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Abstract  19 

Laccase enzymes are promising detoxifying agents during lignocellulosic 20 

bioethanol production from wheat straw. However, they affect the enzymatic 21 

hydrolysis of this material by lowering the glucose recovery yields. This work 22 

aimed at explaining the negative effects of laccase on enzymatic hydrolysis.  23 

Relative glucose recovery in presence of laccase (10 IU/g substrate) with model 24 

cellulosic substrate (Sigmacell) at 10% (w/v) was almost 10 percentage points 25 

lower (P<0.01) than in the absence of laccase. This fact could be due to an 26 

increase in the competition of cellulose binding sites between the enzymes and a 27 

slight inhibition of β-glucosidase activity. However, enzymatic hydrolysis and 28 

infrared spectra of laccase-treated and untreated wheat straw filtered pretreated 29 

residue (WS-FPR), revealed that a grafting process of phenoxy radicals onto the 30 

lignin fiber could be the cause of diminished accessibility of cellulases to 31 

cellulose in pretreated wheat straw. 32 

 33 

Highlights 3-5 (maximum 85 characters, including spaces, per bullet point) 34 

• The activity of β-glucosidases was slightly reduced by laccases 35 

• Total phenolic content decreased 80 percentage points  after laccase 36 

treatment 37 

• Laccase treatment increased the Klason lignin in the lignocellulosic 38 

substrate 39 

• Laccases modified the infrared adsorption spectra of the lignocellulosic 40 

substrate 41 

• Grafting process of lignin units into the wheat straw fibres limiting the 42 

accessibility of cellulolytic enzymes to cellulose 43 

Keywords  44 

Lignocellulose, enzymatic hydrolysis, laccase detoxification, grafting, ATR-45 

FTIR.  46 
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1. Introduction 47 

Concerns about climate change and uncertainties about fuel supply make 48 

renewable biofuels, such as bioethanol and biodiesel, attractive options for oil 49 

replacement in the short-term perspective. Presently, international governments 50 

have adopted some policies, such as the European Union Directive 2009/28/CE 51 

(2009), to gradually replace fossil fuels by biomass-based fuels or biofuels. 52 

Moreover, innovative technologies and advanced biorefineries based on 53 

lignocellulosic biomass are expected to play an important role in future bio-54 

economy in Europe. Lignocellulosic biorefineries are expected to provide 55 

different forms of energy such as bioethanol and create new markets for bio-based 56 

products such as food, feed, chemicals and materials.  57 

Lignocellulosic biomass is an abundant, low-cost and widely distributed 58 

feedstock. Among different lignocellulosic raw materials, wheat straw is an ideal 59 

candidate for bioethanol production worldwide (Tomás-Pejó et al. 2008). The 60 

biochemical conversion of lignocellulose into ethanol is performed via enzymatic 61 

hydrolysis of the carbohydrates to monomeric sugars, which are subsequently 62 

converted into ethanol by a fermentation step. The process is, however, hindered 63 

by the complex and recalcitrant structure of the lignocellulosic materials and thus, 64 

a pretreatment step is needed to increase biomass digestibility. Hydrothermal 65 

methods, such as steam explosion, are cost-effective technologies to increase the 66 

accessibility of enzymes to cellulose by solubilization of hemicelluloses and 67 

lignin redistribution (Alvira et al. 2010). Nevertheless, harsh conditions applied in 68 

these pretreatments also promote sugar and lignin degradation, triggering the 69 

formation of weak acids, furan derivatives and phenolic compounds which inhibit 70 

enzymes and microorganisms performance (Palmqvist and Hahn-Hägerdal 2000; 71 

Ximenes et al. 2010). The removal of the inhibitors from the fermentation broth, 72 

also known as detoxification, is an interesting alternative to overcome the 73 

negative effect of these compounds. As a detoxification method, in situ laccase 74 

treatment represents an appropriate option since the process is carried out in the 75 

same vessel under mild conditions (Parawira and Tekere 2011; Moreno et al. 76 

2014). Laccases are multicopper-containing phenoloxidases that catalyze the 77 

oxidation of substituted phenols, anilines and aromatic thiols at the expense of 78 

molecular oxygen. Laccase addition to pretreated lignocellulosic materials 79 
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selectively removes the phenolic compounds formed during the hydrothermal 80 

pretreatment (Jönsson et al. 1998; Jurado et al. 2009; Moreno et al. 2012, 2013a). 81 

This phenol removal by laccases leads to improved fermentation performance of 82 

microorganisms, shortening the lag phase and boosting cell viability. In 83 

consequence, ethanol volumetric productivities are enhanced and the overall 84 

process time is reduced. Nevertheless, in case of steam-exploded wheat straw, 85 

laccase-detoxified biomass shows lower glucose hydrolysis yields during the 86 

saccharification step, which implies a reduction in the final ethanol concentrations 87 

(Jurado et al. 2009; Moreno et al. 2012, 2013a, 2013b).  88 

Several hypotheses have been proposed to explain the lower glucose recovery 89 

yields after laccase treatment: 1) laccases increase the non-specific adsorption of 90 

hydrolytic enzymes onto the lignocellulosic fibers by catalyzing reactions on 91 

lignin (Moilanen et al. 2011); 2) laccases cause strengthening of carbohydrate-92 

lignin bonds (Moilanen et al. 2011) and 3) formation of laccase-derived 93 

compounds can inhibit the hydrolytic enzymes (Jurado et al. 2009; Tejirian and 94 

