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Abstract
In this research, the binding of cellulolytic enzymes in  Cellic® CTec2 on six lignin isolates obtained from alkali (0.5, 1.0, 
and 1.5% NaOH at 121 °C for 30 min) and acid (1, 2, and 3%  H2SO4 at 121 °C for 60 min) pretreated switchgrass was 
investigated. Briefly, the hydrolysis of cellobiose and Avicel with and without (control) lignin isolates was performed via 
CTec2 (5 and 10 FPU g−1 carbohydrate) to determine whether the presence of lignin and binding of cellulolytic enzymes 
to the isolated lignin can affect the sugar production using three carbohydrate-lignin loadings, namely, 0.5:0.25, 0.5:0.5, 
and 0.5:1.0%  (wv−1). Based on SDS-PAGE results, β-glucosidase (BG) was significantly bound to all lignin isolates. Some 
enzymes in CTec2 presumed to be cellobiohydrolases, endo-1,4-β-glucanases, and xylanase, were also observed to partially 
bind to the lignin isolates. Up to 0.97 g glucose  g−1 cellobiose was produced via hydrolysis (72 h and pH 4.8) with CTec2 
(5 and 10 FPU  g−1 carbohydrate). Similarly, up to 0.23 and 0.46 g glucose  g−1 Avicel were produced via hydrolysis (72 h 
and pH 4.8) with 5 and 10 FPU  g−1 carbohydrate, respectively. Results indicated that the addition of lignin isolates during 
cellobiose and Avicel hydrolysis did not significantly (p > 0.05) reduce glucose production regardless of type and amount 
of lignin isolate. Hence, even though BG was significantly bound to lignin isolates, it could maintain its functionality as a 
biological catalyst in this study.
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Introduction

Lignin is an organic, non-carbohydrate, aromatic polymer 
whose main function is to provide physical and structural 
protection to cell wall polysaccharides (Ponnusamy et al. 
2019). Lignin hinders the production of fermentable sug-
ars during enzymatic hydrolysis of the polysaccharides in 
lignocelluloses (Kim et al. 2016; Zabed et al. 2016). Its 
inhibitory action is mainly attributed to the impediment of 
the enzyme (cellulase) access to plant polysaccharides and 

non-productive enzyme adsorption on lignin instead of cel-
lulose and hemicellulose (Vermaas et al. 2015). The extent 
of enzyme adsorption on lignin varies depending on the 
type of lignin and the method of extraction, hydrolysis time 
and the enzyme loading, and the pH during the hydrolysis 
processes (Kumar et al. 2012; Li et al. 2014, 2018; Li and 
Zheng 2017; Lou et al. 2013).

Non-productive interaction of cellulase and lignin is 
facilitated via electrostatic, hydrophobic, hydrogen bonding 
effects (Li and Zheng 2017). However, electrostatic binding 
between cellulose and lignin due to opposing charges may be 
impacted by various factors. Rahikainen et al. (2011) inves-
tigated non-productive cellulase binding on lignin and the 
results indicated that lower amounts of cellulase were bound 
to lignin at higher pH. The authors employed cellulases 
from M. albomyces (Cel45A, endoglucanase) and mutated 
Cel45A with carbohydrate binding modules (CBMs) whose 
isoelectric points (pI) ranged from 3.4 to 4.4. At higher pH, 
negatively charged cellulase and the negatively charged phe-
nolic carboxyl groups of lignin resulted in repulsive interac-
tion and thus prevented enzyme adsorption. Hydrophobic 
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interaction between cellulose and lignin also plays a signifi-
cant role in non-productive cellulase adsorption on lignin 
(Heiss-Blanquet et al. 2011; Pareek et al. 2013). In addi-
tion, it was also reported that the lignin-induced inhibition 
is highly dependent on temperature and the specific enzyme 
that was employed (Kellock et al. 2017; Rahikainen et al. 
2013a, b).

A few authors investigated cellulase  (Cellic® CTec2, 
Novozymes) binding on lignin residue from steam-pre-
treated wheat straw and mixed hardwood chips pretreated 
by liquid hot water pretreatment and observed that a signifi-
cant amount of β-glucosidase (BG) was bound to the lignin 
residue (Haven and Jørgensen 2013; Ko et al. 2015). It was 
also found that when higher guaicyl units are present in 
lignin a majority of the enzymatic activity was lost from the 
supernatant (Ko et al. 2015). Nevertheless, BG can remain 
active even when it is intensively bound to the lignin resi-
due (Haven and Jørgensen 2013). Even though it has been 
shown that cellulolytic enzymes have varying tendencies to 
be bound to lignin during hydrolysis of lignocellulosic bio-
mass, the effect of varying pretreatments on enzyme adsorp-
tion and functionality is not clear.

