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Introduction:  14 

Valorisation of lignocellulosic biomass (LB) is a promising way to develop a sustainable 15 

bioeconomy and thus to reduce our carbon footprint on the environment (1). Each year, more 16 

than 1.3 trillion tons of LB is generated worldwide and only 3% of this resource is valorised 17 

(1, 2). The high energy content is the main interest of LB, allowing it to be on the long-term 18 

economically competitive with fossil resources (3). In fact, more than 90% of LB is composed 19 

of three highly connected polymers: cellulose, hemicelluloses and lignin. In the biorefinery 20 

concept, pretreatment, enzymatic hydrolysis and fermentation steps can convert these polymers 21 

into various bioproducts such as high added value molecules, materials or energy (3-5). In spite 22 

of this high potential, valorisation of LB is still limited by its recalcitrance against hydrolytic 23 
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deconstruction by enzymes, hampering the release of fermentable sugars, precursors of 24 

biosourced products (6, 7). 25 

 26 

Biomass accessibility is considered as the main factor of recalcitrance and is influenced by 27 

various factors specific to the LB which are difficult to apprehend due to their strong 28 

interconnections (7-9). Within these factors contributing to recalcitrance, a distinction can be 29 

made between factors related to the composition of the LB, such as the content of 30 

hemicelluloses or lignin, and structural factors, including porosity, specific surface area of the 31 

cellulose as well as ultrastructural factors related to cellulose (crystallinity, the degree of 32 

polymerisation) (7). Pretreatment goal is precisely to reduce LB recalcitrance by “opening” the 33 

polymer network thus improving the accessibility of the enzymes to the LB, and more notably 34 

to cellulose (4, 10). Over the last decades, various pretreatments have been developed to break 35 

down and restructure the lignocellulosic matrix (8, 11, 12). These pretreatments can be 36 

organized into four categories: physical (milling, ultra sound, etc), chemicals (ionic liquid, 37 

dilute acid, organosolv, etc), physico-chemical (steam explosion, hot water, oxidative, etc) and 38 

biological (fungi, bacteria or archaea) pretreatments (11, 13, 14). Among the physico-chemical 39 

pretreatments, hot water pretreatment (HWP), also called hydrothermal pretreatment or 40 

autohydrolysis, stands out from the crowd (15-17). HWP uses as sole catalyst hot water, 41 

generally between 170–230 °C, which is kept in liquid state by the application of a high 42 

pressure of up to 5 MPa for the highest temperatures (13, 18). The absence of corrosive 43 

compounds allows HWP to be one of the most economical, easy to implement and 44 

environmentally friendly pretreatments (18). 45 

  46 

Several studies have investigated the effect of HWP in order to obtain a better understanding 47 

of the factors contributing to LB recalcitrance. Most commonly, the effect of HWP is analysed 48 
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on the basis of the variation of the chemical composition of the LB. It is now well known that 49 

hemicelluloses is the main polysaccharide fraction impacted by the HWP (17). Indeed due to 50 

their amorphous structure, hemicelluloses are the most susceptible components to be 51 

hydrolysed through the breaking of glycosidic bonds by organic acids generated during the 52 

pretreatment (3, 18). HWP also induces changes within other lignocellulosic components, 53 

including lignin and hydroxycinnamic acids, through the breakdown of inter- and intra-54 

polymer bonds involving ferulic acid molecules (18-20). These chemical modifications have 55 

been shown to induce an increase in the deconstruction capacity of the enzymes through their 56 

direct impact on the structural parameters of the lignocellulosic matrix. As a matter of fact, 57 

three length-scales of structural modifications can be considered: the cell wall porosity 58 

(associated to the mobility of enzymes), the polymers’ interactions and the polymers’ 59 

ultrastructure (21-23). Several methods have been proposed to study the porosity of the LB, 60 

using different probes such as polymers in solute exclusion technique (24), water molecules in 61 

NMR relaxometry (low-field NMR) or mercury in porosimetry (25-27). Other techniques are 62 

used to have an indirect estimation of porosity such as Simons’ staining, using dyes with a high 63 

affinity for cellulose, and also allowing to estimate the accessible surface area of cellulose for 64 

cellulase adsorption during enzymatic hydrolysis (28). Information on cellulose ultrastructure 65 

and interplays with the other components of LB can be obtained thanks to solid-state-NMR. 66 

However, relatively few studies have exploited the potential of this method to analyse changes 67 

in polymer composition and organization within the cell wall following the application of HWP 68 

(29), whereas they have contributed to new progresses for other polymer interactions (30). 69 

Overall, despite their importance, the interplay between chemicals and structural factors that 70 

control HWP and contribute to recalcitrance is still not understood. 71 

 72 
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In this study, the impact of HWP on the different factors that are associated with LB 73 

recalcitrance was examined by implementing complementary methods that probe different 74 

levels of structure. Simons’ staining, solid-state NMR and low-field NMR analyses were 75 

combined to assess porosity, water-biomass interaction and to characterise the structure and 76 

the environment of the cellulose. Due to their agricultural and economic importance, maize 77 

residues were chosen as a model of grass LB. 78 

 79 

Results and discussion:  80 

 81 

1/ Influence of HWP on saccharification profiles 82 

Fig. 1: Kinetics of released monosaccharides yield during saccharification of raw and HWP 83 

samples. 84 

For both genotypes, HWP induced an increase in the conversion of sugars, and this 85 

improvement was higher as the pretreatment time increased (Fig. 1). The percentage of sugars 86 

converted during the saccharification was increased by 1.7 to 4.6 fold compared to the raw 87 

material according to genotype and HWP time, which is in agreement with results reported in 88 

the literature on corn straw (31) or other grasses species such as sugarcane (15, 32), wheat and 89 

miscanthus (26). The initial reaction rates were also increased by 1.2 and 2.4 fold for M7 and 90 

by 2.2 and 3.6 fold for M9 with the increase of the pretreatment time from 20 to 40 min. These 91 

observations show that HWP increases the accessibility and hydrolysis capacity of the 92 

hydrolytic enzymes, as described below. 93 

 94 

2/ Modifications of the chemical composition and of the structure of cell wall polymers  95 

A- Modifications of the chemical composition 96 
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The compositional changes occurring upon HWP were first determined by FTIR spectra 97 

combined with chemical analyses. 98 

Fig.2: FTIR spectra of raw and pretreated (a) M7 and (b) M9 samples. 99 

The two genotypes had differing absorbance profiles in the spectral region from 800 cm-1 to  100 

1200 cm-1, corresponding to the region of polysaccharide absorption (33) and at 1515 cm-1, 101 

characteristic of C=C stretching of lignins (Fig. 2). Indeed, the absorbance in the sugar region 102 

was more important in genotype M7, highlighting a higher sugars content within this genotype. 103 

In contrast, the peaks characteristic of lignin was higher in genotype M9, showing an 104 

enrichment of lignin in this genotype.  105 

Following HWP, a decrease in the absorption between 800-1200 cm-1 was observed (Figure 106 

2). Indeed, the absorbance at 1053 cm-1, which is typical of the C-O stretching band of linear 107 

or branched β-(1,4) xylans, decreased with an increase of HWP time. This likely corresponds 108 

to a decrease of the glucuronoarabinoxylans (GAX) content in the CWR (34-36). The decrease 109 

in GAX content induced an enrichment in cellulose and lignin, as shown by the appearance of 110 

the peak at 1032 cm-1, corresponding to the C-O stretching signal of ꞵ-(1-4) glucans, and the 111 

increase of the peak at 1515 cm-1. The variation of non-conjugated esters from polysaccharide 112 

components was shown at the wavelengths of 1735 cm-1 and 1250 cm-1 (37). Interestingly, the 113 

absorbance of these bands was increased with HWP 20 min, then decreased with HWP 40 min 114 

for both genotypes. 115 

 116 

 117 

 118 
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Table 1: Composition of CWR and percentage of solubilized or lost macromolecular fractions 119 

after the HWP. 120 

 Raw maize stem HWP 20 min  HWP 40 min  

 M7 M9 M7 M9 M7 M9 

Pretreatment severity - - 3.66 3.66 3.96 3.96 

Yield of HWP (g.g
-1

 CWR) -  -  

0.797 

 (± 0.022) 

0.796  

(± 0.034) 

0.629  

(± 0.027) 

0.636 

 (± 0.033) 