Xu 2011). Although all these inhibition mechanisms seem to be accepted, there is 95 

no information about the alternatives to overcome this limitation. The present 96 

work attempts to establish a better understanding of the effects observed during 97 

the enzymatic hydrolysis of laccase-treated steam-exploded wheat straw for the 98 

optimum integration of the detoxification step into the current lignocellulosic 99 

bioethanol production process. 100 

In this work, the effect of laccase on enzymatic activities of cellulases was 101 

examined to discard any direct effect of laccases on those hydrolytic enzymes. 102 

Furthermore, the effect of laccase was studied in enzymatic hydrolysis 103 

experiments of model cellulosic substrate (Sigmacell) without lignin polymer 104 

using different substrate concentration and laccase loadings, which could give 105 

information about a potential physical interaction or hindrance between the 106 

enzymes. Concurrently, in order to reduce a possible non-specific adsorption of 107 

cellulases on to the lignin fiber, steam-exploded wheat straw was enzymatically 108 

hydrolyzed in the presence of laccase adding polyethylene glycol (PEG). The 109 

chemical composition of the wheat straw filtered pretreated residue (WS-FPR) 110 

was studied after 3h incubation with laccase without hydrolytic enzymes. Finally, 111 

attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were 112 
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determined for laccase treated or untreated WS-FPR after the enzymatic 113 

hydrolysis.  114 

2. Material and methods 115 

2.1 Nomenclature 116 

ANOVA Analysis of variance 

ATR-FTIR Attenuated total reflectance - Fourier transform infrared 

spectroscopy 

DW Dry weight 

FPU Filter paper unit 

IU International unit 

PEG Polyethylene glycol 

Raw material  Milled wheat straw (particle size: 2 -10 mm) 

RGR Relative glucose recovery  

SF Severity factor 

Sigmacell Model cellulosic substrate Sigmacell Type 50® (Sigma 

S5504) 

Slurry  Whole steam-exploded wheat straw  

WS-FPR  Wheat straw filtered pretreated residue (Vacuum-filtered 

but not washed) 

 117 

2.2 Raw material and pretreatment 118 

Wheat straw was supplied by CEDER-CIEMAT (Soria, Spain). This material 119 

presented the following composition (% (w/v) dry weight (DW)): cellulose, 40.5; 120 

hemicelluloses, 26.1 (xylan, 22.7; arabinan, 2.1; and galactan, 1.3); Klason lignin, 121 

18.1; ash, 5.1; and extractives, 14.6 (Alvira et al. 2011). 122 

The biomass was milled until a chip size between 2 and 10 mm using a laboratory 123 

hammer mill. The milled wheat straw was pretreated by steam explosion in a 2 L 124 

reactor without acid impregnation, considering a severity factor (SF) of 3.94 (200 125 

ºC for 10 min). The whole steam-exploded wheat straw was vacuum filtered and 126 

the wheat straw filtered pretreated residue (WS-FPR) was used as substrate. Since 127 

the WS-FPR was unwashed, low amount of phenolic compounds remained soaked 128 
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in the material. The chemical composition of the WS-FPR was characterized as 129 

described in the analytical methods section having the following composition (% 130 

DW (w/v)): hemicellulose, 8.4; cellulose, 55.0 and Klason lignin 33.6. The 131 

material was kept at 4ºC until use. 132 

 133 

The model cellulosic substrate used was Sigmacell Type 50® (Sigma S5504). 134 

This substrate is considered as high purity cellulose according to manufacture 135 

information. 136 

2.3 Enzymes 137 

Pycnoporus cinnabarinus laccase (60 IU/mL; 8 g/L), produced by Beldem 138 

(Belgium), was used for the evaluation of laccase treatment. Laccase activity was 139 

measured by the oxidation of 5 mM 2,2’-azino-bis(3-ethylbenzothiazoline-6-140 

sulfonic acid) to its cation radical (e436 = 29300 M-1 cm-1) in 0.1 M sodium acetate 141 

(pH 5) at 24 ºC. 142 

A mixture of the preparations NS50013 (60 FPU/mL cellulase activity; 150 g/L 143 

total protein content) and NS50010 (510 IU/mL b-glucosidase activity; 200 g/L 144 

total protein content), both produced by Novozymes (Denmark), was used for the 145 

enzymatic hydrolysis.  146 

Total protein content from all enzymatic preparations was analyzed by BCA 147 

protein assay kit (Pierce Ref. 23225), using bovine serum albumin as standard. 148 

 149 

2.4 Enzymatic activities of hydrolytic enzymes  150 

Overall cellulase activity of NS50013 was determined using filter paper 151 

(Whatman No. 1 filter paper strips), while b-glucosidase activity of NS50010 was 152 

measured using cellobiose as substrate (Ghose 1987). One unit of enzyme activity 153 

was defined as the amount of enzyme that transforms 1 µmol of substrate per 154 

minute.  155 

Activities of those hydrolytic enzymes in presence of 0.5, 1 and 2 IU/mL of P. 156 

cinnabarinus laccase were measured in order to detect any direct effect of laccase 157 

on hydrolytic enzymes. 158 
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2.5 Enzymatic hydrolysis of Sigmacell and wheat straw filtered 159 

pretreated residue (WS-FPR) 160 

The model cellulosic substrate Sigmacell and the lignocellulosic substrate (WS-161 

FPR) were hydrolyzed to evaluate the effect of laccase supplementation.  162 

Sigmacell was diluted to 5% or 10% DW (w/v) with citrate buffer 50 mM, pH 5, 163 

and subjected to saccharification with optimal dosage of hydrolytic enzymes for a 164 

complete enzymatic hydrolysis: 15 FPU/g DW substrate of NS50013 and 15 IU/g 165 

DW substrate of NS50010 (Tomás-Pejó et al. 2009). The enzymatic hydrolysis of 166 

