) at room temperature to form a homogeneous solution
(6 h, forming a brown but clear solution). Subsequently, the
dissolved bamboo meal acetylated in situ with 2 ml
pyridine-acetic anhydride (1:1, v/v) for 3 h at room temper-
ature under the exclusion of sunlight. The solution turns
dark after addition of pyridine-acetic anhydride. After the
reaction finished, the acetylated cell walls were regenerated
by simply dropping them into distilled water under rapid
agitation (2,000 ml of deionized water). The obtained white
solid materials were filtered, washed with distilled water,
followed by lyophilization. The purified acetylated samples
(Ac-B, Ac-RB) were obtained.

Successive Treatments of Ball-Milled Bamboo

The detailed procedures for handling the ball-milled bam-
boo are shown in Fig. 1. The ball-milled bamboo was
treated by two routes described as follows: (1) the ball-
milled bamboo cell wall (B) regenerated from DMSO/NMI
system (RB) was treated by cellulase. Specifically, the
regenerated residue (5 g) was suspended in acetate buffer
(250 ml, pH 4.8). Of cellulase, 4.0 ml (Celluclast 1.5 L) was
added and incubated at 50°C for 72 h. After centrifugation,
the supernatant was removed, and the obtained residue
(REB) was washed with water (200 ml). After lyophiliza-
tion, the residue (1.13 g) was obtained. The dried residue
was divided into two parts: a part (0.6 g) was selected to
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isolate RCEL. The other part (R1, shown in Fig. 1) remained
for preparing acetylated REB (Ac-REB). The dissolution
and acetylation was conducted according to the above-
mentioned DMSO/NMI procedures. The RCEL was isolat-
ed according to the method reported by Zhang et al. [16].
Specially, the residue was extracted with dioxane/water
(96:4, v/v, 15 ml) in the dark (2x24 h). The extracted
solution was collected by centrifugation and concentration
as well as precipitation. The crude RCEL was freeze-dried.
To preserve structural features of the isolated RCEL, no
further purification was performed, although some carbohy-
drates remained in the RCEL. The acetylation of RCEL was
performed according to a literature [17], but with a few
modifications. One hundred milligrams of RCEL was mixed
in 4 ml of a solution of acetic anhydride:pyridine (v/v, 1:1).
After stirring for 24 h at room temperature under the exclu-
sion of sunlight, the resulted mixture was concentrated
under reduced pressure by adding ethanol for several times.
The mixture was dropped slowly into 200 ml of ice water
(pH=2.0, measured with an acidometer) to induce acetylat-
ed lignin precipitation, and the resulted precipitate was
washed with deionized water (3 x50 ml). After centrifuga-
tion and freeze-drying, Ac-RCEL was obtained. In addition,
the residue after RCEL extraction was freeze-dried to pro-
duce RREL sample, which was subsequently acetylated in
DMSO/NMI mixture to obtain Ac-RREL according to the
procedures described above. (2) The original ball-milled
bamboo (B) was also treated with cellulase (Celluclast
1.5 L). Subsequent procedures were the same as that of the
regenerated ball-milled cell wall described above. In this
section, the successively acetylated samples (Ac-EB, AC-
REB, Ac-CEL, Ac-RCEL, Ac-REL, and Ac-RREL) were
obtained.

GPC Analyses

The investigation was carried out both on acetylated lignin
and on acetylated bamboo samples. Four milligrams of
acetylated samples were dissolved in 2 ml tetrahydrofuran
(THF), and 20 pl solutions were injected. The weight-
average (M) and number-average (M,) molecular weights
of the samples were determined by gel permeation chroma-
tography (GPC) on a PL-gel 10 mm Mixed-B 7.5 mm i.d.
column, calibrated with PL polystyrene standards according
to a previous literature [14]. The analyses were run in
duplicate.

FT-IR Analyses

FT-IR spectra of lignin fractions were conducted using a
Thermo Scientific Nicolet iN10 FT-IR Microscope (Thermo
Nicolet Corporation, Madison, WI, USA) equipped with a
liquid nitrogen cooled MCT detector. The dried samples
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Fig. 1 Scheme for in situ
characterization of bamboo
during successive treatments
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were ground and palletized using BaF,, and their spectra
were recorded in the range from 4,000 to 700 cm ' at 4 cm ™'
resolution and 128 scans per sample. The fingerprint region
was baseline corrected between 1,900 and 750 cm™'. Before
data collection, a background scanning was performed for
background correction.

NMR Spectra of Acetylated and Non-acetylated Bamboo
Samples

Quantitative HSQC (Q-HSQC) NMR spectra were recorded
on a 400-MHz NMR spectrometer (Avance III, Bruker,
Germany) with a 5-mm BBO probe at 300 K according to
the literature with minor modifications [18]. The Bruker
standard pulse program hsqcetgpsi2 was used for HSQC
experiments with some parametric modification. Typically,
spectral widths were 4,000 and 20,124 Hz for the '"H and
13C dimensions, respectively. The number of collected com-
plex points was 1,024 for the "H dimension with a recycle
delay (d,) of 5 s, number of transients for the HSQC spectra
was 64, and 256 time increments were always recorded in
the '*C dimension resulting in an overall experiment time of
22 h. The 'Jc_y; used was 150 Hz. Prior to Fourier transfor-
mation, the data matrixes were zero filled up to 1,024 points

in the '*C dimension. Data processing was performed using
standard Bruker's Topspin NMR software. Sixty milligrams
of acetylated samples (Ac-B, Ac-RB, Ac-REB, Ac-RCEL,
and Ac-RREL) were dissolved in 0.5 ml of CDCls, while
60 mg of non-acetylated samples (EB and REB) was dis-
solved in 0.5 ml of DMSO-ds. Then, the dissolved samples
were carefully transferred to NMR sample tubes. Processing
used typical matched Gaussian apodization in F2 and a
squared cosine-bell in F1 (LB=-0.5, GB=0.001) prior to
2D Fourier transformation. Interactive integrations of con-
tours in 2D HSQC plots were carried out using Bruker's
Topspin 2.1 software, as was all data processing.

