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Abstract 

The key for the production of biofuels and chemicals from biomass is an efficient enzymatic hydrolysis process to 
convert lignocellulosic plant cell walls to platform sugars. Non-productive binding limits the reuse or recycling of enzymes, 
and it is believed to occur due to lignin’s surface charge and hydrophobicity, which could be related to the biomass origin 
and/or applied pretreatment.  

This study investigated the adsorption isotherms of bovine serum albumin (BSA), a commercial enzyme mixture (CEM) 
and a laccase on nine lignin-rich residues from hydrothermally pretreated feedstocks (corn stover; Miscanthus x giganteus; 

wheat straw), obtained after enzymatic hydrolysis and protein removal, to understand the protein binding behavior during 
the saccharification process.  

Within the same feedstocks the adsorption was different between severities. Additionally, within the same severity, the 
same trend was verified between feedstocks. The highest adsorption of BSA was achieved in the medium severity wheat 
straw (136.3 mgprotein/gEnzHR-P), while CEM bound more to highest severity residue of corn stover (105.1 mgenzyme/gEnzHR-P), 
as the laccase (122.6 mgenzyme/gEnzHR-P). A fitting to the Langmuir adsorption isotherm model was unsuccessfully applied. A 
laccase treatment was performed to study modifications to the protein binding to lignin, and after an analysis of variance, a 
statistical difference was only verified in the decrease of adsorption of CEM in Miscanthus and BSA in wheat straw, both 

treated with laccase and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).  
The results from this research can contribute to a better understanding of the influence of the substrates composition 

on the binding of enzymes during the hydrolysis process. 
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1. Introduction 

Environmental, financial, economic and political concerns 
have been raised in the last decades due to the intensive 
consumption and dependence on fossil fuels, not only for 
energy but also for the chemical sector. Similar to “petroleum 
refinery”, biorefinery uses abundant raw material composed 
mainly by renewable polysaccharides and lignin. [1,2]. 
Lignocellulosic biomass is seen as a promising base for 
biorefineries since this is a renewable, low-cost and 
sustainable feedstock, and is available worldwide. It is the most 
abundant organic material in nature with an estimated annual 
production of 10-50 billion tons (dry mass weight) worldwide 
[3]. 

Besides being a physical barrier, lignin is also a problem 
regarding enzyme’s adsorption. During enzymatic hydrolysis, it 
is believed that non-productive enzyme binding occurs 
between cellulases and lignin, which limits the access of 
cellulases to cellulose. Hence a higher enzyme loading is 
usually needed in hydrolysis [4].  

The biochemical conversion enables the hydrolysis of the 
polymers of carbohydrates into monomers maintaining the 
original structures, minimizing losses and avoiding generation 
of byproducts that could be inhibitory to further processes [5]. 
Biomass-converting enzymes are used to degrade the 
polysaccharides cellulose and hemicellulose into simple 
sugars. These will be then fermented by microrganisms for the 
synthesis of biofuel or valuable chemicals. The most common 
commercial enzyme cocktails used are produced by 
Trichoderma reesei fungus. The optimal conditions of the 

process occur in a range of temperatures between 40 - 50ºC, 
at a pH 4.5 - 5.0 [6]. The number of enzymes involved in cell-

wall degradation are not exactly known, however, three main 
categories of enzymes are known to be necessary for the 
hydrolysis of the cell-wall fractions: cellulases, hemicellulases 
and lignin modifying and degrading enzymes [7]. According to 
the classical scheme, cellulose is degraded by a system of 
cellulases composed by three components that work 
synergistically. Endo-β-1,4 -glucanases act on the polymers 
randomly cleaving glycosidic bonds by adding a water 
molecule in the cellulose polymer, generating new reducing 
and non-reducing chain ends where exo-acting enzymes will 
act and release cellobiose. These enzymes also called 
cellobiohydrolases, are the most abundant proteins in natural 
and commercial enzyme mixtures. β-glucosidase catalyze the 
formation of glucose monomers by acting on the cellobiose 
formed by the other two classes of enzymes, avoiding or 
diminishing end-product inhibition [6,8]. 

Hemicellulases are responsible for the hydrolysis of 
hemicelluloses, converting them into monosaccharides. This 
enzymes are either glycoside hydrolases or carbohydrate 
esterases [9]. 

Laccases, also called phenol oxidases, are 60–70 kDa 
copper containing enzymes that can be found in plants, fungi 
and bacteria with different functions [10]. Laccases from plants 
are involved in the biosynthesis of lignin by inducing radical 
polymerization of the monolignols to the branched lignin 
network resulting in different bonds, while in wood-decaying 
fungi laccases are responsible for lignin degradation [11]. 

The adsorption process is a phenomenon that occurs in 
the surface of an adsorbent solid material when this attracts a 
component, establishing connections via physical or chemical 
bonds. It depends on temperature, pressure, concentrations 
and deposition environments [12], and it is represented by an 
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adsorption isotherm that shows an equilibrium between the 
adsorbate in solution and the adsorbate in the interface at a 
given temperature and pH [13]. One of the simplest and most 
direct methods to quantify adsorption is the Langmuir 
adsorption isotherm. The model was originally developed to 
describe the adsorption of gas species onto simple solid 
surfaces. The model assumes that:: the adsorption sites in the 
surface are homogeneous; all sites are equivalent; each 
adsorption site binds an individual molecule (monolayer); a 
dynamic reversible equilibrium is established; and there are no 
interactions between adsorbate molecules on adjacent sites in 
order to alter their adsorption behavior [14]. 

Applied to proteins, the equilibrium can be represented by 
equation (1) and (2), where [X] and [S] represent the protein 
and the substrate’s surface binding sites concentration, 
respectively, and [XS] the concentration of protein at the 
surface of the substrate. The mathematical modeling is 
represented by the equation (3) and equation (4), where Eads is 
the concentration of adsorbed protein (mgprotein/gsubstrate), Emax 
the maximum adsorbed enzymes (mgprotein/gsubstrate), Ef the free 
enzyme in the supernatant after adsorption (mgprotein/mL) and, 
finally, Kp is the adsorption equilibrium constant (mL/mgprotein), 
a measurement for the adsorption affinity. 