Hydrolysate pH - - 

4.4 

 (± 0.06) 

4.4 

 (± 0.08) 

3.8 

 (± 0.01) 

3.8 

 (± 0.06) 

Composition 

Polysaccharides (g.100g
-1

 CWR) 

60.2 

 (± 0.7) 

67.3 

 (± 1.5) 

65.7 

 (± 1.9) 

62,1 

 (± 4.4) 

65.1 

 (± 2.6) 

64.0  

(± 0.3) 

      Cellulose (g.100g
-1

 of sugars) 

67.7 

 (± 0.1) 

62.1 

 (± 0.4) 

58.4 

 (± 0.1) 

62.4 

 (± 0.3) 

76.7 

 (± 0.3) 

69.2  

(± 0.8) 

      Hemicelluloses (g.100g
-1

 of 

sugars) 

32.3 

(± 0.1) 

37.9 

(± 0.4) 

41.6 

(± 0.1) 

37.6 

(± 0.3) 

23.3 

(± 0.3) 

30.8 

(± 0.8) 

Klason lignin (g.100g
-1

 CWR) 

16.3  

(± 0.1) 

18.6  

(± 0.4) 

18.7  

(± 0.2) 

20.1  

(± 0.3) 

 25.3  

(± 1.3) 

27,3  

(± 0.2) 

Loss/solubilization after HWP
a
 

Cellulose (%) - - 

25.3 

(± 1.5) 

23.9 

(± 5.3) 

23.1 

(± 1.0) 

30.6 

(± 0.8) 

Hemicelluloses (%) - - 

13.4 

(± 3.2) 

19.6 

(± 4.2) 

50.5 

(± 3.4) 

45.7 

(± 1.1) 

Klason lignin (%) - - 

8.7 

(± 1.0) 

11.8 

(± 1.1) 

3 

(± 0.4) 

6.6 

(± 0.7) 

Results are expressed as means of three repetitions with standard deviation into parentheses. 121 

a Loss/solubilization after HWP (%) = 100×[1−𝑀𝑌×(𝑌𝑓/𝑌𝑖 )], where MY is the mass yield of the HWP, Yf is the final content 122 

and Yi is the initial content (raw CWR). 123 
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For raw M7 and M9 CWR, polysaccharide content, lignin content and the 124 

cellulose/hemicelluloses ratio were 60.2/67.3%, 16.3/18.6% and 2.09/1.64, respectively (Table 125 

1). For hemicelluloses, 13C CP/MAS NMR analyses showed that the molar proportion of 126 

hemicelluloses, expressed relative to the sum of hemicelluloses and cellulose, remains stable 127 

after a HWP 20 min and then decreases by 6% and 4% after the 40 min HWP (Table 2). The 128 

non-reduction of the molar proportion of hemicellulose after 20 min pretreatment may be 129 

related to an equivalent molar loss of cellulose for this severity of pretreatment. Through the 130 

quantification of sugars by HPAEC-PAD (Table 1), a decrease in the relative hemicellulose 131 

content according to the time of the HWP, was detected. This decrease corresponded to a GAX 132 

solubilization of 13.4% and 50.5% for the M7 and of 19.6% and 45.7% for the M9 genotype 133 

compared to the GAX content in the raw materials for the HWP 20 min and HWP 40 min, 134 

respectively. The removal of the hemicelluloses fraction during HWP was achieved by the 135 

hydrolysis of glycosidic bonds within the xylan backbone via hydronium ions and organic acids 136 

produced by the auto-ionization of water and the release of organic acids (acetic acid) and 137 

uronic acids (18, 38).  138 

In contrast, HWP induced a cellulose enrichment of up to 11.7% and 10.3% in HWP 40 min 139 

for genotypes M7 and M9, respectively. A solubilization between 23.1-30.6% of the cellulose 140 

was detected with the application of the HWP. This loss was slightly higher than those found 141 

in another study on corn stover (31) (between 4-22% (18, 39)). 142 

Besides, the lignin relative content increased by 7.5-13% with HWP 20 min and 31.8-35.5% 143 

with HWP 40 min according to the genotype. A minor loss of lignin was observed for HWP 144 

CWR ranging from 3 to 11.8%. Lignin solubilization was more pronounced for the 20 min 145 

HWP, and may suggest a depolymerization/repolymerization of lignin according to the HWP 146 
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time due to the acidification of the medium leading to the breaking of carbohydrate-lignin 147 

bonds (38, 40, 41).  148 

These analyzes showed that the HWP induced changes in the relative content of the three main 149 

polymers, with a loss of hemicelluloses. This could impact the composition and/or structure of 150 

the lignin–carbohydrate complex (LCC) and indirectly the hydrolysis capacity (41). 151 

 Table 2: CP/MAS 13C NMR analysis of molar proportion of hemicellulose. 152 

 

Raw maize stem HWP 20 min  HWP 40 min  

 

M7 M9 M7 M9 M7 M9 

Hemicelluloses molar proportion (%) 21 (± 2) 20 (± 1) 20 (± 1) 19 (± 1) 15 (± 0)  16 (± 2) 

Results are expressed as means of three repetitions with standard deviation into parenthesis. 153 

B- Impact on the phenolic compounds 154 

Table 3:  Ester- and ether-linked hydroxycinnamic acid content in raw and HWP CWR. 155 

 Raw maize stem HWP 20 min  HWP 40 min  

 M7 M9 M7 M9 M7 M9 

p-coumaric acid (g.100g
-1

 CWR) 

Ester linked 

2.58 

 (± 0.4) 

2.20 

 (± 0.6) 

2.87 

 (± 0.2) 

2.66 

 (± 0.7) 

2.76 

 (± 0.2) 

2.31 

(± 0.1) 

Ferulic acid (g.100g
-1

 CWR) 

Ester linked 

0.55 

(± 0.01) 

0.50 

(± 0.01) 

0.71 

(± 0.01) 

0.60 

(± 0.02) 

0.42 

(± 0.01) 

0.34 

(± 0.01) 

Diferulic acid ester linked 

0.11 

(± 0.01) 

0.09 

(± 0.01) 

0.15 

(± 0.01) 

0.09 

(± 0.01) 

0.02 

(± 0.01) 

0.02 

(± 0.01) 

Ether linked 0.44 0.42 0.27 0.34 0.37 0.39 

Results are expressed as means of three repetitions with standard deviation into parenthesis. 156 
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Grasses are rich in hydroxycinnamic acid ester- and ether-bounded, mainly ferulic acid (FA) 157 

and p-coumaric acid (p-CA) (42, 43). The content of FA and p-CA ether- and ester-bounded 158 

was determined (Table 3). 159 

p-CA is mainly linked to the side chain of the lignin syringyl units and, to a lesser extent, to 160 

the GAX arabinose units (44). The p-CA content in the raw and HWP CWR remained stable, 161 

representing between 2.2-2.8% of their CWR. The p-CA stability, despite an enrichment in 162 

lignin, suggests that HWP induced a homogeneous p-CA solubilization according to the mass 163 

loss between 4-11% for the 20 min HWP and 33% for the 40 min HWP. 164 

Within the cell wall, phenolic compounds are closely bound to carbohydrates through 165 

numerous bonds forming LCCs. In grasses, ferulic acid is the cross-linking agent that mainly 166 

allows the formation of these complexes by forming GAX-GAX bonds via esterified diferulic 167 

acids (DiFAe) on arabinose units and GAX-lignin bonds via ether bonds on guaiacyl units of 168 

lignin (44-46). Numerous studies have shown that this complex network formed by the cross-169 

linking of FAs between hemicelluloses and lignin leads to a decrease of the  polysaccharides 170 

deconstruction by limiting the access to the enzymes (47).  171 

In the raw genotypes, about 60% of FA units were found to be linked to arabinose while 40% 172 

were engaged in ether linkages with lignin. The DiFAe content, related to the number of 173 

hemicellulose bonds, decreased significantly by more than 88% after the HWP 40 min. 174 

Interestingly, with the HWP 20 min, the amount of DiFAe binding remained stable in the M7 175 

CWR and decreased slightly by 19% on M9 CWR. This difference between the two genotypes 176 

shows that the HWP 20 min allows a more efficient disruption of the hemicellulosic network 177 

in M9, which is consistent with the higher hemicelluloses loss in this genotype. 178 

