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Please revise the title as below:
“Cellulolytic enzyme-aided extraction of hemicellulose from switchgrass and its characteristics”



Table S1. Carbohydrate Analysis of raw switchgrass, hemicellulose samples and residues 

(%).

Sample I.D. Glc Xyl Ara Gal GalA GlcA Hemicellulose1 Lignin2

Raw-Swg 56.54 24.20 2.57 0.89 0.75 0.46 27.66 14.59

CEH 6.36 40.07 18.16 15.24 3.33 5.65 82.45 5.22

DMSOH 25.99 63.32 2.29 1.83 0 1.33 68.77 3.50

AEH 10.62 65.40 15.04 3.76 0 0 84.20 4.93

Residues of CEH 21.58 19.16 6.09 3.69 - - 28.94 -

Residues of DMSOH 35.33 26.72 4.35 1.51 - - 32.58 -

Residues of AEH 76.48 9.44 2.48 0.79 0.83 0.85 12.71 -

1 Hemicellulose include Xyl, Ara, Gal, GalA and GlcA.

2 Lignin includes acid soluble lignin and acid insoluble lignin.

Table S2. Assignment of 13C-1H hetero-correlated HSQC NMR spectra of hemicelluloses 

from switchgrass biomass.

Chemical shift δC/δH（ppm） Assignment

22.7/1.9 Acetyl CH3

55.6/3.8 Methoxyl

60.5/3.7 α-D-Glcp(6)+Aγ

62.3/4.2 (1-4)-β-D-Xylp (5eq)

62.5/3.4 (1-4)-β-D-Xylp (5ax)

72.2/3.2 (1-4)-β-D-Xylp (2)

75.0/3.4 (1-4)-β-D-Xylp (3)

75.7/3.8 (1-4)-β-D-Xylp (4)

73.6/4.6 2-O-acetyl-β-D-Xylp (2)

99.4/4.6 2-O-acetyl-β-D-Xylp (1)

101.9/4.3 3-O-acetyl-β-D-Xylp (1)

96.4/5.0 α-D-Man

97.5/5.3 4-O-Me-α-D-Glucuronic acid(C1H1)

81.7/3.23 4-O-Me-α-D-Glucuronic acid(C4H4)



102.1/4.5 (1-4)-β-D-Glcp (C1H1)

101.1/4.4 (1-4)-β-D-Xylp (C1H1)

101.7/4.5 Xyl (C1)-Uronic acid 

84.3/4.2 Cβ/Hβ in β-O-4 linkage (A)

103.7/6.7 S (2/6)

115.2/6.8 G (5)/H (3/5)

128.9/7.2 H (2/6)

130.2/7.5 p-coumaric acid unit (2/6)

144.9/7.5 ferulic acid (7)

52.3/3.3 Cβ/Hβ in β-β resinol 

84.2/4.3 Cβ/Hβ in β-O-4-H/G

87.3/4.1 Cβ/Hβ in β-O-4-S 

71.3/4.8 Cα/Hα in β-O-4 linkage (A)

Table S3. The main functional groups assignment of hemicellulose from switchgrass in FTIR 

spectra.

Wave numbers 

(cm-1)

Functional group Compounds References

3343 O–H stretching Hemicellulose 1

2950-2850 C–H stretching Methyl group 2

1736 C=O stretching Acetyl, uronic, and ferulic ester 2-8

1640 C=O stretching Carboxylation and/or carbonylation 2-6

1562 Conjugated C-O Glucuronic acid, Inorganic carboxylate 3, 9

1514 Aromatic skeletal vibration Lignin 10

1462 δasCH3 Asymmetric bending in CH3 of lignin 10

1413 –COO– symmetric stretching Uronic acids 11

1375 C–H vibration of polysaccharides; C-

CH3 stretching

Cellulose 12

1252 –COOH vibration Glucuronic acid 3

1164 C-O-C, C-OH Arabinosyl side branches, pyranose ring 

skeletal

10, 11

1170-1000 Typical absorption peak of xylan 9

1091 C-O-C stretch vibration Pyranose ring skeletal 11

1039-1049 C-O-C antisymmetric stretch vibration Typical absorption peak of xylan 11

990 xylopyranosyl Arabinosyl side branches 13

899 C1 group β-1,4-glucosidic bond, β-D-xylose 14, 15
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765-600 C-C stretch The ring of sugar 11

The chemical shifts (13C/1H ppm) of WCW and holocellulose from switchgrass in 2D NMR 

regions were presented in Figure S1. Three different plotted regions of NMR spectra provide 

the information of lignin sidechain and polysaccharides in aliphatic (Figure S1, a and b), 

polysaccharides in anomeric (Figure S1, c and d) and lignin aromatics in aromatic regions 

(Figure S1, e and f). The main C1/H1 correlation peaks in this research, listed in Table S2, 

were assigned according to previous studies.16-20 
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Figure S1. Assignments for the HSQC spectra of WCW and isolated holocellulose from 

switchgrass.