 
 

 

 
 
 
 
 
 
 
Several studies on enzyme non-productive binding 

present this model since isotherm data from protein adsorption 
apparently fits reasonably to the model [14]. 

In the present work, the adsorption of three proteins on 
nine lignin-rich residues was studied. The three different 
proteins are a first model protein (bovine serum albumin - BSA), 
a commercial enzyme mixture (CEM) and laccase. A non-linear 
curve fitting to the Langmuir model was performed to 
investigate the effect of lignin on the adsorption of the different 
proteins, obtaining the maximum adsorption capacity and 
affinity associated to each protein, in each studied substrate. 

 
2. Materials and Methods 

 
2.1. Materials 

Nine hydrothermally pretreated materials were used to 
this studies, namely, corn stover (CS), Miscanthus x giganteus 
(MS) and wheat straw (WS), each pretreated with three 
different severities (Log Ro 3.65, 3.83 and 3.97). The severity 
factor was calculated according to [15]. 

The solids were frozen at -20°C until use. Posteriorly they 
were subjected to a compositional analysis as described in 
section 2.6.  

 
Table 1 Conditions applied in the hydrothermal pretreatments and solid residues 
identification. 

Material code 
T (°C) P(bar) t (min) 

Severity 
Factor 

4CS/8MS/14WS 190 12.6 10 3.65 
5CS/9MS/15WS 190 12.6 15 3.83 
6CS/10MS/16WS 195 14.0 15 3.97 

 

2.2. Lignin isolation 
 

2.2.1.  Size reduction 
 

The unwashed pretreated materials were cut with a 
gardener’s scissor for size reduction. Homogenization of the 
materials was obtained by introducing pieces smaller than 3 cm 
in a GRINDOMIX GM 200 knife mill (Retsch, Germany), for 1 
min, at 7500 rpm. The final particle size was inferior to 300 µm 
(according to information from the manufacturer). The solids 
were frozen (-20°C) until further use. 

 

2.2.2.  Enzymatic Hydrolysis 
  

Prior to the process, the materials were thawed at room 
temperature and the moisture content was measured in order 
to establish the amount to add to the process. The dry matter 
(DM) content was obtained as described in section 2.7.1. The 
CEM (131.5 FPU/g) was kindly provided by Novozymes A/S 
(Denmark). The enzymatic hydrolysis were performed in 2 L 
Erlenmeyer flasks with a solid loading of 7.5% (w/w) and an 
enzyme loading of 60 mg protein/g DM substrate, in 0.05 M 
sodium citrate buffer (pH 5.0). The experiments were 
performed in an orbital shaker incubator (INFORS HT Ecotron, 
Switzerland) at 150 rpm for 72h at 50°C. Every 24h, the 
Erlenmeyers’ content was centrifuged for 10 min at 4000 rpm 
(Heraeus Multifuge 4KR, Thermo Scientific, USA) and the 
supernatants were removed and replaced with a new batch of 
buffer with the same initial enzyme loading. After 72h, the 
samples were centrifuged as previously described and 3 
volumes of acidic water, MilliQ water (Synergy water 
purification system, Millipore, USA) previously adjusted with 
HCl (Sigma-Aldrich, USA) to pH 2.5, were sequentially added 
to wash the solid residues through centrifugation at 4000 rpm 
for 5 min (Heraeus Multifuge 4KR, Thermo Scientific, USA). 
After the washings, the residues were filtered in a mesh and 
transferred to 50mL falcon tubes, frozen at -80°C overnight, 
freeze-dried (Scanvac CoolSafe, LaboGene, Denmark) and 
stored at room temperature. The obtained residues were 
analysed by quantitative acid hydrolysis, as described in 
section 2.6.   

 

2.2.3.  Protease treatment 
 

The moisture content of the EnzHR stored at room 
temperature was previously measured as described in section 
2.7.1. The materials were incubated at 50°C for 24h in 0.5 M 
NaHCO3/Na2CO3 buffer (pH 9.6), in 500 mL Erlenmeyers, with 
a 5% (w/w) solid loading and protease from Bacillus 
licheniformis P4860 (78.17 mg protein/g by Ninhydrin assay; 

2.4U/g; Sigma-Aldrich, USA) with an enzyme loading of 20 mg 
protein/g DM EnzHR. The content of the flasks was then 
transferred to 50 mL Falcons and centrifuged at 4000 rpm for 
10 min. The pellets were washed three times with 1 volume of 
MilliQ water previously adjusted with HCl to pH 2.5 each time, 
followed by centrifugation as described before. The remaining 
solids were frozen at -80°C overnight, freeze-dried (Scanvac 
CoolSafe, LaboGene, Denmark) and stored at room 
temperature.   

2.3. Adsorption studies 

The adsorption studies protocol was modified from [16].  
In the adsorption studies involving the EnzHR-P, different 

solutions of Bovine Serum Albumin (BSA, Sigma-Aldrich, USA) 

[𝑋] + [𝑆]   

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
→        

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
←       

   [𝑋𝑆] 
       (1) 

[𝑋] + [𝑆]    

𝐾𝑎𝑑𝑠               
→           

           𝐾𝑑𝑒𝑠 
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[𝑋𝑆] 
       (2) 

𝐾𝑃 =
𝐾𝑎𝑑𝑠
𝐾𝑑𝑒𝑠

=
[𝑋𝑆]

[𝑋][𝑆]
 

       (3) 
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(with a concentration range between 0.2-10 mg/mL), Laccase 
(898 U/ml, based on syringaldehyde;1372 U/ml ,based on 
ABTS ;Novozymes, Denmark)  and solutions of the CEM (0.1-
5 mg/mL) were prepared with 50mM citric acid buffer (pH 5.0). 
15 mg of solids were weighed into 2 mL low protein binding 
Eppendorf tubes corresponding to a final 1% solid loading. 
After addition of the enzyme solutions and mixing, the tubes 
were inserted in a tube rotator (Thermo Scientific, USA) and 
placed in an incubator (Lab-Therm, Adolf Kühner AG, 
Switzerland) at 50°C for 2h at 15 rpm. The liquid fraction was 
then separated by centrifugation, for 1 min at 10 000 rpm, 
collected and stored in 1.5 mL Eppendorf tubes, in either a cold 
environment (under 4°C) or frozen for further protein assay, as 
described in section 2.7.5. Controls lacking lignin or enzymes 
were used as references and background correction, 
respectively. 