Results and Discussion

The flowchart and schematic diagram of successive treat-
ments are illustrated in Figs. 1 and 2, respectively. The
purpose of this work was to unmask the structural changes
of lignin polymer in biomass (grass and bamboo) during the
regeneration and enzymatic hydrolysis. During the process-
es, lignin-rich residues were obtained. Whether the structur-
al features of lignin changed in the residues prompt us to
investigate the inhomogeneity of the lignin polymer in the
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residue. More importantly, in the current bioethanol produc-
tion, the structural features of enzymatic hydrolysis residue
(EB and REB) should be clarified prior to subsequent
utilization.

GPC Analyses of the Bamboo Samples

In order to investigate the changes of the average molecular
weight of the bamboo samples during successive treatments,
the effects of such treatments on the molecular weight distri-
butions of ball-milled bamboo were firstly evaluated by GPC
analyses (Table 1 and Fig. 3). The weight-average molecular
weight (M,,) of ball-milled bamboo (B) slightly decreased
after being regenerated from the DMSO/NMI mixture (RB).
However, the enzymatic treatments of ball-milled bamboo (B)
and the regenerative bamboo (RB) resulted in a higher M, of
REB than that of EB. The lower M, of RB was probably due
to the slight depolymerization of the ball-milled bamboo
during the regeneration process in the initial step, while the
higher M,, of REB suggested that more carbohydrates, which
probably have a small M,,, could be easily hydrolyzed. Addi-
tionally, the fact that a portion of small lignin fragments
caused by ball-milling were removed after the DMSO/NMI
regeneration process [19] would add some clues to explain the
higher M, of REB. Table 1 also shows the GPC results of the
original bamboo (B and RB) and the treated bamboo (EB and
REB). It was found that a significant decrease occurred in the
molecular weight of enzymatic treated bamboo (EB, REB),
which was mostly related to the hydrolysis of carbohydrates.

The dissolution or swelling of cellulose by solvents was
considered to be a more facile method for disrupting the
crystalline structure to increase its accessibility to cellulases
[16, 20]. After the treatment with celluclast 1.5 L, it was
found that the mass losses for original and regenerated ball-
milled bamboo were 70 % and 78 %, respectively. It is
therefore possible to deduce that the regeneration has been
shown to be effective to produce a highly digestible
cellulose-rich residue.

The molecular weights of REL and CEL from ball-milled
bamboo were found to be higher than those from regener-
ated bamboo samples (RREL and RCEL). It has been
reported that the carbohydrate polymer linked to lignin can
increase the hydrodynamic volume of lignin and therefore
increase the apparent molar mass of the lignin when it is
measured using GPC [21]. Take the fact that the RREL and
RCEL from the regenerated bamboo contained less carbo-
hydrate into consideration, therefore, the lower molecular
weights of RREL and RCEL were not surprised.

FT-IR Spectra of the Treated Bamboo Samples

FT-IR was used to briefly investigate the changes of bamboo
during the various treatments. Figure 4 shows the FT-IR
spectra of the treated ball-milled bamboo preparations (acet-
ylated samples). It was found that the O—H stretching vibra-
tion at 3,430 cm ' sharply decreased as compared to the
original ball-milled bamboo (not shown). However, a small
absorption centered at 3,458 cm™ ' was still existent due to
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Fig. 2 The proposed evolutionary mechanism of bamboo cell wall during the chemical and enzymatic treatments
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Table 1 Weight-average (M,,)

and number-average (M,) mo- Samples B RB EB REB REL RREL CEL RCEL

lecular weights of the succes-

sively treated bamboo M, 29,510 27,670 7,500 8,160 10,480 10,010 13,780 9,300

preparations M, 17,310 16,450 4,520 5,210 8,540 8,090 6,200 5,660
M/M, 1.70 1.67 1.66 1.56 1.22 1.23 222 1.64

the residual OH stretching after acetylation. A previous
report demonstrated that the absorption represented for OH
groups cannot be totally eliminated even though the reaction
was conducted in ionic liquid (ILs), and the reagent was
extremely slowly added to the reaction system [22]. In
addition, the larger absorption at 1,749 cm ™' that appeared
in all the bamboo samples indicated that acetylation success-
fully occurred. The strong band at 1,041 cm ' is assigned to
C-O stretching in cellulose, hemicelluloses, and lignin or C—
O-C stretching in cellulose and hemicelluloses (B and RB)
[23]. However, the absorption is sharply decreased in other
samples (EB, REB, CEL, RCEL, REL, and RREL). Simul-
taneously, the signals represent for lignin polymer, which
appear at 1,597, 1,506, and 1,426 cm ! (aromatic skeletal

Fig. 3 GPC profiles of the 12

vibrations); 1,325 cm ™" (syringyl and condensed guaiacyl);
1,163 cm™ ' (HGS lignin); 1,125 cm™' (GS lignin); and
832 em ' (C-H out-of-plane in H units), increased in the
samples EB, REB, CEL, and RCEL [24]. The increasing
signals for lignin suggest that most of the carbohydrates were
degraded (cellulose and hemicelluloses) after the enzymatic
treatment. Besides, it should be noted that the samples of REL
and RREL, which are the residues after CEL extractions, still
contained a portion of lignin in it, as shown in FT-IR spectra.
Furthermore, the sharp band at 899 cm ™', which is originated
from the (-glucosidic linkages between the monosaccharide
units in hemicelluloses and cellulose, is also decreased after
cellulase hydrolysis. This further implied the degradation of
[-glucosidic linkages carbohydrates (cellulose and xylans). In
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Fig. 4 FT-IR spectra of the acetylated bamboo samples
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brief, FT-IR spectra give less information about the compo-
nential changes of bamboo during the regeneration and enzy-
matic treatment. However, the brief understanding of the
treated samples, such as the lignin type (HGS type) and the
degradation of carbohydrate, could be obviously attained.