Two NMR spectra from WCW and holocellulose did not show significant differences in the 

structure and proportions of the 4-O-Methylglucurono-arabinoxylan before and after PAA 

treatment. Acetylated 4-O-Methyl-glucuronoxylan is a major hemicellulose component in the 

grass with the acetyl groups frequently attached to the C2 and C3 position. A correlation peak 

of C2/H2 of 2-O-acetyl-β-D-Xylp(2) was present at δC/δH 73.6/4.58, while the peak of 3-O-

acetyl-β-D-Xylp(3) was not observed. In the polysaccharide anomeric region, C1/H1 signals 

of 2-O-acetyl-β-D-Xylp(1) was also present at δC/δH 99.4/4.59 ppm, whereas, due to 

overlapping signals it was not obvious whether the C1/H1 peak of 3-O-acetyl-β-D-Xylp was 

present at δC/δH 101.9/ 4.51ppm. 

Details of the correlations corresponding to the non-anomeric carbohydrates were presented 

in Figure S1 (a and b), which also indicate diagnostic lignin subunit structural type 

information. Notable differences were observed in the lignin aromatic region of the spectra, as 

described in Figure S1 (e and f). To obtain NMR- based guaiacyl/ syringyl (S/G) value of 

switchgrass WCW, the volume integral of C-H pairs in a similar environment (S2/6 and G2) 

were used. The ratio quantified by volume integration of the appreciate contours is 0.478 for 

switchgrass WCW. The peaks corresponding to lignin β-O-4 (LA), β-O-4-S (LA-S) and β-β 

resinol (LC) were presented in WCW lignin sidechain and polysaccharides region, but were 

absent from holocellulose. In addition, the absence or decrease of contours for G-units, S-units, 

p-coumaric acid unit (pCA) and ferulic acid (FA) of holocellulose (Figure S1, g) compared to 
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the contours in WCW spectra indicated effective delignification (Figure S1, f). Interestingly, 

p-hydroxyphenyl (H) unit was clearly observed in lignin aromatic regions even after PAA 

delignification (Figure S1, g and f). Among the three main lignin components, the p-

hydroxyphenyl unit was found to be more flexible, followed by the guaiacyl unit, whereas the 

syringyl group was the most refractory.21 The high content of H-units in holocellulose of 

switchgrass possibly due to oxidation of pCA and FA, which could generate p-hydroxyphenyl 

(H) during PAA treatment.22 The hydroxycinnamates (pCA and FA) widely occur in the 

grasses polymers, with pCA acylating the γ-OH of the lignin sidechains, and predominantly on 

S-units, whereas FA acylate arabinosyl residues of arabinoxylan chains and participate in both 

polysaccharide-polysaccharide and lignin-polysaccharide cross-coupling reactions.23 Taken 

together, the results indicated that the treatment with PAA resulted in the removal of G-units, 

S-units, cleavage of lignin sidechains, and a considerable dissolution of lignin fraction. 

Figure S2. 2D 1H-13C HSQC spectrum of CEH and other saccharide models in D2O. a) 

cellulolytic enzyme hemicellulose, b) xylose, c) glucose.



2D HSQC NMR spectra of xylose and glucose were also obtained in the same condition as 

CEH. (Figure S2).

FTIR analysis.

Figure S3. FTIR spectra of alkaline-extracted CEH, DMSOH, and AEH.

The band between 1175 and 1000 cm-1, which are typical of xylan, reflected the stretching 

and bending vibrations of C-O, C-C, C-OH, and C-O-C asymmetric stretch vibration signal.24

In the CEH spectra, two peaks at 1736 cm-1 and 1413 cm-1 can be attributed to acetyl C=O 

or symmetric stretching -COO- (carboxyl) associated with hemicellulose.8 This result reflected 

that hemicellulose extracted by enzyme-aided method retained acetyl group and uronic acid 

group, which was in agreement with carbohydrate analysis. The intensity of peaks at 1640 cm-1 

in CEH and DMSOH were higher than that of AEH. The absorption at 1640 cm-1 was also 

observed in the previous study, which maybe attributed principally to the C=O stretching 



vibration from carboxylate groups.3, 5, 6, 15 The sugar analysis of the hemicellulose samples 

confirmed the presence of a small amount of 4-O-methyl glucuronic acid (MeGlcA) in the CEH 

and DMSOH, which was also seen in the FTIR spectra. (Figure S3). Meanwhile, a trace 

amount of signal at 1640 cm-1 indicates the absence of uronic acid in AEH. The peaks at 1462, 

1324 and 1252cm-1 are related to C–H stretching, O–H bending and the stretching bands C–O 

and O–H in the hemicelluloses, respectively.25

The presence of the arabinosyl side-chains is documented by the two low-intensity shoulders 

at 1175 and 990 cm-1, which have been reported to be attached only at positions of the 

xylopyranosyl constituents.26 Increase in the number of branches was also associated with the 

disappearance or a significant decrease in the intensity of peaks at 1175-990 cm-1,27 which are 

related to arabinosyl substituent contribution for the identification of arabinoxylan structures. 

The absence of these signals indicated abundant branches in the CEH, which is consistent with 

the HSQC NMR results. 
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