2.4. Laccase treatment 

 A laccase solution with a concentration of 0.2 mg/mL was 
prepared for the treatments. Prior to the experiment, the 
mediators and a solution of denatured enzyme were prepared. 
For denaturing the enzymes, 2mL low protein binding 
Eppendorf tubes were filled with 2mL of laccase solution and 
inserted in a thermomixer (Eppendorf, Germany) at 99°C for 20 
min to denature the enzyme.  

The laccase treatment was performed in a thermomixer, 
in 1 mL low protein binding Eppendorf tubes with a solid loading 
1% (m/v) in acetate buffer pH 5.0 at 50°C for 24h, 1250 rpm. 
After 24h, the samples were centrifuged at 10 000 rpm for 10 
min, the supernatant was discarded and one volume of the 
same buffer was used for washing. The samples with ABTS 
and laccase were washed 3 times due to the blue coloration. 
After vortex, the samples were centrifuged at 10 000 rpm for 10 
min, the supernatant was discarded, and 1mL of protein 
solution (BSA or CEM), previously prepared in acetate buffer 
pH 5.0, with a concentration of 0.6 mg/mL was added to the 
pellets and the same conditions of the adsorption studies were 
applied, as defined in section 2.4. 

2.5. Composition Analysis  

The chemical composition of raw and pretreated materials 
and lignin-rich residues subjected to a protease treatment was 
determined using a modified protocol based on NREL/TP-510-
42618 protocol [17] The procedure was performed in triplicate. 

2.6. Analytical methods 
 

2.6.1. Determination of dry matter content 

Determined using a HR83 Mettler-Toledo moisture analyzer 
(Switzerland) at 105°C. 

 

2.6.2. Determination of total ash content 

Total ash content was determined according to NREL/TP-
510-42622 protocol [17]. 

Determinations were performed in duplicate. 

 

2.6.3. Determination of protein content 

The samples were weighed in triplicate (1 - 1.5 mg) in a 
Sartorius MC 210 P high precision balance (Germany) into 
special tin containers for CHN-S analysis. Elemental analysis 

was performed with a Euro EA 3000 element analyzer (Euro 
Vector Instruments & Software, Milan, Italy). Acetanilide (Euro 
Vector Instruments & Software, Milan, Italy), composed by 
carbon (71.09%), hydrogen (6.71%), nitrogen (10.36%) and 
oxygen (11.84%), was used as a standard.  

 

 

2.6.4. Quantification of monosaccharides by HPLC 

Monosaccharides glucose, xylose, arabinose, galactose 
and mannose in liquid fractions were quantified by high 
performance anion exchange chromatography with pulsed 
amperometric detection (HPAEC/PAD) using a Dionex ICS-
5000 system (DionexCorp ,Sunnyvale ,CA) equipped with a 
CarboPac PA1 analytical column (250x4 mm2) and a 
CarboPacPA1 guard column (250x4 mm2) operated at a flow 
rate of 1mL/min. Isocratic elution took place at 25°C, with water, 
for 30min. The column was then washed for 10min with 500 
mM NaOH and equilibrated with water for 10min. Detection was 
done by post-column addition of 0.5M NaOH at 0.5mL/min. 

Standards of ᴅ-glucose, ᴅ-xylose, ᴌ-arabinose, ᴅ-galactose 
and ᴅ-mannose were used for quantification. Fucose was 
added as an internal standard to all standards and samples. 

 
2.6.5. Quantification of total protein content 

The ninhydrin assays were performed in 2 mL screw cap 
tubes. 40 µL of each sample was mixed with 60 µL of 13.5 M 
NaOH to denature the proteins, vortexed, and autoclaved at 
121°C for 20 min. After cooling to room temperature, 100 µL of 
glacial acetic acid (Sigma-Aldrich, USA) was added for 
neutralization and 200 µL of 2% ninhydrin solution (Sigma-
Aldrich, USA) were pipetted. The tubes were placed into a 
SW22 Julabo water bath (Germany) at 98 °C for 20 min. After 
cooling to room temperature, the samples were diluted with 1 
mL of ethanol 50% (v/v), and 300 µL liquid was added to a 
Nunc™ Microwell™ 96-well microplate (Thermo 
Scientific,USA). The absorbance was measured at a 
wavelength of 570 nm in an Infinite M200 Tecan 96-well 
microplate reader (Switzerland).  

The standards concentration range was 0.5, 0.4, 0.3, 0.2 
and 0.1 mgBSA/mL. 

 
2.6.6. Modelling of Langmuir adsorption isotherms 

Nonlinear curve-fitting to the experimental data was 
performed with the OriginPro® v.9.0 software (OriginLab, 
USA), according to the model described in section 1. 

 

2.6.7. Statistical analysis  

Experimental errors are expressed as standard deviations 
displayed as vertical error lines when presenting the 
experimental data. Analysis of variance (ANOVA) was done 
with JMP® software (SAS, USA). 

 

3. Results and Discussion 

Prior to study the adsorption of enzymes to biorefinery lignin, 
several procedures were necessary to obtain the lignin fraction 
with the highest degree of purity possible. 
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3.1. Chemical composition of the Pretreated 
Biomass 

The composition of feedstocks can vary due to several 
factors such as their origin and the applied pretreatment. 
Preceding the lignin isolation, a quantitative acid hydrolysis 
was performed to access the relative composition in 
macromolecular components of the nine feedstocks obtained. 
The chemical composition of the pretreated materials is 
presented in Table 2. 