In this study, lignin was isolated from switchgrass pre-
treated with sodium hydroxide (NaOH) and dilute sulfuric 
acid  (H2SO4) at various concentrations to investigate (1) 
which cellulolytic enzymes interact with isolated lignin and 
(2) if lignin isolates from different pretreatment conditions 
influence enzyme binding. The lignin isolates were incu-
bated with  Cellic® CTec2 enzyme cocktail and enzymatic 
hydrolysis of mixtures of model carbohydrates and lignin 
isolates was also performed to study if cellulase bound to 
lignin isolate can affect the production of monomeric sugars.

Materials and methods

Sample preparation

Alamo switchgrass was obtained from Mountain Horticul-
tural Crops Research and Extension Center, Mills River, 
North Carolina. The switchgrass was ground and passed 
through a 2-mm sieve by a Thomas Wiley Laboratory Mill 
(Model No. 4, Philadelphia, PA, USA). Extractives removal 
was achieved by Soxhlet extraction in cellulose thimbles 
with acetone reflux for 24 h to prevent potential interfer-
ence with lignin analysis and during processes for recovering 
lignin isolates. Extractive-free switchgrass was used as raw 
material for alkali and acid pretreatment.

Alkali and acid pretreatment

Switchgrass was pretreated using two pretreatment agents: 
NaOH and dilute  H2SO4. Three chemical concentrations 

were used for pretreatment at 121 °C for predetermined 
treatment times (NaOH: 0.5, 1.0 and 1.5% for 30 min, des-
ignated as 0.5 N, 1.0 N, and 1.5 N, respectively, and  H2SO4: 
1, 2 and 3% for 60 min, designated as 1.0H, 2.0H, and 3.0H, 
respectively). Briefly, 10 g of extractive-free biomass and 
100 mL NaOH or  H2SO4 solution of desired concentration 
were mixed at 10%  (wv−1) solid loading in 125 mL glass 
serum bottles which were crimp sealed prior to pretreating in 
the autoclave at 121 °C (15 psi) (Model 3021, Amsco, Men-
tor, OH, USA). Pretreated biomass was washed with 500 mL 
deionized (DI) water and recovered by vacuum filtration. In 
all, 50 g of switchgrass was pretreated at each condition and 
biomass from the 5 serum bottles was combined into one 
500 mL polypropylene bottle after pretreatment to obtain a 
well-mixed bigger batch.

Enzyme hydrolysis and lignin isolation

Cellic® CTec2 and HTec2 enzyme cocktails (Novozymes 
North America, INC, Franklinton, NC, USA) were used in 
excess for maximum removal of structural carbohydrates 
from the pretreated switchgrass. The densities of CTec2 and 
HTec2 were measured to be 1.23 and 1.16 g mL−1, respec-
tively. Cellulase activity of CTec2 was estimated as 103.5 
FPU  mL−1 according to National Renewable Energy Labo-
ratory (NREL)’s Laboratory Analytical Procedures (LAP) 
(Adney and Baker 1996).

Lignin isolation

Alkali and acid pretreated biomass at 8% solid loading 
 (wv−1) was hydrolyzed in 0.05 M sodium citrate buffer 
(pH 4.8) with excessive  Cellic® CTec2 dosage, equivalent 
to 140 FPU  g−1 dry pretreated biomass and supplemented 
with HTec2 (0.25 g of enzyme  g−1 dry pretreated biomass) 
to maximize enzyme saccharification efficiency. Tetracycline 
(40 µg mL−1) was added during enzymatic hydrolysis to pre-
vent microbial contamination and hydrolysis was performed 
for 120 h at 50 °C (150 rpm) in an air bath shaker (Series 25 
incubator shaker, New Brunswick Scientific Co., INC, Edi-
son, NJ). After hydrolysis, the suspension was centrifuged 
(model 5810R, Eppendorf, Hauppauge, NY) and the super-
natant removed. The remaining solids were washed thrice 
with DI water adjusted to a pH of 2.5 by adding hydrochloric 
acid (HCl) to prevent lignin solubilization during the wash-
ing step (Rahikainen et al. 2011). A commercial bacterial 
protease (Type (XXIV), EC # 232-752-2, Sigma-Aldrich 
Co., St. Louis, MO) was used to remove residual enzymes 
bound to the lignin-rich hydrolysate. The protease treatment 
method was modified from Berlin et al. (2006), Rahikainen 
et al. (2013a, b) and Tamminen and Hortling (1999). Briefly, 
washed solids were incubated overnight in 0.05 M phosphate 
buffer (pH 8.5) containing 0.1 mg protease 50 mg−1 lignin 
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in an air bath shaker at 37 °C. After treatment, the proteases 
were deactivated by placing the samples at 90 °C in a con-
vection oven for 2 h. Protease treated solids were further 
washed with DI water adjusted to pH 2.5 with HCl three 
times. Finally, the solids were dried in a 40 °C vacuum oven 
and used as lignin isolates (LI).