5% DW (w/v) Sigmacell was performed in presence of 10 IU laccase/g DW 167 

substrate. In case of 10% DW (w/v) Sigmacell, laccase was supplemented at 1, 5, 168 

10 and 15 IU laccase/g DW substrate. Hydrolysis of Sigmacell at 5% and 10% 169 

DW (w/v) without laccase were used as control. 170 

In a second set of experiments, WS-FPR was diluted to 10 % DW (w/v) with 171 

citrate buffer 50 mM, pH 5. In order to enable a better detection of any difference 172 

on enzymatic hydrolysis yields, low enzyme dosages were used. More 173 

specifically, enzyme dosage was 5 FPU NS50013/g DW of substrate and 5 IU 174 

NS50010/g of DW substrate. PEG was added at different concentrations: 0.5, 1, 175 

2.5 and 5% DW (w/w) of substrate with or without laccase (10 IU /g DW of 176 

substrate). WS-FPR with hydrolytic enzymes and without PEG or laccase was 177 

used as control. Hydrolytic enzymes, PEG and laccase were added simultaneously 178 

when applied.  179 

After the hydrolysis step, laccase and non-laccase supplemented WS-FPR without 180 

PEG were centrifuged at 5000 rpm for 10 min to collect the solid fraction. Solids 181 

were dried in an oven at 40ºC during 3 days and analyzed by ATR-FTIR. 182 

All assays were run in triplicate in 100 mL-flasks at 50ºC and 150 rpm for 72 h. 183 

Representative samples were withdrawn periodically, centrifuged and 184 

supernatants were analyzed for glucose concentration. For better comparison 185 

between assays, relative glucose recovery (RGR) was calculated as follow: 186 

𝑅𝐺𝑅(%) =
𝑔/𝐿	𝑔𝑙𝑢𝑐𝑜𝑠𝑒!""!# 	× 	100

𝑔/𝐿	𝑔𝑙𝑢𝑐𝑜𝑠𝑒$%&'(%)
 187 

 188 
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2.6 Effect of laccase treatment on WS-FPR without hydrolytic 189 

enzymes 190 

To evaluate the changes in the chemical composition of the WS-FPR after 3h of 191 

laccase treatment, 10% DW (w/v) WS-FPR was supplemented with 10 IU/g DW 192 

of substrate of P. cinnabarinus laccase without hydrolytic enzymes. This assay 193 

was run in triplicate in 100 mL-flasks at 50ºC and 150 rpm for 3 h in a rotary 194 

shaker. Laccase-treated and non-treated WS-FPR were filtered and washed and 195 

the chemical composition of the solid residues was analyzed as explained in 196 

analytical methods section.  197 

2.7 Analytical methods 198 

The chemical composition of non-treated and laccase-treated (3 h) WS-FPR was 199 

analyzed using the National Renewable Energy Laboratory (NREL) standard 200 

methods for determination of structural carbohydrates and lignin in biomass 201 

(LAP-002, LAP- 003, and LAP-019) (Sluiter et al 2010). Dry weight of WS-FPR 202 

was determined by drying a representative sample at 105ºC for 24 h (LAP-001). 203 

Total phenolic content of the supernatants was determined according to a 204 

modified version of the Folin-Ciocalteau method (Alvira et al. 2013). 205 

Glucose concentration was quantified by high-performance liquid 206 

chromatography (HPLC) equipped with a refractive index detector. An Aminex 207 

HPX-87H column (Bio-Rad Labs, Hercules, CA), operated at 50ºC with 5 mM 208 

H2SO4 as a mobile-phase (0.4 mL/min), was employed for separation.  209 

The dried solid residues obtained after the enzymatic hydrolysis of laccase-treated 210 

or non-treated WS-FPR without PEG were analyzed by ATR-FTIR in order to 211 

determine chemical changes in the fibers. Sample preparation was carried out with 212 

KBr. 5% (w/w) of dried biomass was analyzed in a FTIR spectrometer (Thermo 213 

Scientific Nicolet 6700 spectrometer) using an attenuated total reflectance (ATR) 214 

accessory and deuterated triglycine sulphate detector. Spectra were collected at 215 

room temperature in the 4000–400 cm−1 range with a 1.928 cm−1 resolution and 216 

being an average of 64 scans. 217 

Statistical analyses were performed using IBM SPSS Statistics v22.0 for MacOs 218 

X Software (SPSS, Inc., Chicago, IL, USA). The mean and standard deviation 219 

were calculated for descriptive statistics. When appropriate, analysis of variance 220 
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(ANOVA) with Bonferroni’s post-test was used for comparisons between assays. 221 

The level of significance was set at P<0.05, P<0.01 or P<0.001. In addition, the 222 

effects of laccase dosage during the enzymatic hydrolysis of Sigmacell at 10% 223 