Table 2 Chemical composition of the solids of the three feedstocks after a 
hydrothermal pretreatment with three different severities in cellulose (measured 
as glucan), hemicellulose (measured as xylan, arabinan, galactan and mannan) 
and lignin (Klason lignin and acid soluble lignin). 

Material Cellulose (%) Hemicellulose (%) Lignin (%) 

4CS 55,86 16,10 23,96 

5CS 58,85 12,61 23,66 

6CS 67,12 7,41 21,75 

8MS 53,71 12,57 32,59 

9MS 56,29 9,02 33,12 

10MS 56,84 5,26 36,23 

14WS 53,93 15,93 28,78 

15WS 57,68 10,67 30,53 

16WS 61,34 7,27 30,36 

All the materials show a variation in the composition of the 
solids with the severities of treatments, with a clear decrease 
in the hemicellulose fraction from the lowest to the highest 
severity pretreatment. This decrease was expected since the 
applied pretreatment is the downscale of the process described 
in the work of Larsen et al.[18] that identified C5 sugars and 
acetic acid in the liquid fraction of pretreated wheat straw. 

In the present work, less than 53.98% of hemicellulosic 
sugars were obtained in the solids of corn stover from the 
highest severity when compared to the lowest. This effect was 
also verified in the work of Saha et al. [19] who established that 
the increase of time and temperature in corn stover 
pretreatment eased hemicellulose enzymatic hydrolysis. 
Moreover, these authors reported the presence of acetic acid 
at 200ºC as a consequence of the deacetylation. Yang and 
Wyman [20] also tested hydrothermal pretreatments in different 
conditions (batch and flow-through), and reported a xylan 
removal alongside with the increase of Log Ro.  

The same pattern was verified in Miscanthus and in wheat 
straw. In the available literature regarding wheat straw, Hansen 
et al. [21,22] achieved the same results when studied the 

structural modifications in industrial pretreated wheat straw, 
and concluded that the pretreated wheat straw was 
fragmented, with a reduction of the particle size into individual 
cells and hemicellulose removal during the process. For a 
severity factor of 4.02, they obtained 6.5% (± 0.5), which is 
similar to the percentage obtained in this work for the severity 
factor of 3.97. Also, Holopainen-Mantila et al. [23] with a similar 
hydrothermal process, tested different severities and observed 
that the process increased solubilization of arabinoxylan in a 
temperature dependent manner. They noticed an increase in 
the glucose content and establish a connection with the 
decreasing amount of arabinose and xylose.  

The hydrolysis of hemicelluloses as monomers and small 
weight oligomers in hydrothermal pretreatments occurs since 
water behaves like an acid due to the effect of the high 
temperatures (180-230°C) and pressures (2.4-2.8 MPa). The 
auto-ionization of water generates hydronium ions (H3O+), 
leading to hydrolysis and the loss of acetyl groups from 

hemicelluloses, that can enhance the acid-catalyzed reactions 
[23,24]. 

Since there is a difference in the hemicellulosic sugars 
present in the solids of different severities, a rearrangement of 
the contribution of each fraction occurs. This pattern was not 
verified in some materials regarding the lignin content. In corn 
stover, lignin decreased 0.3% between the 4CS and the 5CS, 
and less than 2.0% between 5CS and 6CS. This suggests that 
the increase of temperature and time leads to some hydrolysis 
in the corn stover lignin in the medium and highest severity 
treatment. In 6CS, the effect seems to be more pronounced, 
meaning that the increase of temperature had more effect in 
the lignin of corn stover when compared to time. These results 
were also verified in literature [25,26].  

In Miscanthus, an increase in the lignin percentage is 

noticed as the severity increases. This could suggest that the 
increase in severity of the pretreatment did not lead to lignin 
removal. Instead, a rearrangement occurred. A study 
performed also with a hydrothermal pretreatment, with a high 
severity value (LogRo 4.1), led to low cellulose and lignin 
degradation during the process, which complies with the results 
of the present work [27].  

In the wheat straw materials, the lignin content increases 
less than 1.0% from the 14WS to the 15WS and 16WS, since 
the values of these two materials are very similar (30.5% and 
30.36%, respectively). As observed in the corn stover runs, the 
increase of the temperature led to a decrease in the lignin 
content, while time had roughly no effect. These values 
suggest that during pretreatment of both corn stover and wheat 
straw the temperature exceeded the melting point of lignin 
(depending on the composition, from 120–200°C) which could 
have escaped from the cell wall matrix. Upon cooling, the lignin 
can deposit as droplets onto the remaining solid, which 
presents just a small difference in the content of the polymer. 
In the wheat straw case, Hansen et al. [21], observed black 
lignin dots extracted during pretreatment and deposited during 
cooling, thus becoming increasingly concentrated on the 
surface.  

The cellulose content of the solids after pretreatment, 
measured as glucan, is similar in each of the pretreated 
materials. Although there is a slight increase as the severity 
degree increases, it is related with the change in the 
proportions of the composition. 

3.2. Lignin Isolation  
 
3.2.1. Protease treatment 
 

Protease removal has been previously performed using 
different conditions and enzymes [28]. An elemental analysis 
of the EnzHR-P was performed in order to confirm the reduction 
in nitrogen content (Table 3).  

It was possible to observe that the nitrogen content 
increased significantly after the enzymatic hydrolysis, 
confirming the presence of adsorbed enzymes to the EnzHR. 
This results of the expected binding of the cellulases and 
hemicellulases from the CEM to the lignin-rich residues during 
the hydrolysis process. 

