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Abstract 

Background: During the dilute acid pretreatment process, the resulting pseudo-lignin and lignin droplets deposited 
on the surface of lignocellulose and inhibit the enzymatic digestibility of cellulose in lignocellulose. However, how 
these lignins interact with cellulase enzymes and then affect enzymatic hydrolysis is still unknown. In this work, dif-
ferent fractions of surface lignin (SL) obtained from dilute acid-pretreated bamboo residues (DAP-BR) were extracted 
by various organic reagents and the residual lignin in extracted DAP-BR was obtained by the milled wood lignin 
(MWL) method. All of the lignin fractions obtained from DAP-BR were used to investigate the mechanism for interac-
tion between lignin and cellulase using surface plasmon resonance (SPR) technology to understand how they affect 
enzymatic hydrolysis

Results: The results showed that removing surface lignin significantly decreased the yield for enzymatic hydrolysis 
DAP-BR from 36.5% to 18.6%. The addition of MWL samples to Avicel inhibited its enzymatic hydrolysis, while different 
SL samples showed slight increases in enzymatic digestibility. Due to the higher molecular weight and hydrophobic-
ity of MWL samples versus SL samples, a stronger affinity for MWL (KD = 6.8–24.7 nM) was found versus that of SL 
(KD = 39.4–52.6 nM) by SPR analysis. The affinity constants of all tested lignins exhibited good correlations (r > 0.6) 
with the effects on enzymatic digestibility of extracted DAP-BR and Avicel.

Conclusions: This work revealed that the surface lignin on DAP-BR is necessary for maintaining enzyme digestibility 
levels, and its removal has a negative impact on substrate digestibility.
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Background
Growing populations and related energy demand for 
societies across the world has resulted in great interest 
and funding for the development of sustainable energy 
sources [1]. One tapped source of sustainable energy 
involves conversion of lignocellulosic biomass into 

platform chemicals (such as glucose, xylose and furfural) 
for conversion into bioenergy, biomaterials, or biochemi-
cals [2]. The viability of this resource derives from the 
fact that lignocellulosic biomass predominantly com-
prises carbohydrates of cellulose and hemicellulose [3–5].

Among the numerous lignocellulosic biomass can-
didates for bioenergy production, bamboo is a univer-
sally viable biomass due to its extraordinary growth 
rate, present availability, and high carbohydrate content 
(cellulose, 35–50% and hemicellulose, 15–35%) [6]. In 
the bamboo processing factory, a majority of industrial 
bamboo residual waste materials are either landfilled or 
incinerated, thereby serving as an untapped feedstock 
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that is already within the supply chain. Generally, the 
cross-linked lignin and carbohydrate polymers in natural 
cell wall of bamboo act as the greatest obstacle to con-
version of cellulose and hemicellulose into glucose and 
xylose, respectively [7]. Thus, it is imperative to develop 
tailored pretreatment techniques capable of overcom-
ing the recalcitrance of bamboo lignin and allowing for 
efficient production of platform monosaccharides [8]. 
Many different pretreatments have been studied with 
bamboo substrates to date [9]. Among these pretreat-
ment methods, dilute acid pretreatment appears to be 
most logical approach due to the low process costs and 
ease of operation [10]. However, the enzymatic digestibil-
ity of bamboo residues pretreated by acid is usually lower 
than 40%, which does not reach the level expected for 
industrialization. [11] Various explanations for the low 
enzymatic digestibility efficiency have been proposed: (1) 
Dilute acid-pretreated bamboo residues still have inher-
ently complex and dense structures in natural cell walls 
that show recalcitrance toward enzymatic hydrolysis [7]. 
(2) Lignin-like compounds (pseudo lignins) are formed 
and problematically deposited on the surfaces of fibers 
to adsorb enzymes unproductively [12, 13]. (3) Lignin 
undergoes repolymerization reactions, which also block 
available surface area [14]. (4) water-soluble phenolics 
produced by depolymerization of lignin serve as soluble 
enzyme inhibitors [15]. The interaction between lignin 
and cellulase is one of the important factors influencing 
the enzymatic digestibility of pretreated biomass [16]. 
However, reported work mainly focuses on the macro-
scopic effects of these lignins on the enzymatic hydrolysis 
of pretreated biomass, and few studies have investigated 
the microcosmic effects of the interaction between these 
lignins and cellulase on enzymatic hydrolysis.