The composition analysis including glucan, xylan, and 
lignin of the lignin isolates as well as raw switchgrass was 
performed according to NREL’s LAP prior to conducting 
the lignin-enzyme binding study (Sluiter et al. 2012). To 
investigate the visual structural changes, micrographs of 
raw switchgrass and lignin isolates from alkali and acid pre-
treated switchgrass were collected using a Hitachi S-3200 N 
variable pressure scanning electron microscope (VPSEM) 
available at North Carolina State University’s Analytical 
Instrumental Facility (AIF). Typically, dried samples were 
placed on a sticky stub with carbon tape, followed by sput-
ter coating with Gold–Palladium (Au–Pd) in high vacuum 
mode. Subsequently, the Au–Pd-coated samples were placed 
in a chamber and analyzed via VPSEM.

Lignin‑enzyme binding study

Six types of lignin isolates (LI) were prepared from switch-
grass pretreated with three NaOH and three  H2SO4 pretreat-
ments, to study lignin-enzyme binding. Enzyme binding was 
investigated in microcentrifuge tubes by mixing 1%  (wv−1) 
lignin isolate in 1.5 mL 0.05 M sodium citrate buffer (pH 
4.8) with CTec2 equivalent to 5 FPU  g−1 LI. As a control, 
1%  (wv−1) LI was suspended in 1.5 mL of 0.05 M sodium 
citrate buffer only (pH 4.8). The experimental and control 
tubes were incubated for conventional enzymatic hydrolysis 
(at 50 °C, 150 rpm for 72 h). Subsequently, the supernatant 
and LI were separated by centrifugation at 14,000 rpm for 
10 min.

Sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) was used to visualize enzyme-lignin iso-
late binding. For supernatant analysis (liquid fraction (LF)), 
0.3 mL of 5X SDS sample buffer was mixed with the super-
natant (approximately 1.5 mL) and the mixture was incu-
bated at 90 °C in a heat block for 10 min. Enzyme binding 
with the lignin isolates (solid fraction (SF)) was studied by 
washing the isolates with 1.5 mL of 0.05 M sodium citrate 
buffer (pH 4.8) followed by centrifugation to remove the 
wash liquid. The LI was re-suspended in 1.5 mL of 0.05 M 
sodium citrate buffer (pH 4.8) and mixed with 0.3 mL of 5X 
SDS sample buffer. The mixture was incubated at 90 °C in 
the heat block for 10 min and centrifuged to obtain the liquid 
for SDS-PAGE analysis using Mini-Protean® TGX™ Pre-
cast Gels (Bio-Rad, Hercules, CA, USA) with 10 wells and 
Tris/glycine/SDS running buffer. Eight microliter protein 
standard ladder (Precision Plus Protein Kaleidoscope Stand-
ards, Bio-Rad, Hercules, CA, USA) and 20 µl samples (from 

liquid and solid fractions) were loaded into the wells on the 
gel. The gels were run at 120 V (constant) for approximately 
60 min. Coomassie blue staining solution was applied to the 
gel for protein staining, followed by the application of a de-
staining solution to remove the stain from the non-protein 
portions of the gel. Gel Documentation EQ System (Bio-
RAD, Hercules, CA, USA) was used to take gel images and 
analyze enzyme binding with LI.

Carbohydrate hydrolysis with or without lignin 
isolate

Cellobiose (Sigma-Aldrich) and crystalline Avicel (Sigma-
Aldrich) were individually hydrolyzed via CTec2 in the 
presence and absence of LI to investigate how binding of 
cellulolytic enzymes with the LI affects the production of 
glucose from these two carbohydrates. Generally, BG plays 
a significant role in converting cellobiose into glucose while 
BG, cellobiohydrolases (CBH), and endo-1,4-β-glucanases 
(EG) are needed to convert Avicel into glucose. Therefore, 
BG’s conversion efficiency with cellobiose may be explained 
when hydrolysis is performed with and without lignin iso-
lates. Similarly, changes in CBH and EG conversion efficien-
cies can be indirectly estimated by analyzing the amount of 
sugar generated from Avicel in the presence and absence of 
lignin isolates.