After the protease treatment, a decrease in the nitrogen 
content is observed in the EnzHR-P, validating this approach 
for the removal of bound proteins. However, it can be noticed 
that some values are lower than the ones obtained for the initial 
materials. This could be ascribed to lack of washing of the 
materials after the pretreatment. Thus they could still carry 
some soluble protein when the elemental analysis was 
performed. 
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Table 3 Nitrogen content of the solids obtained after pretreatment, enzymatic 

hydrolysis (EnzHR) and protease treatment (EnzHR-P). 

%N 
Pretreated 
Biomass 

EnzHR EnzHR-P 

4CS 1.08 ± 0.11 2.64 ± 0.04 0.94 ± 0.08 
5CS 1.06 ± 0.19 - 0.81 ± 0.09 
6CS 0.84 ± 0.10 - 0.99 ± 0.08 
8MS 1.22 ± 0.13 2.08 ± 0.24 0.59 ± 0.00 
9MS 0.97 ± 0.04 - 0.73 ± 0.01 
10MS 0.96 ± 0.05 - 0.93 ± 0.01 
14WS 1.16 ± 0.18 2.47 ± 0.27 0.81 ± 0.14 
15WS 0.81 ± 0.07 - 0.82 ± 0.01 
16WS 0.84 ± 0.04 - 0.88 ± 0.04 

 

3.2.2. Composition of the Enzymatic Hydrolysis 
Residues after Protease treatment (EnzHR-P) 

 

To establish the effects of the severity of the pretreatments 
in the composition, the lignin-rich solids were subjected to a 
strong acid hydrolysis. This is needed to establish the relation 
between the composition of the residues composition and the 
adsorption of enzymes. The results obtained for the EnzHR-P 
of each feedstock are presented in Figures 1 to 3.  

As expected, all the EnzHR-P materials have high lignin 
content (over 57%), not reaching the expected purity. In the 
three feedstocks a similar trend is observed. Thus, the higher 
the severity of the pretreatment, the higher the lignin and the 
lower the carbohydrates content. Comparing the pretreated 
materials with the EnzHR-P, it can be considered that the 
pretreatment and the enzymatic hydrolysis did not have a 
significant effect on lignin removal. Oppositely, the glucan 
content decreased with the increase of the severity of the 
treatment. This could be related with the physical disruption of 
lignocellulose during pretreatment, where a significant part of 
the hemicellulose was hydrolyzed, leaving the cellulose more 
exposed to the action of the enzymes [29]. 

Corn stover EnzHR-P has the highest ash content (8.00-
12.0%) (Figure 1). This is probably due to the contaminant 
particles found in the raw biomass, mainly sands, from the 
harvest in the field that were not removed before pretreatment. 
Before enzymatic hydrolysis, the washing was also not 
performed. During enzymatic hydrolysis, when the enzyme 
solution was replaced, part of the sand particles was removed, 
but a visible portion still remained. 

Miscanthus EnzHR-P (Figure 2) remained with the highest 

percentage of carbohydrates (39.6% for 8MS against 13.6% for 
10MS). Since Miscanthus has more lignin in its composition, 
probably the sugars are not so available as in wheat straw or 
in corn stover. 

The highest carbohydrate removal was observed in the 
wheat straw (Figure 3). A reduction of 75.1%, 86.7% and 91.4% 
of glucan content for EnzHR-P 14WS, 15WS and 16WS was 
obtained, a little higher than in other studies  [24]. The final goal 
of achieving lignin-rich residue with over 90.0% purity was not 
accomplished, although 87.3% lignin content was achieved in 
16WS. The amount of lignin did not vary much in this feedstock 
between severities, while in the other two, the difference is 
more visible. This could be related to the highest lignin content 
in the pretreated Miscanthus materials. Feedstock from corn 
stover is composed of more different parts of the plant, some 
highly recalcitrant, thus not easily available for enzymes. 
Moreover, the pretreatment used was optimized for the wheat 
straw biomass, thus accomplishing higher yields for the 
removal of carbohydrates.  

Since the composition of the enzymatic cocktail is unknown, 
besides cellulases, it can be inferred that some hemicellulases 
are also present since the xylan, arabinan and mannan content 
also decreased in the solids. Concerning the EnzHR-P, the 
amount of mannan was considered null, given the results from 
HPLC (data not shown). 

 

 

Figure 1 Chemical composition of the corn stover materials: on the right side the 

composition of the residues from the three pretreatment severities; and on the 

left side the composition of the corresponding EnzHR-P. 

 

Figure 2 Chemical composition of the Miscanthus’ materials: on the right side the 

composition of the residues from the three pretreatment severities; and on the 

left side the composition of the corresponding EnzHR-P. 

 

Figure 3 Chemical composition of the wheat straw materials: on the right side the 

composition of the residues from the three pretreatment severities; and on the 

left side the composition of the corresponding EnzHR-P. 

3.3. Adsorption studies  
 

Some literature refers the lignin portion of the lignocellulosic 
materials as responsible for the non-productive binding of 
proteins [30,31]  

The ninhydrin assay was chosen since it is a 
spectrophotometric test that quantifies the total amount of 
amino acids that has been previously used for similar studies, 
and does not suffer interferences in the readings derived from 
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certain compounds such as reducing sugars in solution [32,33]. 
Adsorption isotherm curves were obtained for each EnzHR- P, 
for all three proteins in study. In these experiments an 
equilibrium between the species in contact with the surface of 
the absorbent material and the species free in solution was 
expected.  

3.3.1. Effect of the composition of the pretreated 
feedstock 
 

The adsorption profile is different for each protein when the 
lowest severity pretreatment residues are considered, and a 
Langmuir isotherm was only obtained for BSA (Figure 4). The 
three feedstocks seemed to follow the same trend by reaching 
a plateau, showing a possible equilibrium between adsorbed 
and desorbed proteins. However, 14WS has a clear difference 
and adsorbed more 41.1% than CS, and 32.5% than MS, 
probably due to the higher lignin content which can be 
associated with more surface area where BSA can bind. This 
hypothesis is supported also by the fact that CS and MS have 
nearly the same amount of lignin in their composition, and the 
isotherms have a very similar shape and reach a very close 
plateau. 