Techniques for studying the interaction between 
lignin and cellulase have been extensively explored. For 
instance, the Langmuir adsorption isotherm was used 
to characterize enzyme affinity for lignin on the macro-
scale [17]. However, many lignin samples should be pre-
pared for the assay to analyze the Langmuir adsorption 
isotherm. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was applied to investigate 
cellulase–lignin affinity, but the results obtained were 
not quantitative [18]. In recent years, the quartz crys-
tal microbalance with dissipation monitoring (QCM-D) 
technique has been relied upon to investigate kinetic 
adsorption behavior for different polymers in real time 
[19, 20]. However, the spectra obtained from QCM-D for 
kinetic adsorption between lignin and cellulase are hard 
to repeat, due to the high sensitivity of QCM-D, which is 
greatly affected by lignin film preparation.

Surface plasmon resonance (SPR), an advanced meth-
ods that achieves real-time monitoring and analysis of 

the interactions between proteins and biomacromol-
ecules, has also been applied in the medical industry 
and in antibody detection [21]. In addition, SPR tech-
nology provides quantitative and repeatable results 
using only small amounts of samples, allowing for the 
acquisition of highly detailed information such as data 
on the kinetics of association and dissociation [22–24]. 
As cellulase is a protein and lignin is a macromolecular 
polymer, their interactions can be analyzed theoreti-
cally with SPR technology. To our knowledge, there is 
no current work using SPR technology to investigate 
the interactions between lignin and cellulase over the 
course of an enzymatic hydrolysis process.

To evaluate the interactions between lignin and cel-
lulase, a representative lignin preparation must be 
extracted from pretreated biomass. There are many dif-
ferent methods for extracting lignin from pretreated-
materials, most of which are based on extraction with 
organic solvents, such as 1,4-dioxane, tetrahydrofuran, 
ethanol, and acetone [25, 26]. Hansen solubility param-
eters (HSPs) typically drive decisions on lignin solvent 
selection by taking into consideration the intermolecu-
lar forces acting between solvents and lignin (disper-
sion, polarity and hydrogen bonding) [27]. According 
to HSP theory, solvents with different solubility param-
eters have the ability to extract different lignin frac-
tions from the same pretreated biomass substrate. 
Importantly, the lignins on the surface and cell wall of 
acid-pretreated biomass are quite homogeneous and 
can be extracted by solvents with different HSP values. 
Therefore, a variety of different solvents were applied in 
this work to extract different lignin fractions in/on pre-
treated bamboo residues to evaluate the range of inter-
actions between lignin and cellulase by SPR.

Three different organic solvents (1,4-dioxane, ethanol, 
and tetrahydrofuran) with different HSPs were used 
to extract different surface lignin fractions in DAP-
BR. A classical lignin preparation (milled wood lignin, 
“MWL”) was also extracted from the extracted residual 
solids, referred to as E-DAP-BR. Following extraction, 
enzymatic hydrolysis of DAP-BR, E-DAP-BR and mix-
tures of pure cellulose with different extracted lignin 
fractions were performed to evaluate the effects of dif-
ferent lignin fractions on enzymatic hydrolysis. The 
physicochemical properties of lignin (molecular weight 
and hydrophobicity) and DAP-BR (crystallinity indices, 
cellulose accessibility and hydrophobicity) were deter-
mined to probe the relationships with enzymatic digest-
ibility. Furthermore, SPR technology was utilized to 
characterize the interactions between extracted lignin 
fractions and cellulase by calculating kinetic constants. 
It is our hope that this work will provide more detailed 
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insight into the potential mechanisms by which lignin 
hinders the enzymatic digestion of pretreated bamboo.

Results and discussion
Influence of organic reagent extraction on the chemical 
composition of dilute acid‑pretreated bamboo residues
Recently, Hansen solubility parameter (HSP) theory has 
become a popular tool for screening different organic sol-
vent systems for efficient separation of lignin from bio-
material matrices [27]. Based on HSP theory, if a given 
Hansen relative energy difference (RED) value (Ra/R0) 
is < 1, the analyzed solvent will exhibit greater lignin affin-
ity. Alternatively, when RED is > 1, the chosen solvent sys-
tem will be a poor lignin solvent [28]. Thus, in this work, 
three organic reagent systems (1,4-dioxane, ethanol, and 
tetrahydrofuran) were selected to extract different sur-
face lignin fractions based on the difference in their RED 
values.