DW (w/v) were evaluated by regression analysis. 224 

 225 

3. Results and discussion 226 

3.1 Effect of laccase on cellulase/β-glucosidase activities 227 

The effect of laccase on cellulolytic enzymes was evaluated in absence of soluble 228 

phenolic compounds, lignin and cellulose. Cellulase and b-glucosidase activities 229 

were measured in the presence of 0.5, 1 and 2 IU/mL of P. cinnabarinus laccase, 230 

using filter paper and cellobiose as substrates, respectively, to evaluate the direct 231 

interaction between hydrolytic and laccase enzymes (Table 1). In the case of 232 

overall cellulase activity (NS50013), ANOVA analysis showed no significant 233 

differences at any of the laccase loadings tested. By contrast, b-glucosidase 234 

activity (NS50010) showed a significant slight decrease of about 7 percentage 235 

points (P<0.001) in the presence of 2 IU/mL of laccase. These results suggest that, 236 

among the enzymatic activities present in a cellulolytic cocktail, laccase has more 237 

marked effect on the activity of b-glucosidase enzymes. 238 

 239 

3.2. Effect of laccase supplementation on enzymatic hydrolysis of 240 

model cellulosic substrate (Sigmacell) 241 

Two different consistencies (5% and 10% DW (w/v)) of model cellulosic 242 

substrate Sigmacell were subjected to enzymatic hydrolysis in the presence of 243 

laccase (Table 2 and Fig. 1). It is worth to mention that laccase and cellulase 244 

preparations were added considering the DW of Sigmacell, so that at 10% (w/v) 245 

substrate, the total protein concentration was the double than at 5% (w/v). The 246 

addition of 10 IU/g substrate (0.5 IU/mL) of laccase during the enzymatic 247 

hydrolysis of Sigmacell at 5% DW (w/v) did not show any significant difference 248 

in terms of final RGR. When the substrate concentration increased from 5% to 249 

10% DW (w/v), the addition of 10 IU/g (1 IU/mL) of laccase decreased 250 

significantly the final RGR by almost 10 percentage points (P<0.01) compared to 251 

those assays performed without laccase. As there were no potential laccase targets 252 
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due to the absence of lignin and phenols in the medium, this result might be 253 

explained by an increase in the competition of cellulose adsorption sites between 254 

cellulases and laccases.  255 

Sigmacell at 10% DW (w/v) was enzymatically hydrolyzed with increasing 256 

laccase loadings to evaluate if higher laccase dosages promote its reversible 257 

adsorption to cellulose, lowering the adsorption sites of hydrolytic enzymes 258 

towards this polymer. As listed in Table 2, although the total protein concentration 259 

did not change markedly after laccase addition, an increase from 0.14% to 2.06% 260 

in the ratio between laccase and hydrolytic enzymes (L/H values) was enough to 261 

reduce the RGR about 5 percentage points. Linear and quadratic effects were 262 

found when evaluating the decrease of RGR at different laccase dosage (Fig. 2). 263 

Although both equations were statistically significant (Plinear<0.01; Pquadratic<0.05), 264 

a better trend fit was obtained with the quadratic model (R2 = 0.999). Supporting 265 

these results, Qiu and Chen (2012) described an increase in the hydrolysis yields 266 

of steam-exploded wheat straw when laccase was added at 0.55 IU/g substrate, 267 

however, further increase of laccase dosage decreased the cellulose conversion 268 

rate.  269 

The time course for enzymatic hydrolysis of Sigmacell at 5 and 10% DW (w/v) in 270 

presence or absence of 10 IU/g substrate of laccase is shown in Fig. 1. As it was 271 

showed previously, at 5% DW (w/v) Sigmacell, the addition of laccase did not 272 

show any difference in terms of hydrolysis rates and about 40 g/L of glucose were 273 

released in both cases. By contrast at 10% DW (w/v), the addition of laccase 274 

decreased the final glucose concentration from 59.7 g/L to 55.2 g/L. Moreover, a 275 

significant marked decrease in the hydrolysis rate (P<0.01) was observed after 276 

24h. As it is well known, endo- and exo-glucanase enzymes are acting on 277 

cellulosic polymer at the first stage of the hydrolysis and β-glucosidase is acting 278 

sequentially after. Thus, the decrease in hydrolysis rate after 24h could be 279 

explained by the slight inhibition on β-glucosidase activity observed previously in 280 

the presence of laccase (Table 1). 281 

 282 

3.3 Effect of PEG supplementation on enzymatic hydrolysis of WS-283 

FPR in presence of laccase 284 



12 

Since it has been already shown that the addition of non-ionic surfactants such as 285 

Berol or Tween 80 and polymers such as polyethylene glycol (PEG) reduces the 286 

non-specific adsorption of cellulases (Kristensen et al. 2007), 10% (w/v) of WS-287 

FPR substrate was enzymatically hydrolyzed in the presence or absence of PEG 288 

and laccase. PEG concentrations were 0.5, 1, 2.5 and 5% (w/w) of substrate. As 289 

expected, when WS-FPR was supplemented with 5% (w/w) PEG without 290 

laccases, the RGR increased 1.4 fold (P<0.001) compared to control assays 291 

without PEG (Fig. 3a). PEG has previously demonstrated to be efficient for 292 

enhancing the enzymatic hydrolysis of steam-exploded wheat straw by decreasing 293 

the non-specific adsorption of cellulases (Kristensen et al. 2007; Cannella and 294 

Jørgensen. 2014). However, regardless the PEG concentrations, RGRs were 295 

significantly (P<0.05) lower than the control in the presence of laccase (Fig. 3b).  296 

These results suggest that the increase in the non-specific adsorption of hydrolytic 297 

enzymes in the presence of laccases is not the reason for the reduction in final 298 

RGR when using WS-FPR. As it was explained before in the case of Sigmacell, 299 

when no lignin neither phenols were in the media, an increase in the competition 300 

of cellulose adsorption sites was supposed to be the main reason for reducing the 301 