When CEM adsorption is considered (Figure 5), the 
expected isotherms were not obtained. Instead of a plateau or 
a positive slope, there is one point that shows a decrease in the 
adsorption at the second higher enzyme concentration studied. 
This can be related with the composition of the cocktail, where 
different enzymes in different proportions are found in the 
mixture that could have been binding at the same time, or 
competing for the same sites. Moreover, saturation was not 
achieved, hence higher CEM concentrations could have been 
supported by the substrates. 

The three substrates seem to follow the same adsorption 
trend, except for the last point. It is known that both cellulases 
and hemicellulases that constitute the CEM bind to the 
respective polysaccharide, and also the relative amount of 
hemicellulose and cellulose that remain in the residues is not 
the same. Accordingly 14WS EnzHr-P was expected to had the 
highest amount of carbohydrates from the three residues, but, 
as observed in section 3.2.2, it is quite the opposite since the 
Miscanthus EnzHR-P is the residue with higher carbohydrate 

content and wheat straw EnzRH-P has the lowest. This 
suggests that these enzymes can bind and be retained by 
lignin. 

The Laccase adsorption study relative to the lowest severity 
materials was performed with a lower range (Figure 6). 
Adsorption increases in all feedstocks, in a rather similar 
manner but no plateau was reached, suggestjng that the used 
range was not enough to reach saturation. 

 

Figure 4 BSA adsorption isotherms obtained from the experimental data for the 

lowest severity EnzHR-P: 4CS; 8MS; 14WS. 

 

Figure 5 CEM adsorption isotherms obtained from the experimental data for the 

lowest severity EnzHR-P: 4CS; 8MS; 14WS. 

 

Figure 6 Laccase adsorption isotherms obtained from the experimental data for 

the lowest severity EnzHR-P: 4CS; 8MS; 14WS. 

As observed before, the higher the severity, the lower the 
carbohydrates fraction and the higher is the lignin content in the 
EnzHR-P. Considering the curves for BSA (Figure 7) and CEM 
(Figure 8) for the medium severity residues, there seems to be 
a constant increase and there is a display of a higher amount 
of protein being adsorbed for the same concentrations, which 
is consistent with the results where a higher amount of lignin 
led to an increase in the amount of protein adsorbed. 
Additionally, it is visible the overlapping of the three adsorption 
isotherms of the different feedstocks regarding the three 
different enzymes. This can be related either with the limited 
range of concentrations, not having enough protein that could 
bind to the different fractions of the substrates; or to a 
composition of the three residues similar enough not to display 
major differences in the adsorption.  

Relative to the adsorption of Laccase in the medium 
severity residues, the increase is also noticed but there is a 
decrease in the amount of enzyme adsorbed for each 
concentration (Figure 9). 

 

Figure 7 BSA adsorption isotherms obtained from the experimental data for the 

medium severity EnzHR-P: 5CS; 9MS; 15WS. The point of higher concentration 

for the 5CS stands out, probably due to an experimental error. 



 

7 

 

Figure 8 CEM adsorption isotherms obtained from the experimental data for the 

medium severity EnzHR-P: 5CS; 9MS; 15WS. 

 

Figure 9 Laccase adsorption isotherms obtained from the experimental data for 

the medium severity EnzHR-P: 5CS; 9MS; 15WS. 

Concerning the highest severity residues, the observed 
tendency for the CEM is the same as the obtained in the 
medium severity residues (increasing adsorption with 
increasing enzyme solution concentration), while there are 
clear differences in the BSA and Laccase isotherms.  

The adsorption of BSA in corn stover and Miscanthus is 
very similar safe for the highest concentration of free enzyme 
in solution. Further experiments would be required to validate 
the latter trend. 

BSA adsorption seems to reach a plateau in the wheat 
straw EnzHR-P (16WS), while it still increases in the corn 
stover and in the Miscanthus residues. This could be explained 
by the composition of the materials and the effect of the severity 
of the pretreatment. The lignin content in the wheat straw is 
higher than in the other two feedstocks and is similar between 
pretreatment severities (11.3% of difference between the 
lowest and the highest severity). This explains the higher 
adsorption of BSA in the lowest and medium severity residues, 
safe for the 5CS outlier previously referred. However, in the 
highest severity morphological and structural changes could 
have occurred during pretreatment, hampering BSA bonding 
and leading to an apparent saturation. On the contrary, a 
considerable increase is noticeable in the lignin content of corn 
stover and Miscanthus between severities but, at the same 
time, the residues from these two feedstocks have the highest 
relative amounts of carbohydrates, which can explain not 
reaching a plateau in the adsorption with these concentrations. 
It can also explain the lower amount of protein adsorbed at 
each concentration when compared with the residues from 
medium severity. 

In the adsorption of laccase (Figure 12), the proteins 
binding in the three materials seem to have the same behavior 
although wheat straw adsorbed less. Again this could be 
related with modifications in the lignin resulting from the 
severity of the pretreatment. 

Overall a trend for the proteins to have a more similar 
adsorption behavior as the severity of the pretreatment 
increases was noticed. The trend of the isotherms of the three 
proteins seemed to become more alike, and in the case of 
Miscanthus and corn stover, they almost overlapped, probably 
due to the composition of the two materials being very similar. 
A slight difference was observed in the adsorption behavior in 
the wheat straw, probably related with modifications caused by 
the severity of the pretreatments in the lignin’s structure, as 
previously stated. 

 

Figure 10 BSA adsorption isotherms obtained from the experimental data for the 

highest severity EnzHR-P: 6CS; 10MS; 16WS. 

 

Figure 11 CEM adsorption isotherms obtained from the experimental data for the 

highest severity EnzHR-P: 6CS; 10MS; 16WS. 

 

Figure 12 Laccase adsorption isotherms obtained from the experimental data for 

the highest severity EnzHR-P: 6CS; 10MS; 16WS. 