The content of GAX-lignin bonds could be estimated via the content of FA ether linked. 179 

Contrary to the GAX-GAX bonds, a significant amount of AX-lignin bonds was broken after 180 
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20 min of the HWP. As observed for lignins, the loss of etherified FA was more important after 181 

HWP 20 min with 50/36% than after HWP 40 min with 46/40% for M7 and M9 respectively. 182 

This likely originates from a depolymerization/re-polymerization or reorganisation of the 183 

lignins during the pretreatment. In addition, these results suggest that HWP induces sequential 184 

changes on the LCC with a prior step of GAX-lignin disruption followed by the GAX-GAX 185 

perturbations, as already suggested (48). This hypothesis is strengthened by the low loss of 186 

hemicelluloses and the higher loss of lignin at a HWP time of 20 min, highlighting a prior 187 

disruption of the lignin fraction. However, it should be noted that the amount of FA engaged 188 

in ether bonds with lignin could be underestimated due to the lignin complexity which may 189 

prevent the hydrolysis of total FA ether linked.  190 

C- Modification of the polymers ultrastructure 191 

In order to determine the influence of the parameters specific to the composition of the 192 

lignocellulose on the structural modifications, a correlation matrix was carried out and is 193 

presented in Additional file 1.  194 

1- Lignin 195 

 196 

 197 

 198 

 199 

 200 

 201 
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Table 4: Lignin characteristics: thioacidolysis yield, S/G ratio and fluorescence intensity. 202 

 203 

 Raw maize stem HWP 20 min  HWP 40 min  

 M7 M9 M7 M9 M7 M9 

Thioacidolysis yield 

(µmol.g
-1 

KL) 

765 

(± 23) 

671 

(± 43) 

799 

(± 11) 

884 

(± 12) 

321 

(± 33) 

266 

(± 8) 

S/G ratio 

1.79  

(± 0.02) 

1.02  

(± 0.03) 

1.96 

(± 0.14) 

0.99  

(± 0.01) 

2.87  

(± 0.10) 

1.35  

(± 0.10) 

Fluorescence 

intensity  

8100 5500 4700 2600 1700 1200 

Thioacidolysis yields are expressed in µmol.g-1.Klason Lignin. Syringyl/Guaiacyl molar ratio (S/G ratio) are determined by 204 

thioacidolysis. Fluorescence intensity was measured at 𝜆excitation= 365 nm and 𝜆emission= 440 nm. Results are expressed as means 205 

of three repetitions with standard deviation into parenthesis. 206 

As shown by the hydroxycinnamic acids and lignin loss, the HWP could have an impact on the 207 

organisation of the lignin depending on the severity of the pretreatment. The fluorescence 208 

intensity of the CWR, relative to the overall structural properties of the lignin, was carried out 209 

(Table 4). A decrease of the fluorescence intensity of about 42-53% and 79% was detected for 210 

HWP 20 min and HWP 40 min, respectively, in comparison to raw CWR. Given that the 211 

intensity of fluorescence of the CWR depends on the composition of the lignin, type and 212 

content of the bonds between the monolignols and lignin environment (49), this result suggests 213 

HWP leads to a global structural/compositional modification of the lignin fraction. 214 

The ultrastructural modification of the lignin was analysed in more details through the analysis 215 

of the thioacidolysis yield and the syringyl/guaiacyl lignin units (S/G) ratio (Tables 4). For raw 216 

M7 and M9, thioacidolysis yield and S/G ratio were 764/672 µmol.g-1 of Klason lignin and 217 



12 

 

1.79/1.02 respectively: this means that M7 had a higher β-O-4 bonds and S units content. Even 218 

if the loss of lignin induced by HWP was limited (less than 12%), changes in the lignin structure 219 

have occurred. Indeed, the yield of thioacidolysis, based only on the cleavage of non-condensed 220 

ether β-O-4 bonds which are predominant in grasses (50), was decreased significantly by 58% 221 

and 60% with the HWP 40 min for M7 and M9, respectively. The S/G ratio was gradually 222 

impacted by HWP with an increase according to severity. The content of G units falls down 223 

with the 40 min pretreatment. This suggests that the β-O-4 links of the G units, determined by 224 

thioacidolysis, were more impacted by HWP and therefore more susceptible to the 225 

condensation than the S units, as already shown on rice and sugarcane bagasse (51, 52).  226 

Table 5: CP/MAS and VCT 13C NMR analysis of raw and pretreated CWR. 227 

 

Raw maize stem HWP 20 min  HWP 40 min  

 

M7 M9 M7 M9 M7 M9 

Crystallinity (%) 28 (± 2) 31 (± 1) 32 (± 1) 34 (± 2) 39 (± 1)  41 (± 1) 

LFD (nm) 2.4 (± 0.1) 2.6 (± 0.1) 2.6 (± 0.1) 2.7 (± 0.1) 3.0 (± 0.1) 3.1 (± 0.1) 

LFAD (nm) 25 (±3) 27 (± 3) 39 (± 5) 31 (± 9) 37 (± 5) 74 (± 4) 

β-O-4 bonds estimation (%) 48 (± 1) 49 (± 2) 40 (± 3) 43 (± 1) 36 (± 1) 32 (± 2) 

T
1
ρH

 (ms) 18 (± 0) 22 (± 3) 33 (± 3) 37 (± 6) 45 (± 6) 50 (± 9) 

T
HH

 (µs) 416 (± 32)  396 (± 61) 450 (± 73) 458 (± 100) 671 (± 121) 597 (± 122) 

Lateral fiber dimension (LFD), lateral fiber aggregate dimension (LFAD), spin-lattice (proton relaxation) in the rotating frame 228 

(T1ρH) and time of spin diffusion (THH). The analysis was realized on rehydrated CWR (20 % w/w) and the results are expressed 229 

as means of three repetitions with standard deviation into parentheses. 230 

13C CP/MAS NMR was also carried out to estimate the abundance of β-O-4 bonds 231 

representative of the entire lignin polymer (53). For this purpose, the intensities of the two 232 

broad signals at 152.4 ppm, which can be associated to the aromatic carbon atoms of lignin 233 

involved in β-O-4 bonds such as C-3 and C-5 of the S units, and 146.8 ppm, corresponding to 234 

the same carbons non-etherified, were determined (Table 5). A depletion of the β-O-4 bonds 235 
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was detected with the application of the HWP and represented a decrease of about 17% and 236 

25% for M7 and 12% and 35% for M9 for the 20 min and 40 min HWP, respectively. This 237 

depletion induced by the acidification of the medium during pretreatment has also been 238 

observed on other grasses species with HWP and dilute acid pretreatments (26, 54).  239 

Overall, HWP altered the ultrastructure of the lignin by breaking the β-O-4 bonds through the 240 

acidic medium of the pretreatment. These modifications led to changes in the conformation of 241 

the lignin surrounding the cellulose, which could also impact the ultrastructure of the cellulose. 242 

2- Cellulose  243 

Like for lignin, 13C CP/MAS NMR was carried out to determine the impact of the HWP on the 244 

ultrastructure of cellulose. For this, crystallinity and fibril dimensions, through lateral 245 

dimension of the microfibrils (LFD) and of the microfibril aggregates (LFAD), were 246 

determined by spectral deconvolution of the region of the cellulose C4 signals at around 80-91 247 

ppm and presented in Table 4. LFD and LFAD was determined thanks to a conversion factor 248 

of 0.57 nm per cellulose chain, and were schematically represented in Figure 3 (55, 56). 249 

Fig. 3: Schematic representation of raw cellulose fibril and cell wall organization. 250 

Both raw CWR had a similar cellulose ultrastructure with average crystallinity, LFD and LFAD 251 

values of around 26%, 2.5 nm and 30 nm, respectively. The crystallinity of the CWR increased 252 

with the HWP severity. This relative increase of the crystallinity was linked to preferential 253 

degradation/solubilization of amorphous cellulose during pretreatment by breaking intra-chain 254 

hydrogen bonds. This solubilisation of amorphous cellulose is likely to explain part of the loss 255 

of cellulose during the HWP shown above (Table 1). A study comparing the effect of different 256 

types of pretreatments on crystallinity showed that the acidity of the pretreatment medium was 257 

directly related to the solubilization of amorphous cellulose (57). During the HWP, the reaction 258 
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medium was gradually acidified with the increase of the pretreatment time, from a pH value of 259 