Structural Changes of Carbohydrates in the Acetylated
Bamboo Samples during Various Treatments

To detect the structural changes of carbohydrate in the
treated bamboo samples, the acetylated samples were ana-
lyzed with 2D "H-'>C HSQC NMR (Figs. 5, 6 and 7).
Figure 5 gives the HSQC spectra of ball-milled bamboo
and regenerated ball-milled bamboo. It was also observed
that the carbohydrates in the bamboo samples changed
slightly before (B) and after regenerated (RB) treatment. A
previous study indicated that a portion of dissociative lignin
rather than carbohydrates could be isolated from plant cell
wall via regeneration process [19]. However, the signals
represented for cellulose were distinctly observed at a higher
contour level. The correlations of C;—H; (Gley), Co,—H,
(GlCZ), C37H3 (GlC3), C4*H4 (G1C4), C57H5 (Glcs), and
Cs—Hg (Glcg) in the acetylated cellulose were observed at
oc/oy 101.1/4.40, 71.5/4.77, 72.1/5.05, 75.7/3.70, 72.5/
3.53, 61.76/4.34, and 61.76/4.04 ppm, which was in agree-
ment with previous literatures [7, 25]. The C;—H; correla-
tion of xylan was probably overlapped with that of cellulose
and gives an overlapped signal at about §c/dy 101.1/
4.4 ppm. By contrast, the C;—H; of «-L-Araf unit in the
bamboo cell wall was expressly observed at dc/dy 105.5/

Fig. 5 HSQC of cellulose

5.15 ppm [11]. These results were in line with the previous
results that arabinoxylan comprised more than 90 % of
bamboo hemicelluloses [26]. Besides, an evident signal at
0c/dy 91.8/5.64 ppm was assigned to reducing ends of
(1-4)-a-D-Gle according to previous reports [11, 25]. After
treatment with cellulase, it was found that some signals for
carbohydrate still appeared in REB, RCEL, and RREL,
suggesting the carbohydrate cannot be hydrolyzed com-
pletely under the conditions given. However, the signals
for 4-O-methyl-a-D-glucuronic acid unit, which is one of
the side chains in xylan from grass species, were not found
[27]. The potential reason for this could be attributed to the
esterase activity of cellulase [28]. Furthermore, although the
ball-milled bamboo is treated with regeneration and enzy-
matic hydrolysis, varying signals from the associated carbo-
hydrates could also be found in the HSQC spectra of REB
and RCEL, even in the final residue (RREL). However, the
associated carbohydrates observed herein give us an inspi-
ration to investigate the LCC of the bamboo samples in
subsequent sections.

Structural Analysis of Lignin in the Acetylated Bamboo
Samples during Various Treatments

2D 'H-"*C HSQC NMR spectra were used to track the
structure heterogeneity of the lignin in the treated bamboo
samples by simple acetylation in DMSO/NMI mixture in
this study. Figure 6 shows the HSQC spectra (side chain
region) of the acetylated bamboo samples (RB, REB,
RREL, and RCEL). The HSQC spectra of acetylated cell

component in the ball-milled
bamboo and regenerated ball-
milled bamboo (acetylated)
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Fig. 6 The side chain region of HSQC spectra in the treated bamboo samples (acetylated)

walls (softwood and hardwood) have been obtained by the
equal dissolved system [7]. However, only the signals for
cellulose and aromatic region of lignin polymer were obvi-
ously distinguished. The side chain region of lignin was still
overlapped with numerous signals of carbohydrate, which
was deemed to impede the in situ characterization of lignin
by NMR techniques. In this study, the successively treated
samples were used to unmask the structural heterogeneity of
lignin in bamboo via in situ method. It was found that the
samples (B and RB) show distinct signals for 3—0—4 (A)

and methoxy group (OMe). However, other inter-linkages
signals, such as 3—f3 (B), 3—5 (C), and (3—1 (D), are over-
lapped with other signals for carbohydrates. After enzymatic
hydrolysis, REB shows the unequivocal signals of lignin,
especially the distinguishable side chain of spectra as com-
pared to that of RB (Fig. 6). However, the spectra of EB and
REB were found to be similar except for different abundan-
ces. The CEL preparations extracted from the original and
regenerated ball-milled bamboo were also used for charac-
terization of lignin polymer. However, the CEL obtained