3.3.2. Effect of the severity of the pretreatment 

The highest values of BSA adsorbed were obtained with the 
medium severity EnzHR-P of the three feedstocks (128.6 
mgprotein/gEnzHR-P for 9MS; and 136.3 mgprotein/gEnzHR-P for 
15WS). The materials that adsorbed less were the lowest 
severity residues, with the exception of wheat straw where the 
highest severity residues had a lower amount of protein 
adsorbed, although with very similar results. Regarding the 
total amount of protein adsorbed in these residues, due to the 
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higher lignin content, the wheat straw EnzHR-P adsorbed more 
(65.6 mgprotein/gEnzHR-P) when compared to corn stover (43.9 
mgprotein/gEnzHR-P) and Miscanthus (52.0 mgprotein/gEnzHR-P). 

As it has been mentioned before, the composition of CEM 
is unknown, however the adsorption isotherms obtained 
present a very similar profile between feedstocks, never 
reaching a visible plateau, but decreasing the adsorption 
capacity after 0.6 mgCEM/mL in the three feedstocks. The 
highest adsorption values were obtained in all the materials 
pretreated with the highest severity (Figure 11), namely, the 
materials with higher lignin content (105.1 mgenzyme/gEnzHR-P for 
6CS; and 87.0 mgenzyme/gEnzHR-P for 16WS). This confirms the 
inversely proportional relation observed in the binding of 
cellulolytic enzymes used in enzymatic hydrolysis and the 
amount of carbohydrates present: the lower the amount of 
carbohydrates, higher the adsorption of proteins to the 
substrates, most likely due to unproductive binding to a greater 
surface of lignin. Another explanation could be related with the 
structure of the highest severity residues being more 
complicated, and an entrapment of the enzymes can occur 
translated into higher adsorption values. The lowest values of 
bound enzymes from CEM were surprisingly obtained for the 
lowest severity EnzHR-P, where there is the highest 
carbohydrate fraction where these enzymes are expected to 
adsorb. However, this observation can indicate that the 
enzymes present in the CEM could have been modify in order 
not to adsorb to carbohydrates unproductively. The lowest 
adsorption values of CEM were obtained for the Miscanthus 
8MS EnzHR-P (42.1 mgenzyme/gEnzHR-P). 

The adsorption of laccase showed that more enzymes 
bound to the highest severity EnzHR-P of the three feedstocks 
(Figure 12), and bound less to the medium severity residues 
(Figure 9). Comparing the effect of the feedstocks, these 
results are inconclusive since the lowest adsorption was 
observed in the wheat straw, the substrate with higher lignin 
content in all EnzHR-P. 

A trend between feedstocks is confirmed when comparing 
the adsorption phenomenon in the EnzHR-P of three different 
pretreatment severities for the same protein. In general, while 
the concentration of the protein solution increases, the 
percentage of protein adsorbed decreases, thus the 
concentration of free protein in the supernatants also 
increases. This is observed in all feedstocks only differing the 
proportion of the increase. However, at low concentrations, the 
protein determination was difficult for BSA, for example, 
especially in the lowest severity residues, where more values 
were off than for the other substrates. When looking to the 
values obtained for the highest severity, the values of protein 
adsorbed seem to increase through the range of 
concentrations as expected, and decrease the overall 
adsorption. Besides the fact that probably the fractionation of 
the biomass affected the lignin composition, this can also be 
related with the porosity of the material. The major removal of 
carbohydrates in the highest severity residues during 
pretreatment process could have created gaps in the structure 
that could have later collapsed due to the several treatments 
applied, thus reducing the available binding sites. At the same 
time it could present a larger lignin surface than the lower 
severity residues.  

Specifically concerning the proteins, in general, BSA was 
more adsorbed than CEM and Laccase. This can be related to 
the higher affinity of BSA to lignin. Previous studies have shown 
that BSA irreversibly bonds to lignin binding sites and even 
enhances cellulose hydrolysis by preventing non-productive 
binding of cellulolytic enzymes by binding first to lignin [26,34]. 
Also, an increase of bound enzymes is observed with CEM with 
the severity increase, showing that not only the carbohydrates 

fraction of the biomass is responsible for the adsorption of 
these catalysts. The adsorption of Laccase presented a 
different behavior relative to the effect of the pretreatment 
severity, but it is possible to observe a more similar behavior in 
the feedstock with higher lignin content, wheat straw. 

3.3.3. Analysis of the adsorption at a specific 
protein concentration 

 
To test if the proteins adsorption between these nine 

materials was significantly different, an analysis of variance 
was performed to the percentage of protein adsorbed at 0.6 
mgprotein/mL. The concentration was chosen taking into account 
the final concentration of CEM that was used in the enzymatic 
hydrolysis of the substrates. An analysis of variance was 
performed to assess if the adsorption results had a 
considerable difference between them.  

The percentage of enzyme adsorbed for the concentration 
of 0.6 mgprotein/mL, as the result for the analysis of variance, is 
presented in Figure 13. It is possible to confirm that the 
adsorption of BSA (letter A), CEM (letter B) and Laccase (letter 
C) is statistically different between the proteins, as observed in 
the previous section. Also, regarding the binding of BSA within 
the same feedstock, a significant difference is observed 
between severities. Between the materials this is not verified, 
except in the higher severity residues (6CS; 10MS; 16WS). 
CEM had statistically different results between the materials 
from the medium severity, but the feedstocks at different 
severities are not significantly different. In the adsorption of 
laccase, significant difference is observed between the binding 
in the highest severity materials and the other severity 
materials. However, there is not a significant difference 
between the different feedstocks at that severity. 

 

 
Figure 13 Graphical representation of the percentage of protein adsorbed using 

a protein solution with 0.6 mg/mL of concentration. The letters A – F represent 

the results from the analysis of variance. 