4.4 at 20 min to 3.8 after a HWP 40 min (Table 1). This acidification was negatively correlated 260 

(R2 = -0.89) with the increasing loss of amorphous cellulose from about 13-17% with the HWP 261 

20 min to 36-38% with the HWP 40 min for M9 and M7, respectively. 262 

HWP also induced changes in the ultrastructure of the cellulose by slightly increasing the LFD. 263 

During the HWP, the loss of hemicelluloses (R2 = 0.95) and amorphous cellulose (R2 = 0.93) 264 

as well as the rearrangement of lignin, evidenced by the decrease in thioacidolysis yield (R2 = 265 

0.85) and β-O-4 bonds estimation (R2 = 0.90), could be related with a loosening of the cellulose 266 

microfibrils and a possible swelling of the cellulose (57, 58). 267 

The increase in LFD was accompanied by an increase in LFAD. The increase in LFAD could 268 

be explained by the decrease in water-cellulose interactions (promoting cellulose-cellulose 269 

interactions) induced by heat, leading to an increase in aggregates size (58-60). The HWP 40 270 

min significantly modified the LFAD of genotype M9 compared to genotype M7. This 271 

difference suggests a strong hornification effect in M9 HWP 40 min due to an important co-272 

crystallization of the cellulose induced by an efficient relocalization/modifications of the 273 

lignins and loss in hemicelluloses surrounding the cellulose and acting as spacer (61-64).  274 

The HWP induced changes in the cellulose architecture, leading to an increase in the dimension 275 

of the microfibrils and their aggregates. These modifications within the structure of the 276 

cellulose suggest an alteration of the cellulose interactions with its environment through the 277 

pretreatment. 278 

 279 

3/ Modification of the interactions and the entanglement in the cell wall 280 

A- Modification of cellulose interactions 281 
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Chemical analyses have shown that the HWP induced important changes in the composition of 282 

LB, in particular by removing a part of the hemicelluloses and by reorganizing the 283 

lignocellulosic components surrounding the cellulose, modifying its accessibility. Thus, the 284 

impact of HWP on the interactions and the accessibility of cellulose was investigated by solid-285 

state NMR by studying the kinetic of polarization transfer (Table 5). 286 

First, the time constant T1ρH reported on the molecular organization surrounding the cellulose, 287 

longer is the T1ρH , higher is the molecular order (30). An increase of the T1ρH was observed 288 

for M7/M9 with the increase of the pretreatment time from 17/21 ms for raw CWR to 43/51 289 

ms for the most severely pretreated CWR. This increase was positively correlated to 290 

crystallinity (R2 = 0.97) and to the hemicelluloses loss (R2 = 0.95), suggesting an increase in 291 

the molecular order surrounding the cellulose microfibrils after HWP due to the removal of 292 

amorphous components, cellulose and hemicelluloses (Fig. 3). These results are in agreement 293 

with the studies by (29) and (65), highlighting an increase of the T1ρH on HWP wheat and on 294 

dilute acid pretreated poplar, respectively. 295 

This increase in molecular order was accompanied by an increase in the proton spin diffusion 296 

time (THH) after the HWP in both genotypes. THH reflects the diffusion of non-bounded protons 297 

magnetisation, which corresponds generally to the protons of water, close to cellulose (66, 67). 298 

The increase of THH was positively correlated with the loss of hemicelluloses (R2 = 0.98) and 299 

DiFA content (R2 = 0.84), and with the content of Klason lignin (R2 = 0.91) and negatively 300 

correlated to the proportion of S-units involved in ether bounds (R2 = -0.86). This may suggest 301 

that the increase of the molecular order, related to the elimination of amorphous components, 302 

induces an increase of the spaces between the microfibrils favouring the accessibility of the 303 

water molecules and their interactions with cellulose. 304 
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The HWP has modified the ultrastructure of the cellulose but also its interactions with 305 

hemicelluloses/lignins making the microfibrils more accessible to water molecules. These 306 

modifications suggest changes in the porosity of the cell wall as well as in the accessible surface 307 

of the cellulose after HWP allowing it to increase the interactions of celluloses with water and 308 

therefore subsequently with hydrolytic enzymes.  309 

B- Porosity and accessibility of cellulose 310 

Simons’ staining is a widely used technique to estimate the modifications induced by 311 

pretreatments on the structure and the environment of the cellulose through the analysis of the 312 

variation in the relative porosity as well as in the global accessible surface of the cellulose to 313 

cellulases (68). Simons’ staining is based on the adsorption of two contrasted dyes: DB1 for 314 

small-size pores with a hydrodynamic radius (rH) around 1 nm and DY11 for pore sizes larger 315 

than the rH of cellulases (69, 70).  316 

Fig. 4: Evolution of the total adsorbed dye and DY11/DB1 ratio of raw and pretreated samples. 317 

Variation of the total accessible surface area (ASA) of cellulose was estimated from the total 318 

amount of dyes adsorbed (fig. 4). No significant differences in the total amount of probes 319 

adsorbed was observed between the two genotypes, in accordance with their similar 320 

environment and similar cellulose structure. For both genotypes, an increase in the amount of 321 

dye adsorbed by the substrate was noted with increased HWP time, reflecting an increase of 322 

the ASA.  323 

By measuring the total amount of adsorbed dyes and the DY11/DB1 ratio, the evolution of the 324 

relative amount and size of the pores of the CWR after HWP could be analysed (71). Moreover, 325 

the variation of the ratio alone gives information on the variation of the specific surface area 326 

(SSA) of the cellulose accessible to cellulases. For raw genotypes, the close DY11/DB1 ratio 327 
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pointed out an akin SSA between the two genotypes. At a HWP time of 20 min, the evolution 328 

of the ratio was different depending on genotype. For M7 with HWP 20 min, the increase in 329 

the total adsorbed dye following by a slight increase in the DY11/DB1 ratio suggests the 330 

generation of new “small” pores and a slight expansion of the existing pores allowing an 331 

increase in the amount of adsorbed DB1 and DY11 respectively. In comparison, for M9, the 332 

HWP 20 min resulted in a decrease in the DY11/DB1 ratio, and in an increase in the total 333 

amount of adsorbed dye, which would imply only the generation of “small” pores. When the 334 

HWP time was extended to 40 min, a significant increase in the DY11/DB1 ratio and in the 335 

amount of the total adsorbed dye was detected for both genotypes in comparison to the raw 336 

CWR. These results prove that the HWP 40 min mainly induce the expansion of the existing 337 

pores allowing an increase in the adsorption of DY11. The DY11/DB1 ratio values were 2.93 338 

and 1.97 times higher than those of the raw CWR M7 and M9, respectively, showing a clear 339 

increase of SSA with this pretreatment time especially at M7. 340 

Simons’ staining has shown that the HWP increased the relative amount and the expansion of 341 

pore and also the increase of SSA, two important parameters for the improvement of cellulose 342 

hydrolysis (23). Here the increase in the SSA induced by HWP, was positively correlated with 343 

the increase of the diffusion time THH (R2 = 0.96) and the loss of hemicelluloses (R2 = 0.89) 344 

and amorphous cellulose (R2 = 0.88). This correlation shows that a higher water-cellulose 345 

interaction, related to a higher molecular order, allows an increase of the cellulases accessibility 346 

to the cellulose. It was worth noting that the increase in the SSA was negatively correlated to 347 

the yield of thioacidolysis (R2= -0.96), suggesting that the condensation of lignin induced by 348 

HWP promotes cellulases accessibility to cellulose. Surprisingly, the increase in lignin content 349 

was positively correlated with the DY11/DB1 ratio (R2 = 0.86), indicating that lignin content 350 

was not necessarily a contributor to recalcitrance and that changes in its structure could reduce 351 

its negative impact on the cellulose accessibility. The effect of the HWP on the porosity of the 352 
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cell wall allowing an increase in the accessibility of the cellulose was investigated more 353 

precisely thanks to relaxometry analyses. 354 

C- Water mobility: 355 

Fig. 5: T2 distribution for (a) M7 and (b) M9 samples with a water content of 20 % (w/w). 356 

Change in water mobility after HWP is an important parameter to consider in order to obtain a 357 

better understanding of the effect of HWP on enzymatic hydrolysis. The changes in the water 358 

mobility were determined by NMR analyses of the relaxation times of water molecules in the 359 