RGR. However, this effect seemed to be negligible when lignin and phenols are in 302 

the media.   303 

After 24 h of enzymatic hydrolysis, total phenol concentration was measured to 304 

verify the laccase detoxification ability in presence of 5% (w/w) of PEG. The total 305 

phenolic concentration decreased about 80 percentage points (P<0.001) after 306 

laccase treatment, regardless the presence or absence of PEG (no significant 307 

differences were found in terms of total phenolic content between assays 308 

supplemented with laccase or laccase+PEG) (Fig. 4). Therefore, PEG does not 309 

affect laccase activity in terms of phenol removal. 310 

As ligninolytic enzymes, in addition to soluble phenols removal, laccases have the 311 

ability to interact with phenolic units present in lignin polymer. In this context, 312 

laccase can alter the hydrophobicity of lignin by increasing or decreasing the non-313 

specific adsorption of hydrolytic enzymes onto this polymer (Palonen and Viikari 314 

2004; Moilanen et al., 2011). The high variability of lignin composition among 315 

different lignocellulosic materials could explain the contradictory effects 316 

regarding laccase interaction with lignin phenolic units. Palonen and Viikari 317 

(2004) showed that laccase treatment of steam-exploded spruce increased 318 
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carboxyl groups of lignin, reducing the hydrophobicity and increasing surface 319 

charge. Subsequently, the non-specific adsorption of cellulases to lignin decreased 320 

and the glucose hydrolysis yields were improved. Moilanen et al. (2011) obtained 321 

similar results when using steam-exploded spruce treated with laccase. 322 

Nevertheless, these authors also reported an increase in the non-specific 323 

adsorption of hydrolytic enzymes and lower glucose yields, when laccase 324 

treatment was performed on steam-exploded giant reed (Arundo donax). 325 

3.4 Characterization of WS-FPR before and after the enzymatic 326 

hydrolysis in presence/absence of laccase. 327 

Although the increment in the non-specific bindings of hydrolytic enzymes to the 328 

lignocellulosic fibers did not seem to be the main reason for the lower RGR 329 

registered after laccase treatment, there are other factors that could explain this 330 

outcome. Since the reaction mechanism of laccase involves an oxidative 331 

polymerization process via formation of unstable radicals, the formed phenolic 332 

polymers could exert a greater inhibitory effect on hydrolytic enzymes. As a 333 

matter of fact, Tejirian and Xu (2011) observed that oligomeric phenols formed 334 

after the pretreatment of lignocellulosic materials could inhibit with a greater 335 

extent the enzymatic hydrolysis than single soluble phenols.  336 

On the other hand, radicals formed by laccase action can also interact with WS-337 

FPR fibers via grafting (Aracri et al. 2010; Barneto et al. 2012). This reaction 338 

mechanism of laccases might incorporate some of the phenols that were 339 

solubilized during the steam explosion pretreatment into the pretreated fibers, 340 

limiting the enzymatic hydrolysis. 341 

Considering the previous effects, the chemical composition of WS-FPR treated 3h 342 

with laccase was analyzed in the absence of hydrolytic enzymes. Interestingly, in 343 

accordance to Aracri et al. (2011), an increase of Klason lignin of 2-3 percentage 344 

points was observed. This increase in the lignin content suggests a reintegration of 345 

some soluble phenols to the fibers. It has been described that the reaction 346 

mechanism of soluble phenols after laccase treatment (oxidative polymerization 347 

or grafting) is determined by the nature of the phenolic compound itself. Among 348 

different phenols, p-hydroxycinnamic acids, such as p-coumaric acid or ferulic 349 

acid, can be covalently coupled to the lignin component of the fibers after laccase 350 

treatment, while others such as syringaldehyde lead to the oxidative 351 
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polymerization (Aracri et al. 2010; Barneto et al. 2012). As an herbaceous crop, 352 

wheat straw contains considerable amount of p-coumaric acid (5% DW w/w) and 353 

ferulic acid (5% DW w/w) on its composition that can be released during the 354 

pretreatment (Buranov and Mazza 2008; Moreno et al. 2012). In this sense, 355 

laccase would incorporate these compounds onto the fiber, justifying the slight 356 

increase in Klason lignin content and, therefore, limiting the accessibility of 357 

cellulose.  358 

For a better understanding of the grafting process, solid residues that remained 359 

after the enzymatic hydrolysis of WS-FPR in the presence or absence of laccase 360 

were analyzed by ATR-FTIR (Fig. 5). The absorbance in the mid-infrared region 361 

(2000-800 cm-1) corresponds to lignin and carbohydrate bonds (Sun et al. 2005). 362 

Both spectra were clearly dominated by carbohydrate bands, including a band at 363 

900 cm-1 characteristic of ß-glycosidic linkages; a region at 1160-1035 cm-1 364 

dominated by ring vibrations overlapped with stretching vibration of (C-OH) side 365 

groups; and a band at 1375 cm-1 due to symmetric bending of aliphatic C–H. 366 

Lignin bands were also observed, including the characteristic triplet at 1600, 1512 367 

and the 1429 cm-1 band ascribed to aromatic ring vibrations, together with the 368 

bands at 1657 cm-1 (stretching of C=O conjugated to aromatic rings) and at 1726-369 

1710 cm-1 (stretching of C=O unconjugated to aromatic rings) (Sun et al. 2005; 370 

Ibarra et al. 2004). In general, no significant differences were found between both 371 

spectra, except the increase and reduction of intensities observed at 1160 and 372 

1512 cm-1, respectively (Fig. 5 arrows). The 1160 cm-1 band, previously assigned 373 

to carbohydrates, is also attributed to antisymmetric C-O stretching vibration, 374 

indicating the ester-linked hydroxycinnamic acids such as esterified p-coumaric 375 

acid and ferulic acid (Sun et al. 2002). On the other hand, variations at 1512 cm-1 376 

are indicative of changes in surface lignin and its lower intensity proves the action 377 

of laccase towards phenolic lignin units present in the surface of the fibers 378 