In order to better understand the functionality and bind-
ing characteristics of cellulolytic enzymes, the following 
experimental variations were investigated during hydrolysis 
of cellobiose and Avicel with and without lignin isolates: (a) 
CTec2 at 5 and 10 FPU  g−1 carbohydrates was used to study 
how changes in enzyme loading affect glucose production, 
and (b) the amounts of carbohydrate and lignin in the hydro-
lysate were varied to simulate various carbohydrate : lignin 
ratios to determine if higher lignin content affected sugar 
production from the two carbohydrate types (cellobiose 
and Avicel). The LI: carbohydrate ratios tested were 0.25% 
 (wv−1, equivalent to 2.5 g L−1) LI:0.5%  (wv−1, equivalent to 
5 g L−1) carbohydrate, 0.5:0.5%, and 1.0:0.5%. Hydrolysis 
was performed by mixing the desired amounts of cellobiose 
or Avicel and LI with 1.5 mL of 0.05 M sodium citrate buffer 
(pH 4.8) in a microcentrifuge with a CTec2 loading of 5 and 
10 FPU  g−1 carbohydrate. A number of control samples were 
also prepared to establish baseline values for (i) blank con-
trol (just 0.05 M sodium citrate buffer), (ii) substrate control 
(cellulose and Avicel only), (iii) CTec2 control (5 and 10 
FPU  g−1 carbohydrate) and (iv) lignin isolate only. Glucose 
contents of the hydrolysate were determined by centrifuging 
and analyzing the supernatant with a YSI 2950 Biochemistry 
Analyzer (Xylem Inc., Yellow Springs, USA).

All experiments were performed in duplicates. The col-
lected data were analyzed via a generalized linear model 
(GLM) procedure with Tukey adjustment at 95% confidence 
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level in SAS 9.3 (Cary, NC, USA) to study the effects of 
pretreatment method (0.5 N, 1.0 N, 1.5 N, 1.0H, 2.0H, and 
3.0H), lignin to substrate ratio (1:2, 1:1, and 2:1), and CTec2 
loading (5 FPU and 10 FPU  g−1) on glucose production from 
Cellobiose and Avicel.

Results and discussion

Chemical compositions of raw switchgrass 
and lignin isolates

Composition analysis for raw switchgrass and lignin isolates 
obtained from switchgrass pretreated by NaOH and  H2SO4 
at the desired conditions was performed to determine resid-
ual carbohydrates (e.g. glucan and xylan) and lignin contents 
(Table 1). Raw switchgrass contained 35.1% glucan, 23.4% 
xylan and 24.4% total lignin (AIL + ASL). Lignin in the 
isolates obtained from NaOH pretreated switchgrass ranged 
from 36.3 to 58.8%. Higher NaOH concentration resulted 
in higher lignin content in the isolates. Even though exces-
sive CTec2 and HTec2 loadings were used to maximize the 
removal of structural carbohydrates, significant amounts of 
glucan and xylan remained in lignin isolates from NaOH 

pretreatment, especially those pretreated by 0.5% NaOH. 
Therefore, the lignin isolate from 0.5% NaOH pretreated 
switchgrass was subjected to repeat enzymatic hydrolysis 
at the same conditions as the first enzymatic hydrolysis to 
remove the remaining glucan and xylan and improve lignin 
content. However, no significant change (p > 0.05) in lignin 
content occurred (data not shown). It is inferred that the 
remaining glucan and xylan were resistant to any further 
cellulolytic enzyme action for conversion to soluble poly-
saccharides or monomeric sugars. Thus, these isolates were 
considered suitable for use in lignin-binding studies. In 
comparison to NaOH, lignin isolates from  H2SO4 pretreat-
ment had higher lignin contents ranging from 63.1 to 70.4%. 
Xylan was not detected in the isolates potentially because 
 H2SO4 pretreatment in known to efficiently solubilize hemi-
cellulose like xylan (Dien et al. 2006; Yang et al. 2009).

Visualizing the impact of pretreatment conditions 
on the structure of switchgrass

Scanning electron microscopy (SEM) was performed to 
observe the visual structural changes in lignin isolates gen-
erated from switchgrass pretreated by alkali and acid at vari-
ous conditions. According to SEM analysis, no significant 
difference was apparent in the structure of lignin isolates due 
to a change in the concentration of NaOH or  H2SO4. Rep-
resentative SEM images of raw switchgrass and lignin resi-
dues pretreated by 1% NaOH and 3%  H2SO4 are presented 
in Fig. 1. While raw switchgrass showed a clear and intact 
outer core, its surface was relatively rough (Fig. 1a). Lignin 
isolated from 1% NaOH pretreated switchgrass showed sig-
nificant disruption compared to raw switchgrass (Fig. 1b) 
and resulted in an elongated structure that is consistent with 
cellulose microfibril bundles (Boudet et al. 2003; Kumar 
et al. 2009). Based on the SEM image (Fig. 1b), the elon-
gated structures may be related to glucan and the clumped 
substance may be related to lignin and xylan complex. 