CWR which can be associated with a range of pore sizes as previously explored (26, 27, 71). 360 

The NMR analyses were carried out under controlled relative humidity: at 20 % (w/w) (Fig. 361 

5), similar to the measurements performed in solid state NMR, and 80 % (w/w) (Fig. 6), similar 362 

to the humidity conditions during enzymatic hydrolysis. 363 

At a humidity of 20%, two populations of water were detected. The HWP induced a decrease 364 

of the peak width (PW) for both genotypes, which indicates a homogenization of water 365 

constraint within the CWR after the HWP (Additional file 2). It was worth noting that the 366 

HWP led to the decrease of the amplitude of the water populations around 15 ms, which also 367 

suggests a homogenisation of the CWR after pretreatment through the domination of a major 368 

population. On the raw M9 CWR, the proportion of the water population (P2) associated with 369 

T2 around 19 ms was more important than M7, showing a higher water mobility disparity within 370 

this genotype.  371 

Fig. 6: T2 distribution for (a) M7 and (b) M9 samples with a water content of 80% (w/w). 372 

In complement, the relaxation times of the different CWR were analysed at a relative humidity 373 

of 80% (w/w) in order to obtain more information on the effect of the HWP on the water 374 

redistribution and the porosity (Fig. 6). An increase in the number of populations with higher 375 
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T2 values were detected at 80% compared to 20% of relative humidity (2 populations at 20% 376 

versus 5 populations at 80%). These populations represent distinct environments, impacting 377 

differently the capacity of interaction and mobility of water molecules and probably resulting 378 

from the swelling of the cell wall with humidity. These water populations could be divided into 379 

three regions and related to different pore size ranges according to their T2 values (27). 380 

The first region of relaxation time from 4 to 30 ms (Fig. 6) corresponds to “small” pore sizes 381 

between 5 and 15 nm (shaded area). This pore size range corresponds to the average enzyme 382 

size range (72, 73) and allows to provide more information on the mobility capacity of the 383 

enzymes within the lignocellulosic matrix after HWP. Within this first region, the water content 384 

of the population (P2) with a T2 around 8.4 ms was increased after HWP from 7.6% and 7.7% 385 

in the raw CWR to 16.8% and 18.3% with the 40 min HWP for CWR M7 and M9, respectively 386 

(Additional file 3). This increase can be explained either by the creation of new pores or by 387 

the compaction of larger domains during the HWP. The pretreatment also induced an increase 388 

in the inhomogeneity of this water content, apparent by an increase in the peak width (PW) 389 

after the HWP 40 min (Additional file 3). The water content associated with this pore size 390 

range was highly correlated to the modification of different chemical parameters such as 391 

hemicellulose loss (R2 = 0.98), Klason lignin content (R2 = 0.98), β-O-4 linkages estimation 392 

(R2 = -0.93), and the molecular order (R2 = 0.96). These results highlight that the loss of 393 

hemicelluloses as well as changes in the ultrastructure of lignin have a direct influence on the 394 

porosity of the CWR, promoting the accessibility and circulation of water after HWP.  395 

In the second region of T2 from 30 to 100 ms, corresponding to pore sizes between 15 and 40 396 

nm, a decrease of the water content retained within this pore size range was detected for both 397 

genotypes. This observation can be explained by the redistribution of water by diffusion to the 398 

smaller size ranges. Indeed the total water proportion (P2) inside the third region, with a T2 399 
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higher to 100 ms, remained stable after HWP. Within this region, the mean T2 of two water 400 

pool environments increases with HWP from 210 ms to 271 ms and from 610 to 851 ms 401 

respectively. Furthermore, a water transfer was observed from the water population with a T2 402 

of about 210 ms to the water population with a T2 of about 600 ms. These observations suggest 403 

that HWP induces a broadening of the large domains. 404 

The HWP induces a modulation of the domains and promotes the creation of new domains 405 

where the water is more constrained and which can be associated with pore sizes between 5 406 

and 15 nm. This increase of the porosity, seen by NMR and Simons’ staining, should favour 407 

the mobility of enzymes and thus facilitate their catalytic activity. 408 

 409 

4/ Correlation of physico-chemical modifications induced by HWP on saccharification: 410 

 411 

In order to determine the impact of the physico-chemical modifications induced by the HWP 412 

on enzymatic hydrolysis, and to identify the main factors contributing to recalcitrance, 413 

correlation coefficients were calculated between the saccharification yields at 72 h and the 414 

previously determined factors (Fig. 7).  415 

 416 

Fig. 7: Pearson’s correlation coefficients between physico-chemical factors variations and 417 

hydrolysis yield after 72h. 418 

 419 

As shown, HWP led to an increase in the porosity of the cell wall, as indicated by the rise of 420 

the water pool proportion associated with pore diameter in the range 5-15 nm, which includes 421 

the average diameter of enzymes involved in hydrolysis. The increase in this pore size range 422 

was strongly related to higher saccharification yield (R2 = 0.96), which is in agreement with 423 

the fact that 90% of the hydrolytic enzymes accessibility depends on the internal wall pores 424 
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(9). The increase of the cell wall porosity was also supported by Simons’ staining through the 425 

increase of the adsorption of DY11 probe, which has a rH close to that of cellulases. The 426 

accessibility of cellulose estimated through ASA and more particularly for enzymes through 427 

SSA was strongly correlated with the hydrolysis capacity of the CWR (R2 = 0.92).  428 

This increase in the porosity and accessibility to the cellulose was achieved by modifying the 429 

intra- and inter-polymers interactions after the HWP. In fact, the analysis of cellulose 430 

interactions by solid-state NMR showed that HWP induced an increase in the molecular order 431 

surrounding the cellulose microfibrils (T1ρH) (R2 = 0.92) thanks to the decrease of the 432 

interactions of cellulose with amorphous components such as hemicelluloses. This increase of 433 

molecular order led to a loosening of the matrix and favoured the circulation/interaction of 434 

water molecules (THH) (R2 = 0.99) and then of enzymes. The loosening of the matrix 435 

surrounding the cellulose microfibrils was in part due to the breaking of bonds involving FA 436 

units, the major cross-linking agents in grasses (74). Here the loss of DiFA, which binds GAX 437 

together, was strongly correlated with saccharification yield (R2 = 0.96), which is in agreement 438 

with results found in the literature on grasses species such as sugarcane (75), Phalaris aquatica 439 

and Lolium (76). Interestingly, the loss of etherified FA was not strongly correlated with 440 

saccharification yield (R2 = 0.73), suggesting a higher importance of the destructuring of the 441 

GAX-GAX network than GAX-lignin for bringing accessibility to enzymes.  442 

In addition to hemicelluloses participation in the tight entanglement of the matrix, 443 

hemicelluloses also have a protective role by covering cellulose microfibrils with multiple 444 

layers and inserting themselves between them (77). Indeed, hemicelluloses are bound to the 445 

hydrophilic surfaces of cellulose through hydrogen bonds (78), reducing the accessibility of 446 

cellulose to cellulases (63). Thus the loss of hemicelluloses induced by HWP contributed to 447 

increase the accessibility of the enzyme within the matrix and also of the SSA as shown by the 448 
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strong correlation between hemicellulose loss and saccharification yield (R2 = 0.99). During 449 

HWP, the loss of hemicelluloses also led to an increase in the content of the lignin. Indeed, it 450 

has been shown that the presence of lignin reduces the enzymatic hydrolysis potential due to 451 

its role as a physical barrier, owing to the interactions with polysaccharides that reduce the 452 

cellulose accessibility, and its non-specific interaction capacity with hydrolytic enzyme (7, 79). 453 

After HWP the increase of the lignin content showed a positive correlation with the 454 

saccharification yield (R2 = 0.93), suggesting that the lignin content was not directly related to 455 

the recalcitrance of lignocellulose, as demonstrated in previous studies (48, 80, 81). Thus, 456 

chemical pretreatments aimed at eliminating lignin, such as oxidative alkaline or organosolv 457 

pretreatments, are not necessarily the most suitable ways to improve saccharification (26, 81). 458 