Fig. 7 The aromatic regions of HSQC spectra of the acetylated samples
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based on DMSO/NMI regenerated system (i.e., RCEL) was
only used for structural analysis since a previous study has
demonstrated that the CEL from original and regenerated
ball-milled wood presented a similar structure feature, just
differed in the yield [16]. In addition, the final residue REL
(i.e. RREL) after RCEL extraction, which rarely been used
for structural analysis of lignin via liquid NMR technique
due to its limited solubility, was also investigated by 2D
HSQC NMR via acetylating the residue in DMSO/NMI
dissolving system. Furthermore, more distinct signals for
lignin polymer were found in the order of RB<REB<
RCEL. However, RREL was observed to contain less lignin
polymer since the lignin exposed after enzymatic hydrolysis
was mostly separated as RCEL by 96 % aqueous dioxane.
The distinguishability of the spectra was significantly
improved after enzymatic hydrolysis of RB. It was found
that REB shows a similar spectrum to that of RCEL (Fig. 6).
Therefore, the REB was selected to illustrate the lignin
structure in this study. The C—H correlations from all major
lignin substructures (—0—4, —fB, -5, and —1) can be
readily assigned. The prominent correlating signals ob-
served are the methoxyl groups (OMe, dc/dy 55.6/
3.76 ppm) and [3—O-4 aryl ether linkages. The C,—H,
correlation in 3—O—4 substructures (A) was observed at
0c/oy 74.1/6.02 ppm. The signals located at §c/dy 76.6/
5.07 and 80.3/4.59 ppm are attributed to the G-type and S-
type of 3—O—4 (p-position), respectively [16]. The C,-H,
correlation of 3—O—4 structure was probably at about /6y
61.0-63.0/4.19-4.4 ppm, which is seriously overlapped
with Gle6 correlating signals. In addition, the C.~H, of
acylated —O—4 was not clearly observed. The C,—H,,
CsHg, and C,—H, correlations of the resinol B (—f3)
substructures appeared at dc/dy 85.6/4.70, 71.7/3.92-4.28,
and 54.3/3.08 ppm, respectively [16]. The correlations at d¢/
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Oy 88.2/5.49 and 50.2/3.77 ppm are originated from the C,—
H, and Cs-Hg of the phenylcoumaran C (3-5) structures.
However, their C,-H,, correlations were overlapped with
other signals. In addition to these linkages, the C,—H,,
CsHp, and C,~H,, correlations (dc/dy 133.0/6.60, 123.0/
6.30, and 64.2/4.7 ppm) in p-hydroxycinnamyl alcohol end
groups (F) and the C 5-H; correlation (/0 57.5/2.98 ppm)
of spirodienone substructure (D) were also tentatively
assigned [11]. Even in the residue (RREL), the main sub-
structures, such as 3—0—4, 3—3, and -5, and p-hydroxy-
cinnamyl alcohol end groups could also be assigned (A, B,
C, and F unit, depicted in Fig. 11). Therefore, the data
presented in the spectra suggest that the structure of RREL
was similar to those of native lignin. However, the RREL
was not easily dissolved in DMSO due to the association
with carbohydrates, which was in agreement with a previous
study [8].

In the aromatic regions of the HSQC spectra of different
acetylated bamboo samples (B, RB, EB, REB, RREL, and
RCEL, shown in Figs. 7 and 8), cross-signals from syringyl
(S), guaiacyl (G), and p-hydroxyphenyl (H) lignin units
could be distinctly observed. The S-type lignin units showed
a prominent signal for the C,¢—H,¢ correlations at dc/0y
104.1/6.59 ppm, whereas the G-type lignin showed different
correlations for C,—H,, Cs—Hs, and C¢—Hg at /6y 110.7/
6.96, 116.0/6.80, and 120.1/6.87 ppm, respectively. Signals
corresponding to C, ¢—H, ¢ correlations in Cy-oxidized S
units (6c/6y 105.7/7.17 and 106.1/7.47 ppm) are presented
in the HSQC spectra (B, EB, REB, and RCEL), but were not
found in the spectra of RB and RREL. This fact suggested
that the oxidized lignin fractions derived from ball milling
was extracted in the initial regeneration process (Fig. 2,
Route 3). However, some oxidized lignin fractions were
probably released after enzymatic hydrolysis process, as
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Fig. 8 The aromatic regions of HSQC spectra of the treated bamboo samples (acetylated)
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shown in REB and RCEL (Fig. 8). The correlations for the
Cs—Hg in oxidized a-ketone structures G’ was tentatively
assigned in the spectrum of RCEL. Furthermore, the C,
H, ¢ aromatic correlating signals from H units were clearly
observed at 0c/0y 128.8/7.05 ppm.

A previous report indicated that p-coumaric acid (pCA)
is acylated at C-y of lignin side chain in grass species [29].
To clarify the existence of the acylated pCA in the bamboo
samples, the HSQC spectra of in vitro acetylated bamboo
samples were investigated in detail. The pCA ¢ correlations
in the acetylated bamboo samples are found at §c/dy 129.3/
7.48 ppm, and pCA; 5 correlations at /0y 122.0/7.08 ppm.
However, the pCAj3/5 and pCA, ¢ correlations were found at
0c/6y 115.8/6.83 and 130.2/7.48 ppm in non-acetylated
bamboo cell walls. The pCAg gave a correlation at §c/dy
117.4/6.33 ppm, while the corresponding signal in the non-
acetylated samples was found at dc/0y 113.9/6.29 ppm [3].
In consideration of the migration of chemical shifts value (9)
of the correlative signals of p-CAjs/5 and p-CAg to low field
(high ¢ value) after acetylation, therefore, the in vitro acet-
ylation was demonstrated to occur at C-4 of p-CA. Besides,
the question that whether the p-CA acylated at C- of lignin
still remain uncertain from the spectra. Adding the acces-
sional evidence of the subsequent HSQC spectra of non-
acetylated bamboo samples, the analysis suggested that the
in vitro acetylation occurred at C-4 (phenolic hydroxyl
group) of p-CA. In addition, p-CA was esterified to the C-
~ of the side chain of lignin in the evolutionary process of
the bamboo.

Structural Analysis of Lignin in the Non-acetylated Bamboo
Samples during Various Treatments

Chemical modification of the cell wall, even simple deriv-
atization, leads to the loss of some information. For exam-
ple, natural acetylation in the wall is masked when the
sample is per-acetylated. To detect the possible changes of
the bamboo samples after in vitro acetylation with acetic
anhydride in DMSO/NMI system, the enzymatic-treated
bamboo samples (EB and REB) were subsequently exam-
ined by NMR without derivatization. Fortunately, the EB
and REB were found to be entirely dissolved in DMSO-dj
under ordinary ultrasonic bath for a few hours. Figure 9
shows the HSQC spectra of the RB and REB as well as
MWL.