Table 1  Composition of raw switchgrass and lignin isolate

a Not detected

Material Type of LI Glucan (%) Xylan (%) Lignin (%)

Raw 35.1 ± 0.51 23.4 ± 0.46 24.4 ± 0.26
Lignin isolates 0.5N 35.4 ± 0.11 9.2 ± 0.56 36.3 ± 2.07

1.0N 25.5 ± 0.09 6.9 ± 0.75 50.8 ± 0.49
1.5N 20.4 ± 0.50 4.1 ± 0.95 58.8 ± 1.36
1.0H 29.2 ± 0.68 NDa 63.1 ± 0.32
2.0H 19.4 ± 1.92 ND 69.6 ± 2.15
3.0H 16.9 ± 1.04 ND 70.4 ± 0.73

Fig. 1  SEM Images of a raw switchgrass b lignin-rich switchgrass pretreated by 1% NaOH at 121 °C for 30 min, and c lignin-rich switchgrass 
pretreated by 3%  H2SO4 at 121 °C for 60 min (at 500 X magnification)
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Composition analysis of this lignin isolate showed 25.5% 
glucan, 6.9% xylan, and 50.8% lignin (Table 1). The lignin 
isolate from 3%  H2SO4 pretreatment (Fig. 1c) predominately 
resembled a clumped shapeless structure which consisted 
70.4% lignin and 16.9% glucan (with no xylan detected), 
Overall, both LI obtained from NaOH and  H2SO4-pretreated 
switchgrass had significant structural changes with relatively 
higher lignin content than raw switchgrass.

SDS‑PAGE visualization of cellulolytic enzyme 
binding on lignin isolates

Lignin isolates were incubated with CTec2 cellulolytic 
enzyme cocktail to investigate how (if any) enzyme binding 
on lignin occurred. To interpret protein bands on the SDS-
PAGE gel, information about the molecular weight of pro-
teins is needed.  Cellic® CTec2 (Novozymes North America, 
INC, USA) used in this study is a commercial enzyme blend 
including (1) cellulases like CBH and EG, (2) BG, and (3) 
hemicellulase like xylanase (XYN) (Novozymes). Based on 
the results presented by Zanchetta et al. (2018), Ctec2 was 
separated into 11 fractions based on the molecular weights 
(25-150 kDa). Similarly, Ko et al. (2015) noted that Ctec2 
from Trichoderma reesei consists of at least eight proteins 
including (1) BG (EC 3.2.1.21) with additional BG, (2) at 
least the two main CBH (EC 3.2.1.91: Cel6A as CBHI and 
Cel7A as CBHII) and five kinds of EG (EC 3.2.1.4: EGI, 
EGII, EGIII, EGIV, and EGV), which are Cel7B, Cel5A, 
Cel12A, Cel61A, and Cel45A, respectively. Further, the 
proteins in Ctec 2 were grouped into three main fractions 
based on their molecular weights, namely, large, medium, 
and small molecular weight fragments. Therefore, for the 
ease of interpretation, in our research, the protein bands were 
divided into 4 zones on the basis of CTec2 control lane in 
the gel. Zone 1, covering molecular weights between 75 and 
120 kDa, was identified as being related to BG which has 
relatively high molecular weight compared to other cellu-
lases (Haven and Jørgensen 2013; Ko et al. 2015). Zone 
2 (approximately 50 to 75 kDa) is expected to be related 
to CBHI (60 ~ 70 kDa), CBHII (60 ~ 70 kDa), and EGI 
(50 ~ 60 kDa) (Pribowo et al. 2013; Rahikainen et al. 2011). 
Zone 3 (approximately 30 to 50 kDa) is likely related to 
EGII, EGIV, XYNIII (xyn10a) and Zone 4 (approximately 
20 to 30 kDa) to EGIII, EGV, XYNI (xyn11a), and XYNII 
(xyn11b) (Ko et al. 2015).

Electrophoresis of samples drawn from lignin isolates 
incubated in buffer without CTec2 showed that there were 
no proteins/enzymes in the liquid (LF, supernatant) and solid 
fractions (SF, lignin residue) regardless of lignin isolate type 
(Fig. 2). The absence of enzymes in the solid fraction indi-
cated that no residual cellulolytic enzymes (from hydrolysis 
performed to prepare the isolates) were present on the lignin 
isolates. On the other hand, SDS-PAGE images of samples 

drawn from lignin isolates incubated with CTec2 showed 
several protein bands (Fig. 3).