Considering lignin organisation is a more relevant way to assess its impact on recalcitrance 459 

than its content alone. 460 

Our investigations highlighted that changes into the content and polymers interactions during 461 

the HWP were associated with several modifications within the polymers ultrastructure and 462 

more particularly of the lignin. First, HWP has been shown to increase the S/G ratio but it did 463 

not significantly correlate with hydrolysis capacity (R²=0.59), as already shown (82). This 464 

demonstrates that S/G ratio, determined by thioacidolysis, is not a predicting factor of 465 

hydrolysis capacity (83) and that its impact is still unclear and depends on the LB species 466 

considered. The decrease in the estimate of ether bonds (mainly β-O-4) as well as the increase 467 

in the condensation state reflected by the thioacidolysis yield were both negatively correlated 468 

with saccharification yield (R2 = -0.93 and -0.86, respectively). These results suggest that the 469 

condensed state of lignin after HWP might promote enzymatic deconstruction. This correlation 470 

has already been observed (82) and may be explained by the variation in the lignin 471 

conformation according to its inter-unit bonds (84). Indeed, it has been shown by molecular 472 

modelling that a high concentration of β-O-4 bonds confers to lignin an extended conformation 473 
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favouring interactions with cellulose fibrils, thus forming a physical barrier and limiting access 474 

to cellulases (84). The changes in the structure of lignin after HWP would decrease its 475 

protective role and promote the accessibility of cellulases to the cellulose microfibrils (85). On 476 

the opposite, excessive condensation of lignin can be detrimental to enzymatic hydrolysis as it 477 

would promote strong aggregation of cellulose and therefore a decrease in its accessibility for 478 

cellulases (64). This may be the case for the M9 HWP 40 min genotype, for which a strong 479 

aggregation of cellulose microfibrils has been observed together with a lower saccharification 480 

rate than the M7 HW 40 min genotype. This means that HWP severity should be balanced to 481 

favour enough lignin condensation promoting cellulose accessibility while limiting strong 482 

interactions. Fast and easy prediction of saccharification based on lignin organisation seems 483 

possible by measuring CWR autofluorescence (R² = -0.83), as previously observed for other 484 

pretreatments and LB species (26, 49). It has been assumed previously (86) that lignin does not 485 

have a direct impact on the accessibility of enzymes but an indirect effect on hydrolysis 486 

capacity through its strong interaction with hemicelluloses. Our study confirms that the reshape 487 

of lignin organisation within the cell wall after HWP has a direct impact on the accessibility to 488 

the cellulose and the saccharification potential. 489 

In addition, HWP had an impact on the ultrastructure of the cellulose by increasing its 490 

crystallinity and LFD. Crystallinity is often described as a limiting factor in enzymatic 491 

hydrolysis (7, 87, 88). Here the increase in the crystallinity of the cellulose, induced by the loss 492 

of more hydrolysable amorphous cellulose during HWP, had no negative impact on the 493 

saccharification capacity of the CWR (R² = 0.93). The increase in LFD also showed a positive 494 

impact on saccharification (R2 = 0.92). This observation could be associated with the swelling 495 

of the cellulose due to the opening of the matrix, leading to an increase of SSA.  496 

 497 
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Conclusion:  498 

Our work has illustrated that hot water pretreatment (HWP) improved enzymatic hydrolysis by 499 

altering many interconnected factors ranging from the polymers' ultrastructure (bounds, 500 

crystallinity ...) to the organisation of the wall (mesoporosity). The loss of hemicelluloses and 501 

changes in polymers structural features induced by HWP leads to a significant reorganization 502 

of the lignocellulosic matrix. These modifications induce an increase in the specific surface 503 

area of the cellulose and a water redistribution allowing an increase in the accessibility of 504 

cellulases and an enhancement of the hydrolysis. Interestingly the environment and 505 

organization of lignin is thus more important to consider than its concentration to explain 506 

cellulose accessibility.  507 

The multiscale combination of biochemical compositional techniques with solid-state NMR 508 

and NMR relaxometry analysis has been decisive to understand the interplay between polymers 509 

and recalcitrance of hot water pretreated LB. The same approach could be applied to other 510 

biomass species and other pretreatments in order to guide towards the best compromise 511 

between pretreatment severity and saccharification by elucidating the interactions between 512 

polymers. 513 

 514 

Materials and Methods: 515 

Plant materials: 516 

Two maize genotypes F7025 (abbreviated as M7) and F98902 (as M9) were selected on the 517 

basis of preliminary composition results indicating differences in digestibility capacity, high 518 

and low digestibility, respectively (89, 90). The genotypes were cultivated in the experimental 519 

plots of INRAE in Mauguio under irrigated conditions and harvested at the silage stage. The 520 
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internode under the main ear was isolated, dried and then cut into 2 cm fragments. The cell 521 

wall residue (CWR) was obtained after soluble components removal by an 8-hour ethanol 522 

extraction followed with a 48-hour water extraction. 523 

Hot water pretreatment: 524 

Hot water pretreatment (HWP) was performed on 2 cm-half-fragments of CWR maize in 525 

mineralization bombs equipped with Teflon cups (Parr, USA). Each half-fragment was 526 

pretreated with a volume of deionized water adjusted for a ratio of 1:30 (v/w) (26), in an oil 527 

bath at a constant temperature of 180 °C during two variable durations of 20 and 40 min. CWR 528 

were cooled in ice and then washed with 50% ethanol solution and deionized water until the 529 

soluble components were completely removed. The pretreatment parameters were chosen on 530 

the basis of previous experiments to preserve the structure of the CWR for microscopy imaging 531 

(26, 31, 91). 532 

The consolidated severity factor (CSF) of these pretreatments was calculated according to 533 

Eq.(1) (92): 534 𝐶𝑆𝐹 =  𝑙𝑜𝑔 [ 𝑡 × 𝑒𝑥𝑝 (𝑇𝑖− 𝑇𝑟𝑒𝑓 14.75 ) ] (Eq. 1) 535 

Where t represents the time of pretreatment, 𝑇𝑖 the temperature of the pretreatment (180 °C) 536 

and 𝑇𝑟𝑒𝑓 the reference temperature of 100 °C. 537 

 538 

Compositional analyses of CWR: 539 

For the global biochemical and physico-chemical analysis, the CWR were ground with an ultra 540 

centrifugal mill (ZM200, Retsch, Germany) to an average granulometry of 1 mm. 541 

            Polysaccharides analysis: 542 

The monomeric sugars content were quantified by HPAEC-PAD after a two-step H2SO4 543 

hydrolysis as described previously (93).  544 
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Ferulic acid and p-coumaric acid content: 545 

Mild and severe alkaline hydrolysis:  546 

The esterified and etherified contents of ferulic acid and p-coumaric acid was determined by 547 

alkaline hydrolysis at two different severities. Mild alkaline hydrolysis was applied on 10 mg 548 

of CWR with 1 mL of NaOH at 1 M during one night at room temperature. Severe alkaline 549 

hydrolysis was realized on 10 mg of powder with 2 mL of NaOH at 4 M during 2 hours at 170 550 

°C. The hydrolysate was subsequently acidified to pH < 3 (with 6 M HCl), centrifuged at 12,000 551 

g for 10 min, purified into on a solid-phase extraction cartridge (Waters Sep-pack t18, USA) 552 

with 0.1% HCOOH and then the phenolic compounds were eluted with methanol. The phenolic 553 

compounds were analyzed on HPLC according to a published method (94). 554 

Ferulic acid and p-coumaric acid were quantified using o-coumaric acid as an internal standard 555 

and o-coumaric acid, ferulic acid and p-coumaric acid as a solution standard. 556 

The content of esterified hydroxycinnamic acids was determined by the amount of ferulic and 557 

p-coumaric acid released during mild alkaline hydrolysis. Etherified ferulic acid content was 558 

calculated by the difference between the amount of esterified ferulic acid released by mild and 559 

the total amount of ferulic acid released by severe alkaline hydrolysis. 560 

Acetyl content: 561 

An alkaline hydrolysis was carried out on 5 mg of CWR with 1 M NaOH at 4 °C during 30 562 

min. After the stabilization of the pH at 8 with 1 M HCl, the acetyl content was quantified with 563 

a commercial acetic acid kit (BiosenTec, Portet-sur-Garonne, France). 564 

 565 

Klason lignin content: 566 

200 mg of CWR (M) were hydrolyzed with 2 mL of 12 M sulfuric acid solution at room 567 

temperature for 2 h. The hydrolysate was diluted with deionized water to achieve the acid 568 

sulfuric concentration to 2 M and the mixture was incubated 3 h at 300 °C with an agitation of 569 
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500 rpm. The solid residues were filtered and washed with deionized water, dried at 100 ° C 570 

for 20 h and then weighted (𝑊1). Finally, the sample was calcined at 600 °C for 3h30 and the 571 

weight was noted (𝑊2) (95). 572 

The total Klason lignin content was calculated according to Eq. 2:  573 𝐾𝐿(%) = (𝑊1−𝑊2)𝑀 × 100  (Eq. 2) 574 