Aliphatic Regions

In general, few reports discuss the aliphatic region of HSQC
spectra due to the insufficiency of structural information. In
this study, the aliphatic region of the acetylated and non-
acetylated bamboo samples was subjected to investigation
(not shown). In the samples of Ac-B and Ac-RB, acetate
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peaks at about ¢/ 20.3/2.00 ppm were found. However,
two peaks at c/6y 20.4/2.00 and 20.6/2.27 ppm in the
spectra of Ac-EB and Ac-REB were observed. It is well
known that polysaccharide contours are logically dominant
because they are whole plant cell wall samples (Ac-B and
Ac-RB). Therefore, the intense signals at dc/dy 20.3/
2.00 ppm were likely attributed to the acetylated polysac-
charides (hemicelluloses and cellulose), while the signals at
Oc/y 20.6/2.27 ppm were probably due to the acetylated
lignin polymer (acetyl groups occurred at Ar-OH of lignin)
[17]. In addition, in the non-acetylated bamboo samples EB
and REB, the acetate peak appeared at dc/dy 20.4/1.90 ppm.
In view of the absence of 2-O-Ac-3-D-Xylp correlation at
0c/oy 73.5/4.64 ppm and 3-O-Ac-3-D-Xylp correlation at
0c/og 75.0/4.94 ppm in the spectra of EB and REB, the
acetates peaks that appeared in non-acetylated samples (EB
and REB) were likely assigned to in vivo acetylated lignin
polymer. Actually, Ralph and Lu have confirmed acetates in
lignins to be unambiguously detected and confirm their
presence at the vy-positions of lignin side chains in grass
species [30].

Lignin Side Chain Regions

In this section, the two non-acetylated samples (EB and
REB) and MWL were directly dissolved in DMSO-d¢ to
investigate the structural features of lignin polymers. It was
found that they provide remarkably well resolved spectra
that can be compared to that of MWL in the present study
(Fig. 9). The important correlations, such as those from
substructures of [3-cther (3—0—4) A, resinol (3—f) B, and
phenylcoumaran (3—5) C can be readily assigned according
to the recent literatures [3, 12, 13]. Interestingly, oxidized
substructure -ether (p—O—4) A" was also found in the
spectra of MWL and EB rather than REB according to
previous reports [31, 32]. The fact that oxidized substruc-
tures appeared in the initial extraction and treated sample
were in agreement with the acetylated samples that were
discussed in the aforementioned.

Specially, the correlations for y-position of substructure
A could be seen at §c/dy 59.9/3.35-3.80 ppm, while its -
acylated {3-ether units A’ (-pCA or v-Ac) were clearly seen
at dc/dy 63.4/4.42 and 63.4/3.94 ppm, but the correlation at
Oc/dy 63.4/3.94 ppm are overlapped with one of the 5-
position peaks of xylans [27]. Moreover, the other signals
assigned to xylans were evidently identified, with its C4;—Hy,
Cs—Hj;, and C,—H, correlations (X4, X3, and X;) at 6c/dy
75.3/3.56, 73.6/3.25, and 72.5/3.05 ppm, respectively
(Table 2). It has been reported that the spectra of corn cell
wall showed a strong 2-O-Ac-3-D-Xylp C,—H, correlation
at dc/oy 73.5/4.64 ppm and a 3-O-Ac-G-D-Xylp C3;—Hj
correlation at dc/dy 75.0/4.94 ppm [3]. However, the
xylans-attached acetyl groups were not found in the spectra
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Fig. 9 HSQC spectra of EB, REB, and MWL (non-acetylated)

of enzyme-treated residues (EB and REB) but that appeared
in the MWL from the same starting materials (ball-milled
bamboo). This suggested that the acetyl groups in acet-
ylated xylans were probably degraded during the enzy-
matic hydrolysis. Coincidentally, a previous report also
found that the cellulase preparation might also possess
esterase activity [28].

Aromatic Region

The syringyl-guaiacyl composition of bamboo lignins is
clearly evidenced in the aromatic region of these in situ
NMR spectra (Fig. 9). Specially, a significant correlation
for the syringyl units (S) was observed at dc/dy 103.8/
6.69 ppm; while its oxidized (a-ketone) structures S’
appeared at 6c/dy 106.2/7.28 ppm in EB and MWL rather
than REB, it was not yet clear to realize what degree this
oxidation occurs in the lignification process in the plant vs.
in the procedure of sample preparation (ball milling, enzy-
matic hydrolysis, and derivatization in the DMSO/NMI
system). With the exception of S units, all of the guaiacyl

components which are in the lignin of the EB and REB can
be expressly distinguished. The correlation for the G, posi-
tion is at /6y 110.7/6.96 ppm. However, the fact that the
correlations of G', and S', ¢ were not found in non-
acetylated REB suggested that the oxidized lignin fragments
originated from ball-milled process were removed after the
regenerative process. This was somewhat inconsistent with
the above-mentioned acetylated bamboo samples (Ac-
RCEL and Ac-REB) since oxidized lignin was also found
in the HSQC spectra of these samples. The fact suggested
that oxidization probably occurred during acetylating pro-
cess. However, this result needs further verification. In
addition, the C—H correlations of Gs were observed at d¢/
oy 114.8/6.71 ppm, and most of the G¢ correlations were
located at 6c/dy 118.8/6.77 ppm, minor oxidized G'¢ also
occasionally occurred at higher chemical shifts value (6c/dy
122.6/7.54 ppm) [3].