In Zone 1, related to BG, intense bands were seen for 
solid fractions of lignin isolates from both NaOH and  H2SO4 
pretreatments (Fig. 3a, b). The liquid fraction lanes did not 
seem to show BG bands regardless of chemical type and 
concentration. This demonstrates that BG was significantly 
bound to all lignin isolate solids. These results are consist-
ent with those of Yarbrough et al. (2015) who investigated 
the binding of Ctec2 on lignin extracted from corn stover. 
Based on their results from the activities of para-nitrophenol 
substrates coupled with lignin adsorption studies, it was sug-
gested that BG (> 80 kDa) and xylanses (< 30 kDa) tend to 
bind to lignin. Similarly, adsorption of Ctec2 and Novozyme 
188 on lignin derived from sugar cane bagasse via acid and 
enzymatic hydrolysis as a function of temperature was stud-
ied recently (Zanchetta et al. 2018). It was reported that BG 
adsorbed strongly on lignin; however, the extent of adsorp-
tion depended on how lignin was extracted. Interestingly, 
BG appeared to prefer to bind acid-derived lignin relative 
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Fig. 2  SDS-PAGE for liquid (LF) and solid fraction (SF) obtained 
after control hydrolysis of lignin isolated from a NaOH pretreated 
switchgrass and b  H2SO4 pretreated switchgrass without CTec2
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to enzymatically-derived lignin. Further, the strong binding 
of BG on LI may also be due to the pH 4.8 in our system. 
It was shown that at elevated pH (5.5) lignin binding is less 
pronounced (Lou et al. 2013). It was suggested that pH 4.8 
could have promoted an electrostatic interaction between 
negatively charged lignin and a positively charged BG and at 
higher pH BG would have acquired a negative charge result-
ing in a decreased interaction with lignin (Zanchetta et al. 
2018). Besides, in our research, some cellulases related to 
CBHI, CBHII, and EGI in Zone 2 were detected on SF, with 
bands appearing to be more intense for NaOH derived lignin 
isolates than  H2SO4 derived isolates. Since no clear protein 
bands could be seen below zone 2, enzyme binding on SF 
of lignin isolates in zone 3 could not be determined. The 
presence of bands related to zone 3 in LF lanes shows that 
there may have been limited enzyme-lignin binding in this 
zone. In zone 4, two distinguishable protein bands poten-
tially related to some EG and XYN were observed on CTec2 
control lane. However, only one upper band was detected 
in LF lanes (Fig. 3a) indicating that enzymes related to the 
lower band may be adsorbed on lignin isolates from NaOH 
pretreatment. In addition, higher  H2SO4 concentration 

pretreatments seemed to draw more enzymes to the solid 
fraction.

Guo et al. (2014) also investigated the cellulase (from 
Penicillium oxalicum) adsorption on lignin from six types 
of lignocellulosic biomass (aspen, pine, corn, kenaf, and 
two Arabidopsis lines). These six lignins were extracted 
from aqueous dioxane (96%) solution. They found that 
lignin with low syringyl/guaiacyl (S/G) ratio had a high 
enzyme adsorption capacity, and also suggested that the 
amount of p-hydroxyphenyl (H) units from lignin may not 
affect the enzyme capacity. Based on our previous research, 
NaOH concentration during pretreatment affected H/G ratio 
(p < 0.05) and not S/G ratio (p > 0.05) (Jung et al. 2018). 
Nonetheless, the difference in the enzyme binding was not 
detected based on SDS-PAGE (Fig. 3b). As inferred by Guo 
et al. (2014) changes in the amount of H unit may not signifi-
cantly affect CTec2 binding capacity on the lignin isolates.

Glucose production during hydrolysis 
of carbohydrate model compounds

Since lignin isolates were not homogenous materials con-
taining only lignin, the carbohydrates present in the isolates 
had the potential to produce glucose through enzymatic 
hydrolysis during lignin-enzyme binding studies. Hence, a 
preliminary experiment focused on the hydrolysis of lignin 
isolates was performed with 5 and 10 FPU  g−1 CTec2 to 
establish baseline levels of glucose, which were then sub-
tracted from glucose generated during the model (carbohy-
drate) compound-lignin isolate hydrolysis (Table 2).

Glucose yields from glucan remaining in lignin isolates 
from NaOH and  H2SO4 pretreatments ranged from 0.01 to 
0.09 g g−1 and 0.01 to 0.05 g g−1, respectively. Cellobiose 
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Fig. 3  SDS-PAGE for liquid (LF) and solid fraction (SF) after hydrol-
ysis of lignin isolated from a NaOH pretreated switchgrass and b 
 H2SO4 pretreated switchgrass with CTec2 (5 FPU/g lignin isolate)

Table 2  Glucose yield from glucan remaining in lignin isolates dur-
ing hydrolysis

Type of LI (FPU  g−1 
LI)

Glucose yield (g g−1)