 575 

Thioacidolysis: 576 

The monomeric composition of the ether-linked lignin fraction was determined by 577 

thioacidolysis as described by (96). The reaction reagent composed of dioxane/boron 578 

trifluoride etherate/ethanethiol (87.5/2.5/10, v/v/v) was prepared and 1 mL was added to 10 mg 579 

of CWR with 1 mL of internal standard tetracosane at 0.25 mg.mL-1, then the mixture was 580 

heated at 100 °C for 4 h. The phenolic compounds were extracted from the reaction medium 581 

with the addition of 3 × 25 mL of dichloromethane and concentrated by evaporation. The 582 

monomeric units of the lignin were then silylated to be quantified by GC equipped with a fused 583 

silica capillary DB1 column (30 m × 0.3 mm) (J&W Scientific, USA) and flame ionisation 584 

detector.  585 

 586 

FTIR analysis: 587 

Pellets were prepared from 2 mg of CWR in powder mixed with 300 mg of KBr then analyzed 588 

in MIR on a Nicolet 6700 Thermo Electron FTIR spectrometer with a KBr separator and a 589 

DTGS KBr detector. Spectra were recorded three times in the range 4000 – 400 cm-1 with a 590 

resolution of 4 cm-1 and 16 scans per sample. The baseline of the spectra was corrected using 591 

the Omnic software and then normalized by area by applying a correction factor of 592 1000𝐴2000−800 𝑐𝑚−1 , where 𝐴2000−800 cm-1 was the area of the spectra between 2000 - 800 cm-1. 593 
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3D fluorescence maps: 594 

3D fluorescence maps on raw and hot-water pretreated CWR were performed using a JASCO 595 

FP8300 spectrofluorometer (Japan). The 3D maps were acquired with excitation wavelengths 596 

scanning from 300 to 550 nm, with a wavelength increment of 2 nm, emission wavelengths 597 

scanning from 350 to 600 nm, with wavelength increment of 0.2 nm. The sensitivity was set to 598 

500 V. The 3D maps were analyzed with Jasco SpectraManager software. 599 

Simons’ staining: 600 

The accessible surface area of the cellulose and the relative porosity of the LB were determined 601 

by Simons’ staining procedure as previously described (97, 98). Direct Blue 1 (DB1) was 602 

purchased from Pylam Products Company (USA). Direct Yellow 11 (DY11) was obtained from 603 

Sigma-Aldrich (USA). DY11 was purified with 100 kDa (molecular weight cut-off) 604 

polyethersulfone membranes, and only the supernatant, with a MW greater than 100 kDa, was 605 

used. DB1 and DY11 were prepared to yield 10 mg/mL by adding deionised water. 10 mg of 606 

substrate were added into 2 mL tubes and mixed with 0.1 mL of phosphate buffer (140 mM 607 

NaCl, 0.3 M phosphate, pH 6.0), an increasing volume of both dyes (0.025, 0.05, 0.75, 0.1, 608 

0.15 and 0.2 mL) followed by the addition of deionized water to adjust the final volume to1 609 

mL. The tubes were incubated at 70 °C for 6 h with an agitation of 300 rpm. After the 610 

incubation, the tubes were centrifuged at 12,000 g for 5 min, then the absorbance of the 611 

supernatant was analysed after dilution to the 100th with a spectrophotometer (UV-3100 PC, 612 

VWR, USA) at 430 and 600 nm. The amount of dye adsorbed onto the biomass was determined 613 

using the difference between the concentration of the initial added dye and the concentration 614 

of the dye in the supernatant, as described by Alam et al. (69).  615 

13C Solid-state NMR: 616 
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Approximately 80 mg of each CWR were rehydrated to 24-26% (w/w) with ultra-pure water. 617 

All the analyses were carried out as biological triplicates. The solid-state NMR spectra were 618 

carried out on a Bruker Avance III 400 MHz spectrometer operating at a carbon frequency of 619 

100.62 MHz. A double resonance 1H/X CP/MAS 4 mm probe coupled with a high power level 620 

amplifier was used for 13C CP/MAS experiment. The magic angle spinning (MAS) rate was set 621 

at 12 kHz and each acquisition was acquired at ambient temperature (25 °C). The experiment 622 

was conducted under a 90° proton pulse of 2.6 ± 0.1 µs, a contact time of 1.5 ms and a 10 s 623 

recycling time. Each spectrum was the result of the accumulation of 2048 scans. Chemical 624 

shifts were calibrated using glycine as external reference, assigning the carbonyl at 176.03 625 

ppm. 626 

The chemical shifts, half width and area of peak of samples were determined using a least-627 

squares fitting method with the Peakfit® software (Systat Software Inc., USA). 628 

According to the method of Larsson et al. (99), the cellulose crystallinity was calculated from 629 

deconvolution of cellulose C4 peaks in the region of 80-91 ppm. This method is performed 630 

thanks to the use of three Lorentzian peaks corresponding to cellulose Cr(Iα) (88.1 ppm), 631 

cellulose Cr(Iα+β) (86.8 ppm) and cellulose Cr(Iβ) (86.2 ppm). An additional Gaussian peak 632 

associated with the para-crystalline (PCr) contribution (87.9 ppm) was used. Three peaks were 633 

used in the amorphous C4 region, two Gaussian peaks corresponding to the accessible surface 634 

cellulose C4 (82.9 and 84.1 ppm) and another one for the inaccessible surface C4 (83.4 ppm). 635 

The proportion of crystalline cellulose was determined by dividing the sum peak area of four 636 

crystalline cellulose C4 peaks by those of seven cellulose C4 peaks. Assuming the cross section 637 

of cellulose microfiber is square and all amorphous cellulose is attached on the fiber surface, 638 

the lateral fiber dimension (LFD) and the lateral dimensions of the fibril aggregates (LFAD) 639 

were also estimated. The cellulosic chains width was set at 0.57 nm (100). 640 
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The molecular dynamic of samples was further characterized by varying contact time (τ) from 641 

10 µs to 9000 µs. Twenty CP/MAS spectra were recorded with an accumulation of 512 scans 642 

per contact time. The evolution of carbon peak area (C4 of crystalline cellulose and O-CH3 of 643 

pectin methyl ester) between different groups was fitted according to Eq. 3 (101): 644 

𝐼(τ) = 𝐼0𝑒−τ 𝑇1ρ𝐻⁄ ∗ {1 − λ𝑒−τ 𝑇𝐻𝐻⁄ − (1 − λ)𝑒−3τ 𝑇2𝐻𝐻⁄ 𝑒−τ2 2𝑇𝐶𝐻2⁄ }  (Eq. 3) 645 

where 𝐼(τ) is the carbon peak area (C4 of crystalline cellulose and O-CH3 of pectin methyl ester) 646 

according to the contact time (τ), 𝐼0 is the maximum carbon signal intensity (associated with 647 

the optimal contact time), λ is a parameter that depends on the number of protons (n) carried 648 

by carbons (λ=1/(n+1)), 𝑇𝐶𝐻is the mean dipolar coupling between carbon and covalently linked 649 

proton,  T1ρH is the spin-lattice proton relaxation time, THH is the spin diffusion time between 650 

two nearby protons.  651 

Time-Domain NMR: 652 

These interactions can be related to the porosity of the system. 80 mg of each CWR were 653 

analysed at two hydration levels, about 20% (low) and 80% (high) (w/w). Transverse relaxation 654 

(T2) was measured at 4 °C on a Bruker Minispec mq20 (0.47 T), equipped with a thermostated 655 

1H probe, using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. For low hydration, 656 

echo time was 80 µs, 400 even echoes were collected and 384 scans were acquired with a 657 

recycle delay of 3 s. For high hydration, echo time was 1 ms, 2000 even echoes were collected 658 

and 128 scans were acquired with a recycle delay of 7 s. An inverse Laplace transformation 659 