The question that whether the pCA acylated to C-y of
lignin in the enzymatic-treated bamboo samples was clari-
fied by the chemical shifts of pCAg in the non-acetylated
bamboo samples (EB, REB, and MWL). It was observed
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Table 2 The NMR assignments of major components in the HSQC
spectra of the bamboo samples

Label Oc/on Oc/on Assignments
(ppm)* (ppm)°

Cs 53.1/3.46 50.2/3.77 Cs-Hp in phenylcoumaran (C)

Bg 53.5/3.07 54.3/3.08 CsHgp in BB (resinol) (B)

OMe 56.4/3.70 55.6/3.76 C-H in methoxyls (OMe)

Dg ND 57.5/2.98 Cz—Hg in spirodienone
substructure (D)

A, 59.9/3.35 62.53/440 C,-H,in p-0—-4
substructures (A)

A, 59.9/3.80 62.53/4.19 C,-H, in p-0-4
substructures (A)

A, 63.4/4.16 64.0/4.70 C,-H, in y-acylated p—-O—4
(A)

F, 61.4/4.10 64.2/4.70 C,~-H,, in p-hydroxycinnamyl
alcohol (F)

B, 71.8/3.81 71.7/3.92 C,-H,, in BB resinol (B)

B, 71.8/4.17 71.7/4.28 C,-H,, in B—p resinol (B)

A, 72.0/4.85 74.1/6.02 C,—H, in p—O—4 unit (A)

ApGm 83.9/4.29 76.6/5.07 CsHp in p-O—4 linked to
G/H (A)

B. 84.7/4.64 85.6/4.70 C,—H, in B (resinol) (B)

Ags) 85.8/4.10 85.8/4.10 CsHjp in B—O—4 linked to S
A)

A"y 83.1/5.21 ND CsHj in oxidized (C,=0)
p-0-4 (A")

C, 87.6/5.50 88.2/5.49 C,—H,, in phenylcoumaran (C)

D, 81.2/5.09° ND C,—H,, in spirodienone
substructure (D)

Sa6 103.7/6.69 104.1/6.59 C, 6-H, ¢ in syringyl units (S)

S 106.1/7.28 105.7/7.17 C,.6—Ha 6 in oxidized S units
8

Fs 128.2/6.25 123.0/6.30 CsHg in p-hydroxycinnamyl
alcohol (F)

F, 128.2/6.44 133.0/6.60 C.—H,, in p-hydroxycinnamyl
alcohol (F)

Gs 114.8/6.71 116.0/6.80 Cs—Hs in guaiacyl units (G)

Gg 118.8/6.77 120.1/6.87 C¢—Hp in guaiacyl units (G)

Hye 127.8/7.17 128.8/7.05 C,,6-H, 6 in H units (H)

X 101.5/4.25 101.1/4.70 C,—H, in B-p-xylopyranoside

Xz 72.5/3.05 ND C,—H, in B-D-xylopyranoside

X', 73.5/4.52 ND 2-0-Ac-f3-p-xylopyranoside
(MWL)

X3 73.6/3.25  ND C;—Hj; in B-D-xylopyranoside

X's 75.0/494  ND 3-0-Ac-(3-p-xylopyranoside
(MWL)

X4 75.3/3.56 ND C4—H, in 5-D-xylopyranoside

X5 63.2/3.24 62.5/3.31 Cs—Hs in 5-D-xylopyranoside

Xs 63.2/3.94 62.5/3.85 Cs—Hs in B-D-xylopyranoside

BE, () 81.3/4.65 ND C,—H, in benzyl ether LCC (I)

BE, (I) 81.2/5.04 ND C,—H,, in benzyl ether LCC (II)

PhGlcl 99.5/4.90 ND Phenyl glycoside linkages

PhGlc2  100.0/5.10 ND Phenyl glycoside linkages
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Table 2 (continued)

Label Oc/on Oc/oy Assignments

(ppm)° (ppm)°
PhGle3 101.9/489  ND Phenyl glycoside linkages
PCE; 5 115.8/6.83 122.0/7.08 C;5—Hj 5 in p-coumarate
PCE, 6 130.2/7.48 129.3/7.48 C, 6—Hs 6 in p-coumarate
PCE, 144.8/7.51 144.8/7.51 Cs—H; in p-coumarate
PCEg 113.9/6.29 117.4/6.33 Cg—Hg in p-coumarate
FA, 110.7/7.35 ND C,—H, in ferulate
FA¢ 123.1/7.17 ND C¢—Hg in ferulate
FA, 144.8/7.51 ND C,—Hj5 in ferulate
Gle,; ND 100.1/4.4 C,—H; in cellulose
Glc, ND 71.5/4.77 C,—H, in cellulose
Glcs ND 72.1/5.05 C;-Hj in cellulose
Glcey ND 75.7/3.70 C4—Hy in cellulose
Glcs ND 72.5/3.53 Cs—Hs in cellulose
Glcg ND 61.76/4.34  CsHg in cellulose
Glcg ND 61.76/4.04  CgHg in cellulose

The signal of residual NMI appeared at 6c/dy 137.0/7.50 ppm
ND not detected

*0c/0n (ppm), the HSQC spectra assignments of non-acetylated
samples

® 5/ (ppm), the HSQC spectra assignments of acetylated samples
¢ The signal is probably overlapped with benzyl ether LCC linkage

that the pCAg correlations are located at dc/dy 113.9/
6.29 ppm in these samples. In addition, the pCA,/s correla-
tions are at dc/dy 130.2/7.48 ppm, and their 3,5-correlations
at dc/0y 115.8/6.83 ppm are overlapped with those from
guaiacyl units in these non-acetylated bamboo samples. The
PCA5 correlation (6c/dy 144.8/7.51) is also noted. The
signals observed are highly consistent with the reported
NMR data for p-coumarate units [3]. In addition to the
obvious signals of p-coumarate units, minor signals for
ferulate (FA), which is believed to be responsible for cell
wall cross-linking in grasses, are also well resolved. The
FA, and FA¢ correlations were observed at 6¢/dy 110.7/7.35
and 123.1/7.17 ppm (not displayed in the current contour
level), respectively. Moreover, FA5 correlation coincides
with that of pCA7 at 6c/0y 144.8/7.51 ppm. To sum up, all
the NMR signal assignments of these spectra (including
acetylated and non-acetylated samples) are listed in Table 2.