3.3.4. Langmuir adsorption isotherms 
 

Recurring to the software OriginPro® version 9.0, a non-
linear fitting of the results was made to the Langmuir adsorption 
model. It is believe that is possible to investigate and 
comprehend the interaction between the enzymes and the 
substrates (e.g., comprehend which substrate adsorbs more 
could lead to understand the amount of enzyme that needs to 
be spent in the saccharification process).   

Only in a few samples a good fitting between experimental 
data and model precictions was observed, namely in the 
samples where a plateau was reached. As the values of 
adsorbed enzyme per gram of substrate tend to still increase in 
the highest severity, the curve did not fit the model and 
considerable errors were obtained. A probable explanation 
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could be related with the fact that the basic assumptions of this 
model are not fulfilled. The residues used do not have a uniform 
surface due to the presence of different amounts of 
carbohydrates, for example. Also, there is no proof that, in case 
of CEM, the different enzyme   theoretical part, competitive 
binding can occur between enzymes. In the work of Medve et 
al. [35] while studying the adsorption of pure cellulases, fitting 

of experimental data to the Langmuir proved unsuccessful.  

3.3.5. Effect of the laccase treatment 
 

To determine the effect caused by laccases to the 
adsorption of proteins, a test was prepared where the effect of 
Laccase and the effect of Laccase with two different mediators 
(ABTS and HPI) was tested.  

The results obtained are represented in Figure 14 and 
Figure 15, as the results for the statistical analysis of variance. 
In both figures it is possible to confirm that there is no significant 
difference between the controls, since there is an overlap of the 
attributed letters (samples divided between letters A and B), 
which was expected since there was no Laccase added in 
order to cause any difference in the lignin. Also, it is important  

 

 
Figure 14 Representation of the amount of BSA (orange) and CEM (blue) 

adsorbed after a Laccase treatment on 9MS. The results are represented as 

percentage of enzyme adsorbed from the enzyme solutions of 0.6 mg/mL added. 

Samples identification: Lignin and Buffer (L+B); Lignin and ABTS (L+ABTS); 

Lignin and HPI (L+HPI); Lignin and denatured Laccase (L+dlac); Lignin and 

Laccase (L+lac); Lignin and Laccase with ABTS and HPI (L+lac+ABTS; 

L+lac+HPI). 

 
Figure 15 Graphical representation of the amount of BSA (orange) and CEM 

(blue) adsorbed after a Laccase treatment on 15WS. The results are represented 

as percentage of enzyme adsorbed from the enzyme solutions of 0.6 mg/mL 

added. Samples identification: Lignin and Buffer (L+B); Lignin and ABTS 

(L+ABTS); Lignin and HPI (L+HPI); Lignin and denatured Laccase (L+dlac); 

Lignin and Laccase (L+lac); Lignin and Laccase with ABTS and HPI 

(L+lac+ABTS; L+lac+HPI). 

to notice that the denatured Laccase did not affected the 
adsorption, which means that probably just stayed in solution 
during the treatment.   

The results relative to the Laccase treated samples also 
showed no major difference in both materials, except for the 
adsorption of BSA in 9MS, and CEM in 15WS, both samples 
treated with Laccase and ABTS. Both exhibited a lower amount 
of protein bound. This could indicate that Laccase with ABTS 
can have an effect on the lignin, modifying it so other proteins 
could bind less, which could be appealing in terms of enzyme 
recovery processes. However, since the difference is small and 
with a considerable error associated, it would need further 
investigation to assess the viability of the treatment. 

4. Conclusions and Future Perspectives 

Considerable progress has been made in the scientific 
world, in order to understand the underlying mechanisms 
responsible for the non-productive adsorption of enzymes onto 
lignocellulosic materials.  
Aiming to study the adsorption onto lignin, an extensive 
enzymatic hydrolysis using a commercial enzyme mixture, was 
performed to obtain lignin-rich residues. The highest lignin 
purity achieved was 87.3% with wheat straw pretreated with the 
highest severity. A CHN-S analysis confirmed the presence of 
higher protein content after enzymatic hydrolysis when 
compared to the initial substrates, confirming adsorbed 
enzymes derived from the enzymatic process. After protease 
treatment, another analysis confirmed the reduction in nitrogen 
content in the EnZHR-P. 

Different responses were obtained in the adsorption of the 
three proteins tested, (BSA, CEM and Laccase) in each 
feedstock and in each severity. Comparing between severities 
for the adsorption of CEM and Laccase, all the feedstocks had 
higher adsorption of protein in the higher severity residues, 
which could either be related with entrapment of the enzymes 
in the residues structure, and/or with the fact that these 
enzymes can be bonding irreversibly to lignin. Surprisingly, the 
lower amount of CEM adsorbed was obtained with the lowest 
severity residues, since these residues still present a 
considerable carbohydrate content. For Laccase, the lowest 
adsorption was obtained in the medium severity residues the 
opposite behavior of what it was observed in BSA adsorption. 
Since both proteins are known to bind to lignin, it is possible to 
admit that some modification could have happened that caused 
a different behavior from what it was expected. The effect of 
the severity of the pretreatment and consequent lignin melting 
and condensation, could have altered the structure of the 
polymer. Looking at the effects between different feedstocks at 
the same conditions, the adsorption of each protein followed a 
similar trend as the severity of the pretreatment increased. It is 
important to point that when the adsorption of the proteins was 
tested at the fixed concentration of protein used in the 
saccharification process, the percentage of enzyme adsorbed 
was not significantly different between all the materials, 
probably related to the not so different composition. 

The effect of a Laccase treatment was studied, revealing 
that, in these materials, only Laccase associated with the 
mediator ABTS can probably modify the lignin fraction and 
have any significant effect in the adsorption phenomenon. Also, 
a fitting of the experimental data to the Langmuir isotherm 
model was performed unsuccessfully.  

The conclusions of this work could help to further 
understand the role of lignin in the reduction of adsorption of 
cellulases on substrates and, in a near future, contribute to the 
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reduction of costs of these processes by reusing or recycling 
these biocatalysts. 
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