(ILT) was applied (102) to convert the relaxation signal into a continuous distribution of the  660 

relaxation components (26). 661 

Enzymatic saccharification: 662 
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The enzymatic saccharification was performed with the commercial enzymatic cocktail Cellic 663 

CTec 2 (Novozymes, Denmark) containing cellulase and xylanase activity of 205 FPU.mL-1 664 

and 9068 UI.mL-1, respectively. Raw and pretreated milled CWR (20 mg) were added to 1 mL 665 

of 50 mM acetate buffer pH 5.2 with 0.15 mg.mL-1 of tetracycline as antibiotic, 0.04 mg.mL-1 666 

cycloheximide as antifungal agent, into 2 mL tubes. The micro-reactors (powder and medium) 667 

were pre-incubated for 20 min at 50 °C, then Cellic CTec 2 cocktail was loaded at a final 668 

concentration of 30 FPU.g-1 of biomass and the mixtures were incubated at 50 °C with an 669 

agitation of 300 rpm. 670 

Aliquots of 12 μL were taken at different hydrolysis timepoints: 0, 0.5, 1, 2, 4, 8, 24, 48, 72 h. 671 

The aliquots were heated at 100 °C for 2 min, and then centrifuged at 12,000 g for 5 min. The 672 

reducing sugars hydrolysed over time were determined via DNS assay. 673 

Determination of reducing sugars by DNS assay: 674 

The 3,5-Dinitrosalicylic acid (DNS) reagent was prepared according to the protocol established 675 

by (103). In 1.5 mL tubes, 60 µL of aliquot diluted 10 times were mixed with 120 µL of DNS 676 

and heated at 100 °C for 10 min. The reducing sugars contained in the aliquots were determined 677 

with a spectrophotometer (UV–3100 PC, VWR, USA) at 540 nm after diluting 100 μL of 678 

solution in 1.25 mL of deionized water. A standard curve of glucose was used to calculate the 679 

glucose reducing sugar equivalent in the different CWR. 680 

The initial reaction rate was calculated as the tangent to the hydrolysis curve, converted sugars 681 

(g.L-1) plotted against reaction time (hours), at the initial time and was expressed in g.L-1.h-1. 682 

Correlation analysis:  683 

Pearson’s simple correlation coefficient (R2) and the Pearson correlation matrix was calculated 684 

with SigmaPlot 12.0 (Systat Software Inc., USA). According to the population size, for pairs 685 
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of variables with p values lower than 0.050, there was a significant relationship between the 686 

two variables. 687 

 688 

Abbreviations:  689 

ASA: accessible surface area;  690 

CP/MAS NMR: cross polarization/ magic angle spinning nuclear magnetic resonance;  691 

CPMG: Carr-Purcell-Meiboom-Gill;  692 

Cr: crystalline region of cellulose;  693 

CSF: consolidated severity factor; 694 

CWR: cell wall residue; 695 

DB1: direct blue 1;  696 

DiFAe: esterified diferulic acid; 697 

DNS: 3,5-Dinitrosalicylic acid;  698 

DY11: direct yellow 11;  699 

FA: ferulic acid;  700 

FTIR: fourier-transform infrared spectroscopy;  701 

GAX: glucuronoarabinoxylans;  702 

HPAEC-PAD:  high-performance anion-exchange chromatography with pulsed amperometric 703 

detection; 704 

HWP: hot water pretreatment;  705 

ILT: Laplace transformation;  706 

KL: klason lignin;  707 

LB: lignocellulosic biomass; 708 

LCC: lignin-carbohydrate complex; 709 
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LFD: lateral fiber dimension 710 

LFAD: lateral fibril aggregates dimension;  711 

M7: F7025 genotype;  712 

M9: F98902 genotype; 713 

P2: peak proportion;  714 

p-CA: p-coumaric acid;  715 

PCr: para-cristalline region of cellulose;  716 

PW: peak width;  717 

R2: Pearson’s simple correlation coefficient;  718 

rH: hydrodynamic radii;  719 

S/G: syringyl/guaiacyl lignin units  720 

SSA: specific surface area;  721 

T2: relaxation time;  722 

T1ρH: spin-lattice proton relaxation time;  723 

THH: spin diffusion time between two nearby protons; 724 

VCT: variation time contact; 725 
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Figure legends:  1041 

 1042 

Fig. 1: Kinetics of released monosaccharides yield during saccharification of raw and 1043 

HWP samples. A) M7 samples, B) M9 samples. 1044 

 1045 

Fig. 2: FTIR spectra of raw and pretreated (a) M7 and (b) M9 samples. 1046 

http://purl.access.gpo.gov/GPO/LPS94126
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 1047 

Fig. 3: Schematic representation of raw cellulose fibril and cell wall organization. a) 1048 

Schematic representation of raw cellulose fibril with the representation of the four cellulose 1049 

forms and the two fibril aggregate dimensions: lateral fibril dimension (LFD), and lateral fibril 1050 

aggregate dimensions (LFAD) (Adapted from (56)); Schematic representation of cellulose 1051 

microfibrils distribution within lignocellulosic matrix and of the T1ρH and THH variations  of 1052 

b) raw sample and c) HWP sample according to the hemicellulose loss and lignin condensation. 1053 

 1054 

Fig. 4: Evolution of the total adsorbed dye and DY11/DB1 ratio of raw and pretreated 1055 

samples. The total adsorbed dye are represented by bars with left axis and DY11/DB1 ratio by 1056 

plots with the right axis. The M7 values are represented in white and M9 samples in gray. 1057 

 1058 

Fig. 5: T2 distribution for (a) M7 and (b) M9 samples with a water content of 20 % (w/w). 1059 

The x axis is the logarithmic scale of the relaxation time. The Y axis corresponds to the 1060 

distribution amplitude expressed in normalized relative water content (% w/w). The replicates 1061 

are represented in the same color. 1062 

 1063 

Fig. 6: T2 distribution for (a) M7 and (b) M9 samples with a water content of 80% (w/w). 1064 

The x axis is the logarithmic scale of the relaxation time. The Y axis corresponds to the 1065 

distribution amplitude expressed in normalized relative water content (% w/w). The 1066 

correspondence between the relaxation time (T2) and the meso-porosity is indicated at the top 1067 

of the figure. The experiments were realized in duplicate. The grey area, between 5 and 15 nm, 1068 

corresponds to the range of pore size available for enzymes, the replicates are represented in 1069 

the same color. 1070 

 1071 
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Fig. 7: Pearson’s correlation coefficients between physico-chemical factors variations and 1072 

hydrolysis yield after 72h. The red squares correspond to negative correlations and the blue 1073 

squares to positive correlations. Values in bold are significant with a p-values ≤ 0.05 and * 1074 

have a p-values ≤ 0.01. 1075 

 1076 

Additional files:  1077 

 1078 

Additional file 1 TIF: Pearson’s correlation matrix calculated between two variables. The 1079 

red squares correspond to negative correlations and the blue squares to positive correlations. 1080 

Values in bold are significant (p-values ≤ 0.05). 1081 

 1082 

Additional file 2 XLS: Relaxation time (T2) values, water proportion (P2) and pick width 1083 

proportion (PW%) of the peaks represented in the figure 5. The PW was normalized to the 1084 

T2 value. Results are expressed as means of 3 repetitions with standard deviation into 1085 

parenthesis. 1086 

 1087 

Additional file 3 XLS: Relaxation time (T2) values, water proportion (P2) and pick width 1088 

proportion (PW%) of the peaks represented in the figure 6. The PW was normalized to the 1089 

T2 value. Results are expressed as means of 3 repetitions with standard deviation into 1090 

parenthesis. 1091 
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Figure 1

Kinetics of released monosaccharides yield during sacchari�cation of raw and HWP samples.



Figure 2

FTIR spectra of raw and pretreated (a) M7 and (b) M9 samples.



Figure 3

Schematic representation of raw cellulose �bril and cell wall organization.

Figure 4



Evolution of the total adsorbed dye and DY11/DB1 ratio of raw and pretreated samples.

Figure 5

T2 distribution for (a) M7 and (b) M9 samples with a water content of 20 % (w/w).



Figure 6

T2 distribution for (a) M7 and (b) M9 samples with a water content of 80% (w/w).



Figure 7

Pearson’s correlation coe�cients between physico-chemical factors variations and hydrolysis yield after
72h.
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