CTec2 load-
ing

0.25% LI 0.5% LI 1.0% LI

0.5 N 5 0.02 ± 0.009 0.02 ± 0.022 0.01 ± 0.000
10 0.03 ± 0.010 0.02 ± 0.004 0.02 ± -0.003

1.0 N 5 0.07 ± 0.005 0.07 ± 0.001 0.06 ± 0.004
10 0.08 ± 0.004 0.08 ± 0.011 0.09 ± 0.002

1.5 N 5 0.06 ± 0.005 0.08 ± 0.007 0.08 ± 0.009
10 0.07 ± 0.021 0.08 ± 0.006 0.09 ± 0.011

1.0H 5 0.02 ± 0.006 0.02 ± 0.002 0.01 ± 0.003
10 0.03 ± 0.009 0.03 ± 0.017 0.02 ± 0.001

2.0H 5 0.02 ± 0.006 0.02 ± 0.002 0.02 ± 0.003
10 0.05 ± 0.003 0.03 ± 0.003 0.02 ± 0.000

3.0H 5 0.03 ± 0.003 0.03 ± 0.011 0.02 ± 0.002
10 0.04 ± 0.003 0.03 ± 0.007 0.04 ± 0.003
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and Avicel hydrolysis with and without lignin isolates was 
performed to determine if binding of enzymes on lignin iso-
lates affected their conversion to glucose. Glucose yields 
from cellobiose (0.5%  wv−1) at CTec2 loadings of 5 and 10 
FPU  g−1 cellobiose were 0.97 g g−1 with no significant dif-
ference between the values (Table 3). Since the role of BG 
is to convert cellobiose into glucose, high conversion effi-
ciency showed that BG in 5 FPU  g−1 of CTec2 was enough 
to produce glucose from cellobiose. On the other hand, glu-
cose yield from Avicel was 0.30 g g−1 with a CTec2 dose of 
5 FPU  g−1 Avicel and increased significantly to 0.46 g g−1 
when 10 FPU  g−1 was employed (Table 3). Avicel is crys-
talline cellulose with a relatively more resistant structure 
than amorphous cellulose in cellobiose and needs BG, CBH, 
and EG for efficient conversion to glucose. Thus, it may be 
inferred that higher CBH and EG loading might be needed 
to improve glucose production from Avicel.

Interestingly, the glucose yields from the hydrolysis of 
cellobiose in the presence of various lignin isolates were 
not significantly different (p > 0.05) from those obtained 
from cellobiose only hydrolysis (Fig. 4). In addition, the 
type of pretreatment agent, its concentrations, and the rela-
tive proportion of lignin within the cellobiose-lignin mix-
ture did not substantially affect the glucose yields. Some-
what similar results were also reported by Zhang et  al. 
(2017), who investigated the effects of five types of lignins 
(derived from sugarcane bagasse, softwood, and hardwood) 
on enzyme hydrolysis efficiencies of cellulose. Out of five 
types of lignin tested, lignin isolated via organosolv and 

sulfite pulping did not exhibit any inhibition while lignin 
derived from  CO2 pretreatment and soda pulping were found 
to inhibit hydrolysis of cellulose under similar conditions. 
Based on the reports in the literature, lignin can theoretically 
impede the hydrolysis processes either by serving as a non-
productive active site for the enzyme or via steric hindrance 
due to physical blockade of cellulose by lignin or chemical 
inhibition of enzyme via lignin-derived products (dos San-
tos et al. 2018; Vermaas et al. 2015). However, experimen-
tal results indicate that the actual lignin-induced inhibition 
depends on lignin type, its origin, chemistry, and the method 
of isolation. In their report, Li et al. (2018) found that the 
inhibition of lignin was inversely correlated with the molec-
ular weight and concentration of carboxylic moieties while 
the presence of hydroxyl groups promoted inhibition, similar 
to the observations reported by Rahikainen et al. (2013a, b) 
and Sun et al. (2016).

In addition, the presence of lignin may not always result in 
the inhibition of hydrolysis (Saini et al. 2016). This is espe-
cially true during longer hydrolysis periods (Li et al. 2014). 
The authors observed a reduction in hydrolysis (29.3–39.7% 
for low and high enzyme loadings) during the early stages 
of enzymatic hydrolysis of Avicel-impregnated lignin. How-
ever, after 72 h, the inhibition was limited to only 6% (low 
enzyme loading) or 0%-no inhibition (high enzyme load-
ing) suggesting that non-specific binding of enzymes with 
lignin does not always inhibit enzymatic hydrolysis. In our 
research, despite the binding of BG to lignin, no inhibition 
of hydrolysis was observed. These results are consistent with 
those of Haven and Jorgensen (2013) who also noted that 
BG was active despite bonded to lignin. Further, as reported 
by Kumar et al. (2012), the inhibitory effect of lignin binding 
was relevant only at lower enzyme concentrations. Thus, the 
low lignin loading (0.25 and 1%) coupled with longer (72 h) 
hydrolysis time may have overcome the inhibitory effects of 
lignin. Similar observations were reported by Kumar et al. 
(2012), who investigated hydrolysis of steam pretreated soft-
woods. Their results indicated that when higher hydrolysis 
time (48 h) was coupled with relatively higher enzyme load-
ing (10 FPU  g−1 cellulose), the effects of lignin inhibition 
was not significant.