(Mattinen et al. 2005; Kahar 2013). This outcome, together with the increase in 379 

Klason lignin reported above, supports the grafting hypothesis where p-380 

hydroxycinnamic acids are incorporated into the WS-FPR fibers. This hypothesis 381 

was also recently supported by Rencoret et al. (2014) that showed the grafting 382 

process of ferulic acid on high lignin sisal pulp after laccase treatment. 383 

In addition to the differences observed at 1512 and 1160 cm-1, the ATR-FTIR 384 

spectrum of laccase-treated WS-FPR exhibited higher intensities values in the 385 
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carbohydrate region (1035-1109 cm-1) (Fig. 5). In agreement with this result, 386 

Molainen et al. (2011) also reported higher residual glucan content after the 387 

enzymatic hydrolysis of laccase-treated giant reed (Arundo donax). Assuming that 388 

the grafting process is taking place, the new-formed bonds might affect the 389 

accessibility of enzymes to cellulose, probably by reducing the number and/or the 390 

size of pores or hindering the progress of cellulases. The grafting process could 391 

also result in an increment of the lignin surface area by incorporating new lignin 392 

units therefore limiting the accessibility of cellulolytic enzymes to cellulose.  393 

4. Conclusions  394 

An increase in the competition of cellulose binding sites between cellulases and 395 

laccase together with the inhibition on β-glucosidase activity seemed to be the 396 

main reasons for RGR reduction on model cellulosic substrate enzymatic 397 

hydrolysis. According to experiments with PEG addition, non-specific adsorption 398 

of cellulases was negligible on WS-FPR. It could be thus suggested that the 399 

presence of phenols and lignin promoted different effects. The increase in Klason 400 

lignin together with the changes observed in the ATR-FTIR spectra for laccase-401 

treated or non-treated WS-FPR supported the grafting process that would limit the 402 

accessibility of cellulolytic enzymes to cellulose.  403 

Acknowledgments 404 

Dr. Ignacio Ballesteros (CIEMAT) is greatly acknowledged for helping in the 405 

pretreatment and characterization of wheat straw. The authors wish to thank the 406 

Spanish MIMECO for funding this study via Project CTQ2013-47158-R. 407 

References 408 

1. Alvira, P., Tomás-Pejó, E., Ballesteros, M., Negro, M.J., 2010. Pretreatment 409 

technologies for an efficient bioethanol production process based on 410 

enzymatic hydrolysis: A review. Bioresour. Technol. 101, 4851-4861.  411 

2. Alvira, P., Negro, M.J., Ballesteros, M., 2011. Effect of endoxylanase and α-412 

L-arabinofuranosidase supplementation on the enzymatic hydrolysis of steam 413 

exploded wheat straw. Bioresour. Technol. 102, 4552-4558 414 



16 

3. Alvira, P., Moreno, A.D., Ibarra, D., Sáez, F., Ballesteros, M., 2013. 415 

Improving the fermentation performance of Saccharomyces cerevisiae by 416 

laccases during ethanol production from steam-exploded wheat straw at high 417 

substrate loadings. Biotechnol. Progr. 29, 74–82. 418 

4. Aracri, E., Fillat, A., Colom, J.F., Gutiérrez, A., Del Río, J.C., Martínez, 419 

A.T., Vidal, T., 2010. Enzymatic grafting of simple phenols on flax and sisal 420 

pulp fibres using laccases. Bioresour. Technol. 101, 8211-8216. 421 

5. Aracri, E., Roncero, M.B., Vidal, T., 2011. Studying the effects of laccase-422 

catalysed grafting of ferulic acid on sisal pulp fibers. Bioresour, Technol. 423 

102, 7555-7560. 424 

6. Barneto, A.G., Aracri, E., Andreu, G., Vidal, T., 2012. Investigating the 425 

structure-effect relationships of various natural phenols used as laccase 426 

mediators in the biobleaching of kenaf and sisal pulps. Bioresour. Technol. 427 

112, 327-335.  428 

7. Buranov, A.U., Mazza, G., 2008. Lignins in straw of herbaceous crops 429 

(Review). Ind. Crops. Prod. 28, 237-259. 430 

8. Cannella, D., Jørgensen, H., 2014. Do new cellulolytic enzyme preparations 431 

affect the industrial strategies for high solids lignocellulosic ethanol 432 

production? Biotechnol. Bioeng. 111, 59-68.  433 

9. Directive 2009/28/EC, Brussels (2009) available from: 434 

http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:0016:435 

0062:en:PDF  436 

10. Ghose, T.K., 1987. Measurement of cellulase activities. Pure Appl. Chem. 59, 437 

257–268. 438 

11. Ibarra, D., Del Rı́o, J.C., Gutiérrez, A., Rodrı́guez, I.M., Romero, J., 439 

Martı́nez, M.J., Martı́nez, A.T., 2004. Isolation of high-purity residual lignins 440 

from eucalypt paper pulps by cellulase and proteinase treatments followed by 441 

solvent extraction. Enzyme Microb. Technol. 35, 173-181.  442 

12. Jönsson, J.L., Palmqvist, E., Nilvebrant, N.O., Hahn-Hägerdal, B., 1998. 443 

Detoxification of wood hydrolysates with laccase and peroxidase from the 444 

white-rot fungus Trametes versicolor. Appl. Microbiol. Biotechnol. 6, 691-445 

697. 446 



17 

13. Jurado, M., Prieto, A., Martínez-Alcalá, A., Martínez, A.T., Martínez, M.J., 447 

2009. Laccase detoxification of steam-exploded wheat straw for second 448 

generation bioethanol. Bioresour. Technol. 100, 6378-6384. 449 

14. Kahar, P., 2013. Synergistic effects of pretreatment process on enzymatic 450 

digestion of rice straw for efficient ethanol fermentation, in: Petre, M., (Eds.), 451 