LCC Linkages in the Bamboo Samples

Identification of various LCC linkages by using 2D NMR
methods was an important milestone in LCC studies. A
recent report suggested that CEL is the best preparation in
order to evaluate benzyl ether LCC linkages [33]. The
acetylated REB and RCEL were found to be similar in this
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study; therefore, non-acetylated EB and REB were selected
to detect the LCC linkages since the in vivo LCC probably
adequately remained after enzyme hydrolysis. A previous
study showed that benzyl ether (BE) LCC structures can be
subdivided as follows [33]: (a) Cl-linkages between the a-
position of lignin and primary OH groups of carbohydrates
(at C-6 of Glc, Gal, and Man and C-5 of Ara), giving a
cross-peak at §c/dy 80-81/4.5-4.7 ppm and (b) C2-linkages
between the a-position of lignin and secondary OH groups
of carbohydrates, mainly of lignin-xylan type, giving a
cross-peak at 80-81/5.1-4.9 ppm. As expected, two appar-
ent signals, which are probably due to different kinds of
benzyl ether LCC structures, were found at §c/dy 81.2/4.63
and 81.2/5.04 ppm in the spectra of EB and REB (shown in
Fig. 10 and depicted in Fig. 11). The signal at dc/dy 81.2/
5.04 ppm is probably overlapped with the a-position of
spirodienone linkage in lignin according to previous studies
[14, 33]. However, the other positions of spirodienone (such
as f3, 2, and 6 positions) were not found in the HSQC spectra
(non-acetylated). This implied the absence of spirodienone
linkage and further suggested the existence of benzyl ether
LCC (lignin-xylan type) in the EB and REB.

The existing research showed that phenyl glycoside link-
ages (PhGlc) give a group of signals of carbohydrates C-1 at

Oc/6y 104-99/4.8-5.2 ppm according to model compound
data [34]. In the anomeric region (C;—H;) of the bamboo
samples (EB, REB, and MWL), the signals for phenyl
glycoside linkages were tentatively assigned according to
previous literatures [33, 35]. These cross-signals were
labeled as PhGle in the spectra, and their correlations were
observed at dc/dyg 99.5/4.90, 100.0/5.10, and 101.9/
4.89 ppm. Moreover, it was found that the phenyl glycoside
linkages in MWL are more abundant than that of EB and
REB. The reason for this could be attributed to the effect of
cellulases, which was found to cleave the phenyl glycoside
linkages [35]. Furthermore, the corresponding anomeric
correlations of [3-D-xylopyranoside units (X;) were found
at 6c/0y 101.5/4.30 ppm, whereas the overlapped signals for
anomeric correlations of (1—4)-3-pD-glucopyranoside units
(Glel) might be observed at §c/6y 103.0/4.23 ppm in this
region [5]. The anomeric correlations from the reducing end
of (1 —4)-a-p-xylopyranoside (aX;) and (1—4)-3-D-xylo-
pyranoside (3X;) units were found at dc/dy 92.0/4.87 and
97.3/4.22 ppm, respectively [3].

The possible existence of ester LCC structures as well as
~-acetylated lignin should be discussed. That is, a possibility
of overlapping LCC ~-esters signals with signals of various
types of lignin ~-esters should be considered. In this study,
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Fig. 10 The amplifying anomeric regions of HSQC spectra of EB, REB, and MWL (non-acetylated)
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Fig. 11 Main lignin
substructures in the treated
bamboo samples (4) 3—0—4
linkages; (4') acylated 3—O—4
substructures; (4"”) Cy-oxidized
3—0O—4 linkages substructures
(B) resinol structures formed by
3—pB/0—O—y/y—O—« linkages;
(C) phenylcoumarane structures
formed by 3—5/0—0—-4
linkages; (D) spirodienone
structures formed by 3—1
linkages; (S) syringyl unit; (S")
oxidized syringyl unit linked a
carbonyl or carboxyl group at
Ca (phenolic); (H) p-
hydroxyphenyl units; (F) p-
hydroxycinnamyl alcohol end
groups; (G) guaiacyl unit; (G')
oxidized guaiacyl units with a
C ketone; (FA) ferulate; (p-CA)
p-coumarate; (LCC linkages)
possible lignin—carbohydrate
linkages; (PhGlc) phenyl
glycoside; (BE) benzyl ether

@ Springer

MeO

W_i‘/

i “OCH;

0

R=C5 in Ara
BE, benzyl ether L

Cl: R=C6 in Gle, Man, Gal,

OCH;

(LCO

OCH,

o)
‘Cy-carh

PhGle, phenyl glycoside

Y
o B
o

HO._(MeQ)




Bioenerg. Res. (2012) 5:886-903

901

p-coumaric acid was found to acylate at the ~-position of
the lignin side chain. Besides, acetate was found in the EB
and REB at 6¢/dy 20.4/1.90 ppm, which generally acylated
at C-2 and C-3 of xylans; however, the distinct signals for
acetylated xylans were not found in the spectra. Therefore, the
acetate observed was supposed to acylate at y-position of the
side chain of lignin. However, the existence of ester LCC
structures (y-position of the lignin—ester—glucuronic acid) in
these samples (EB and REB) should be deeply studied in the
future. In this study, the signals for glucuronic acid were not
found. A possible reason for this could be ascribed to the non-
detectable amount of the LCC linkage. Another explanation
for this could be the esterase activity of cellulase because the
ester-linked carbohydrates suffered the degradation under the
enzymatic hydrolysis in the present study [28].