On the other hand, hydrolysis of Avicel in the presence of 
various lignin isolates at conditions similar to those for cel-
lobiose hydrolysis showed that a CTec2 loading of 10 FPU 
 g−1 generated significantly (p < 0.05) more glucose than 5 
FPU  g−1 (Fig. 5).

As suggested by Kumar et al. (2012) and Zhang et al. 
(2017), increased enzyme loading may have provided an 
increased number of active sites for hydrolysis resulting in 
higher hydrolysis yields. Nonetheless, the presence of lignin 
isolate as well as its type and amount did not have a significant 
effect on glucose yield (p > 0.05). As with cellobiose hydrol-
ysis, glucose production during Avicel hydrolysis did not 

Table 3  Glucose production through hydrolysis of Cellobiose and 
Avicel

Includes data from controls

Sample type Glucose (g  L−1) Glucose 
Yield (g g−1 
carbohydrate)

Buffer only 0 –
Carbohydrates only
 0.5% (w/v) Cellobiose 0.02 ± 0.007 0.003 ± 0.0013
 0.5% (w/v) Avicel 0 0

CTec2 only
 5 FPU/g carbohydrates 0.01 ± 0.005 –
 10 FPU/g carbohydrates 0.02 ± 0.007 –

Cellobiose + CTec2
 5 FPU/g carbohydrates 5.06 ± 0.210 0.97 ± 0.04
 10 FPU/g carbohydrates 5.07 ± 0.170 0.97 ± 0.03

Avicel + CTec2
 5 FPU/g carbohydrates 1.62 ± 0.264 0.30 ± 0.05
 10 FPU/g carbohydrates 2.53 ± 0.156 0.46 ± 0.03

Lignin isolate only
 0.5, 1.0, 1.5% NaOH 0 –
 1, 2, 3%  H2SO4 0 –
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change even though cellulase related to CBH and EG seemed 
to be partially bound to the lignin isolates (Fig. 3). This may 
be attributed to longer hydrolysis time, which may have over-
come the inhibition due to lignin caused by binding (Li et al. 
2014). In addition, the effects of lignin binding are perhaps 
insignificant when the substrate offers high accessibility for 

enzyme interaction (Kumar et al. 2012). Overall, our results 
suggest that the binding of lignin to the enzyme did not play 
any significant role in the inhibition of hydrolysis of cellobiose 
and Avicel after 72 h of hydrolysis, even at low enzyme load-
ings (5 and 10 FPU  g−1).

Fig. 4  Glucose production 
through hydrolysis of cellobiose 
and lignin isolates from various 
pretreatments mixed as a 0.25% 
LI:0.5% cellobiose, b 0.5% 
LI:0.5% cellobiose, and c 1.0% 
LI:0.5% cellobiose
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Conclusions

The amount of lignin in isolates derived from NaOH and 
 H2SO4 pretreated switchgrass increased with an increase 
in chemical concentration. Though BG was observed to 
be significantly bound to lignin isolates from NaOH and 
 H2SO4 pretreated switchgrass, it exhibited sufficient activity 
during carbohydrate hydrolysis. Some cellulases related to 
CBH and EG also showed a tendency to bind to lignin iso-
lates. The addition of lignin isolates at various levels during 
hydrolysis of carbohydrates model compounds (cellobiose 
and Avicel) did not impact glucose production by CTec2 

though more glucose was produced from Avicel hydrolyzed 
at higher enzyme loading. Overall, the binding of enzymes 
in the cellulolytic enzyme cocktail on lignin isolates did not 
negatively impact glucose production. It might be possible 
that other cellulases bound to the lignin isolates can remain 
active like BG. Also, cellulases in the liquid fraction (not 
bound to the lignin isolate) may have catalytic activity which 
is sufficient for Avicel hydrolysis.
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Fig. 5  Glucose production 
through hydrolysis of Avicel 
and lignin isolates from various 
pretreatments mixed as a 0.25% 
LI:0.5% Avicel, b 0.5% LI:0.5% 
Avicel, and c 1.0% LI:0.5% Avi-
cel (All treatments significantly 
different except for 1.5 N in (c))
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