Environmental biotechnology- New approaches and prospective applications. 452 

InTech., Rijeka, pp. 65-87. 453 

15. Kristensen, J.B., Borjesson, J., Bruun, M.H., Tjerneld, F., Jorgensen, H., 454 

2007. Use of surface active additives in enzymatic hydrolysis of wheat straw 455 

lignocellulose. Enzyme Microb. Technol. 40, 888-895. 456 

16. Mattinen, M.L., Kruus, K., Buchert, J., Nielsen, J.H., Andersen, H.J., 457 

Steffensen, C.L., 2005. Laccase-catalyzed polymerization of tyrosine-458 

containing peptides. FEBS J. 272, 3640–3650.  459 

17. Moilanen, U., Kellock, M., Galkin, S., Viikari, L., 2011. The laccase-460 

catalyzed modification of lignin for enzymatic hydrolysis. Enzyme Microb. 461 

Technol. 49, 492–498. 462 

18. Moreno, A.D., Ibarra, D., Fernández, J.L., Ballesteros, M., 2012. Different 463 

laccase detoxification strategies for ethanol production from lignocellulosic 464 

biomass by the thermotolerant yeast Kluyveromyces marxianus CECT 10875. 465 

Bioresour. Technol. 106, 101-109. 466 

19. Moreno, A.D., Ibarra, D., Ballesteros, I., González, A., Ballesteros, M., 467 

2013a. Comparing cell viability and ethanol fermentation of the 468 

thermotolerant yeast Kluyveromyces marxianus and Saccharomyces 469 

cerevisiae on steam-exploded biomass treated with laccase. Bioresour. 470 

Technol. 135, 239-245.  471 

20. Moreno, A.D., Tomás-Pejó, E., Ibarra, D., Ballesteros, M., Olsson, L., 2013b. 472 

In situ laccase treatment enhances the fermentability of steam-exploded wheat 473 

straw in SSCF processes at high dry matter consistencies. Bioresour. Technol. 474 

143, 337-343. 475 

21. Moreno, A.D., Ibarra, D., Alvira, P., Tomás-Pejó, E., Ballesteros, M., 2014. 476 

A review of biological delignification and detoxification methods for 477 

lignocellulosic bioethanol production. Crit. Rev. Biotechnol. In press. doi: 478 

10.3109/07388551.2013.878896. 479 



18 

22. Palmqvist, E., Hahn-Hägerdal,, B., 2000. Fermentation of lignocellulosic 480 

hydrolysates. I: inhibition and detoxification. Bioresour. Technol. 74, 17-24. 481 

23. Palonen, H., Viikari, L., 2004. Role of oxidative enzymatic treatments on 482 

enzymatic hydrolysis of softwood. Biotechnol. Bioeng. 86, 550-557.  483 

24. Parawira, W., Tekere, M., 2011. Biotechnological strategies to overcome 484 

inhibitors in lignocellulose hydrolysates for ethanol production: review. Crit. 485 

Rev. Biotechnol. 31, 20-31. 486 

25. Qiu, W., Chen, H., 2012. Enhanced the enzymatic hydrolysis efficiency of 487 

wheat straw after combined steam explosion and laccase pretreatment. 488 

Bioresour, Technol. 118, 8-12.  489 

26. Rencoret, J., Aracri, E., Gutiérrez, A., Del Río, J.C., Torres, A.L., Vidal, T., 490 

Martínez, A.T., 2014. Structural insights on laccase biografting of ferulic acid 491 

onto lignocellulosic fibers. Biochem. Eng. J. 86, 16-23.  492 

27. Sluiter, J.B., Ruiz, R.O., Scarlata, C.J., Sluiter, A.D., Templeton, D.W., 2010. 493 

Compositional analysis of lignocellulosic feedstocks 1. Review and 494 

description of methods. J. Agr. Food Chem. 58, 9043-9053. 495 

28. Sun, R.C., Sun, X.F., Wang, S.Q., Zhu, W., Wang, X.Y., 2002. Ester and 496 

ether linkages between hydroxycinnamic acids and lignins from wheat, rice, 497 

rye, and barley straws, maize stems, and fast growing poplar wood. Ind. Crop. 498 

Prod. 15, 179-188.  499 

29. Sun, X,F., Xu, F., Sun, R.C., Fowler, P., Baird, M.S., 2005. Characteristics of 500 

degraded cellulose obtained from steam-exploded wheat straw. Carbohyd. 501 

Res. 340, 97-106.  502 

30. Tejirian, A., Xu, F. 2011. Inhibition of enzymatic cellulolysis by phenolic 503 

compounds. Enzyme Microb. Technol. 48, 239-247.  504 

31. Tomás-Pejó, E., Oliva, J.M., Ballesteros, M., 2008. Realistic approach for 505 

full-scale bioethanol production from lignocellulose: a review. J. Sci. Ind. 506 

Res. 67, 874-884. 507 

32. Tomás-Pejó, E., García-Aparicio, M., Negro, M.J., Oliva, J.M., Ballesteros, 508 

M. 2009. Effect of different cellulase dosages on cell viability and ethanol 509 

production by Kluyveromyces marxianus in SSF processes. Bioresour. 510 

Technol. 100, 890-895. 511 

33. Ximenes, E., Kim, Y., Mosier, N., Dien, B., Ladisch, M., 2010. Inhibition of 512 

cellulases by phenols. Enzyme Microb. Technol. 46, 170-176.   513 



19 

Table captions 514 

Table 1 Cellulase (NS50013) and b–glucosidase (NS50010) activities in the 515 

presence of different concentrations of P. cinnabarinus laccase. 516 

 517 

Table 2 Laccase loading, total protein concentration, laccase/hydrolytic enzymes 518 

ratio and relative glucose recovery (RGR) after 72 h of enzymatic hydrolysis of 519 