Quantitative Analysis of Lignin Structures in the Non-
acetylated Bamboo Samples during Various Treatments

In order to maximize the utilization of enzymatic hydrolysis
residue, the quantitative information of its structural features
should be investigated. A recent published 2D HSQC NMR
quantitative method was applied to estimate the lignin-
coupling bond in hardwood and softwood samples [36].
The method uses as an internal standard a cluster of signals
that are representative of all Cy units present in the sample.
In this study, the quantitative method was applied with
minor modification. For grass lignin (bamboo lignin), the
internal standard can thus be quantified by the total integra-
tion of the half syringyl signal (S2,6) plus the G2 signal as
well as half of the integration of H2,6 cross signal.

Ico units = 0.5Is3 6 + Iz + 0.55m26 (Ico)

where Is; ¢ is the integration of S2,6, and include S and S';
I, 1s the integral value of G2. Iy, 6 is the integral value of
H2,6. Ico represents the integral value of the aromatic ring.
According to the internal standard (/c9), the amount of 7,%
could be obtained by the following formula:

Ix% = Ix/Ico x 100% (1)

where [ is the integral value of a-position of A (3—0—-4),
B (f—f), and C (B-5); the integration should be con-
ducted in the same contour level. However, it should be
noted that the accuracy of 2D HSQC quantitative results
depends on the resolution of the signals representing for
different substructures.

Based on Eq. 1, the relative volumes of the contour
peaks, which are also the implied relative concentrations
of the each linkage bonds, such as 3-aryl ether (A, 3—O-
4), resinol (B, —f3), and phenylcoumaran (C, 3-5), and
their abundances were estimated quantitatively and listed in
Table 3. It was found that the frequencies of 3—0—4 cou-
pling bonds in all the samples ranged from 47.53-54.55/

Table 3 Quantitative characteristics of the lignin polymer in the trea-
ted bamboo samples by in situ NMR technique

Sample p-0-4° p-p° p-5° S/G
Ac-B 5111 0.95 ND 1.42
Ac-RB 48.95 0.81 0.45 1.36
Ac-EB 54.55 5.48 3.45 1.35
Ac-REB 50.97 2.78 1.67 1.61
Ac-RCEL 52.50 2.02 0.88 171
Ac-RREL 47.96 112 ND 1.80
EB 47.68 6.60 2.65 137
REB 47.53 5.33 3.58 1.60
MWL 49.01 7.07 2.17 1.77

ND not detected
*Results express per 100 Ar based on quantitative 2D NMR (Eq. 1)
®S/G ratio obtained by this equation: S/G ratio=Is, ¢/2/1,

100Ar. The amounts of 3—O—4 linkage were observed to be
high in Ac-RB and Ac-REB as compared to that of Ac-B
and Ac-EB. This suggests that Ac-B and Ac-EB are more
degraded preparations, whereas Ac-RB and Ac-REB under-
gone less degradation from the bamboo samples studied. As
expected, the content of 3—O—4 in Ac-REB was between
that of Ac-RCEL and Ac-RREL because REB was fraction-
ated into RCEL and RREL. Moreover, the content of 3—O—
4 linkage in REB, RCEL, and RREL was decreased in the
order of Ac-RCEL>Ac-REB>Ac-RREL (Table 3).

The different S/G (syringyl to guaiacyl) ratios in the sam-
ples studied (Table 3) are caused by fractionation during
different handling processes [33]. It is worth estimating the
S/G ratio of the different bamboo samples during the regen-
erated and enzymatic process. It was estimated that the S/G
ratios for B and RB were 1.63 and 1.46, respectively. The
lower S/G ratio of RB was probably due to the removal of a
small lignin fragment rich in S units during the regenerated
process. Similar result indicated that S-rich lignin fragments
were firstly released during the delignification process [14].
However, after enzymatic treatment, the S/G ratios for acety-
lated EB and REB were estimated to be 1.37 and 1.61,
respectively. Similar S/G ratios were observed in the non-
acetylated bamboo samples (EB and REB, Table 3). In addi-
tion, the S/G ratios of RCEL and RREL (from REB) were
calculated to be 1.71 and 1.80, respectively. Interestingly, it
was found that the residue RREL was abundant with S units in
this study. This was in agreement with a recent report [37].
They also found that ASAM residual lignin from beech wood
was rich in syringyl units. On the basis of higher S/G ratio and
non-detectable amount of condensed unit (3-5 (REL), a likely
speculation is that RREL contained less condensed units than
those of RCEL and REB. Furthermore, the different chemical
reactivities between syringyl and guaiacyl units (Rs<Rg) also
added some clues to such low amount of condensed units.
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Coincidentally, a previous report also indicated that REL has
less condensed units than that of MWL [8].

Conclusion

The chemical composition changes of bamboo during suc-
cessive treatments were characterized by in situ HSQC NMR
technique without component isolation. The regenerated cell
wall showed higher enzymatic efficiency than the original
bamboo. However, the obstinate cellulose still remained in
the RREL, suggesting that the cellulose was not easily de-
graded even after regeneration process. In addition, the fact
that the acetyl groups linked to xylans were cleaved during
treatment with cellulase suggested that the esterifiable acetyl
groups were sensitive to cellulase (celluclast 1.5 L), and the
cellulase preparation probably possesses esterase activity.

Another important objective is that unveiling the struc-
tural heterogeneity of lignin during enzymatic treatment by
in situ NMR (HSQC) techniques (acetylated and non-
acetylated samples) was also successfully performed. The
major lignin substructures (3—0—4, 3—f3, and (3-5) and
various LCC linkages (benzyl ether and phenyl glycosidic
linkages) were assigned in the successively treated samples.
In addition, the various frequencies of 3—O—4, 3—f3, and —
5 linkages and S/G ratios in all the samples were quantita-
tively obtained via in situ HSQC NMR spectra. Further-
more, the RREL contained a larger amount of syringyl
units and less condensed units as compared to those of
RCEL and REB. Therefore, in situ characterization by
HSQC NMR analysis is a beneficial structural analysis
methodology in the emerging biomass research field for
the characterization of pretreated biomass and enzymatic
hydrolysis lignin.
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