Sigmacell. 520 

  521 
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Figure captions 522 

Figure 1 Time course for glucose release during enzymatic hydrolysis of 523 

Sigmacell at 5% DW (w/v) (a) and 10% DW (w/v) (b) in the presence (▲) or 524 

absence (●) of P. cinnabarinus laccase. Mean values and standard deviations were 525 

calculated from triplicates to present the results. A two-way analysis of variance 526 

(ANOVA) with Bonferroni’s post-test was performed to identify differences 527 

between non-supplemented and laccase-supplemented assays at different time 528 

points. The mean difference is significant at the (**) 0.01 level. 529 

 530 

Figure 2 Influence of laccase dosage on relative glucose recovery (RGR) after the 531 

enzymatic hydrolysis of 10% DW (w/v) Sigmacell. Linear (·····) and quadratic (–532 

––) trends were calculated by regression analysis. 533 

 534 

Figure 3 Relative glucose recovery (RGR) in enzymatic hydrolysis of 10% (w/v) 535 

WS-FPR supplemented with (a) PEG (0.5-5% w/v) and (b) PEG (0.5-5% w/w) + 536 

laccase (10 UI/g DW of substrate). Black lines represent RGR values (100%) in 537 

control assays (a) without PEG or (b) without PEG and laccase. Mean values and 538 

standard deviations were calculated from triplicates to present the results. 539 

Analysis of variance (ANOVA) with Bonferroni’s post-test was performed to 540 

identify differences between (a) non-supplemented and PEG-supplemented assays 541 

or (b) non-supplemented and laccase-supplemented (with or without PEG) assays. 542 

The mean difference is significant at the (*) 0.05, (**) 0.01 or (***) 0.001 level. 543 

 544 

Figure 4 Total soluble phenols measured at 24 h of enzymatic hydrolysis of 10% 545 

(w/v) WS-FPR. Assays were supplemented with 5% (w/w) PEG and/or 10 UI/g 546 

DW of P. cinnabarinus laccase. Mean values and standard deviations were 547 
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calculated from triplicates to present the results. Analysis of variance (ANOVA) 548 

with Bonferroni’s post-test was performed to identify differences between assays. 549 

The mean difference is significant at the (***) 0.001 level 550 

 551 

Figure 5 Infrared absorption spectra (cm−1) of the solid residue obtained after the 552 

enzymatic hydrolysis. Assays were supplemented (Laccase) or not (Control) with 553 

P. cinnabarinus laccase. Differences (Subtraction) were obtained by subtraction 554 

of control spectrum on laccase-supplemented spectrum.  555 

 556 

  557 
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Table 1 558 

Laccase 

(IU/mL)a 

Relative activity of NS50013 

(% FPU)b 

Relative activity of NS50010 

(% IU)b 

0.0 100.0 ± 0.8 100.0 ± 0.1 

0.5 99.9 ± 0.4 99.9 ± 0.0 

1.0 98.3 ± 3.0 95.4 ± 0.1*** 

2.0 99.5 ± 1.5 92.9 ± 0.1*** 

Relative cellulase and b–glucosidase activities were calculated as the percentage of the activity 
obtained in the presence of laccase divided by the activity in the absence of laccase. Mean values 
and standard deviations were calculated from the triplicates to present the results  
a Laccase activities in terms of total volume assay. 
b Analysis of variance (ANOVA) with Bonferroni’s post-test was performed to identify differences 
between non-supplemented and laccase-supplemented assays. The mean different is significant at 
the (***) 0.001 level. 
 559 

 560 

  561 
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Table 2 562 

Sigmacell 

(% (w/v)) 
Laccase (IU/g)a ProteinTotal (g/L) L/Hb (%) RGR(%)c 

5 - 4.80 - 100.0 ± 2.0 

 10 (0.5) 4.86 1.37 101.1 ± 0.8 

     

10 - 9.59 - 100.0 ± 1.7 

 1 (0.1) 9.60 0.14 95.7 ± 1.3 

 5 (0.5) 9.66 0.69 93.9 ± 1.9** 

 10 (1.0) 9.72 1.37 92.4 ± 0.7** 

 15 (1.5) 9.79 2.06 91.4 ± 0.6** 
a Laccase activities in terms of total volume assay (IU/mL) are indicated in parentheses 

b Percentage considering the ratio between Laccase (L) and Celluclast + Novo 188 (H) 
c RGR values were calculated as the percentage of the glucose concentration in laccase-
supplemented assays divided by the glucose concentration in non-supplemented assays. Mean 
values and standard deviations were calculated from the triplicates to present the results. Analysis 
of variance (ANOVA) with Bonferroni’s post-test was performed to identify differences between 
non-supplemented and laccase-supplemented assays. The mean different is significant at the (**) 
0.01 level. 
 563 

  564 
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Figure 1 565 
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Figure 2 568 

  569 
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Quadratic regression: 
y = 0,012x2 - 0,497x + 96,158 
R² = 0,999 
P<0.05 

Linear regression: 
y = -0,306x + 95,721 
R² = 0,975 
P<0.01 
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 571 

Figure 3 572 
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Figure 4 580 
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