The chemical compositions of the extracted materials 
were determined and are shown in Table  1. The glucan 

and xylan fractions remained in DAP-BR after lignin 
extraction processes, indicating that the solvent systems 
used exhibited lignin-selective approaches. According to 
Table 1, the solid recoveries from DAP-BR after 1,4-diox-
ane (Dio-BR), ethanol (Eth-BR), and tetrahydrofuran 
(THF-BR) extractions were 82.8, 91.3, and 85.9%, respec-
tively. Based on lignin contents, 1,4-dioxane showed the 
best efficiency for lignin extraction (38.5%), while etha-
nol performed the worst (23.2%). The difference in lignin 
extraction yields was also confirmed by SEM images of 
extracted DAP-BR (as shown in Fig.  1), in which lignin 
droplets were not observed on the surfaces of extracted 
DAP-BR (Additional file  1: Table  S1). In addition, com-
pared with different extracted DAP-BR samples, the sur-
face of Dio-BR was smoother than that of Eth-BR. AFM 
was successful in characterizing lignocellulose surface 
morphologies after different pretreatments. As shown in 
Fig. 2, AFM height images and values of surface rough-
ness (Ra) for DAP-BR and DAP-BR also clearly showed 
the difference in lignin removal on surfaces. The 3D AFM 

Table 1 Effects of three organic reagent extractions on the chemical composition of dilute acid-pretreated bamboo residues

DAP-BR dilute acid-pretreated bamboo residues, Dio-BR, Eth-BR, THF-BR extracted by 1,4-dioxane using a concentration of 96% (v/v, water/1,4-dioxane), ethanol 
extraction using a concentration of 95% (v/v, water/ethanol) and tetrahydrofuran extraction using pure tetrahydrofuran

Biomass Content (%) Recovery yield (%) Removal yield (%)

Glucan Xylan Lignin Solid Glucan Xylan Lignin

DAP-BR 51.5 ± 0.1 2.7 ± 0.0 47.2 ± 0.5 – – – –

Dio-BR 61.4 ± 0.1 3.0 ± 0.1 35.1 ± 0.3 82.8 98.5 1.3 38.5

Eth-BR 57.5 ± 1.3 2.8 ± 0.1 39.7 ± 0.6 91.3 100.0 1.1 23.2

THF-BR 60.1 ± 0.1 3.3 ± 0.2 38.3 ± 0.5 85.9 100.0 2.9 30.3

a1

b-2

c-1

a2

b-1

c-2 d-

d-

Fig. 1 SEM images of pretreated bamboo residues a DAP-BR, b Dio-BR, c Eth-BR and d THF-BR
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images are shown in an (Additional file 2: Fig. S1). DAP-
BR had a much higher Ra (23.9 nm) than extracted DAP-
BR (Dio-BR, 8.8 nm; Eth-BR, 11.1 nm; THF-BR, 5.9 nm), 
which means that the organic solvent extraction indeed 
removed surface lignin and made the surface smoother 
[29].

Influence of organic extraction agents on enzymatic 
digestibility and physicochemical properties of pretreated 
bamboo
To evaluate the effect of removing of different surface 
lignin fractions on the enzymatic digestibility of DAP-
BR, enzymatic hydrolysis was performed on both DAP-
BR and extracted DAP-BR. Figure  3a shows that the 
enzymatic hydrolysis yield of extracted DAP-BR signifi-
cantly decreased from 36.5% (DAP-BR) to 18.6% (Dio-
BR), 29.7% (THF-BR) and 30.2% (Eth-BR). These results 
indicated that the removal of surface lignin actually 
decreased enzymatic digestibility. This finding was con-
sistent with the work of Lai et  al. [30] who found that 
the enzymatic digestibility of organosolv acid-pretreated 
sawdust with 25% (v/v) ethanol solution and 50% (v/v) 

ethanol decreased from 43.6% to 36.9% and from 50.0 to 
42.5% when the surface lignin on the pretreated substrate 
was removed by ethanol. It was widely believed that 
removing surface lignin from pretreated biomass would 
promote its enzymatic digestibility by eliminating the 
negative effect of lignin. However, the results in this work 
and those of Lai et al. [30] were contrary to those of other 
studies [31, 32], which might be attributed to the fact 
that the lignin fractions extracted by different organic 
solvents possessing different physicochemical properties 
can show different effects on the enzymatic digestibility 
of cellulose.

To determine why the enzymatic digestibility of 
DAP-BR decreased after extraction with organic sol-
vents, several physicochemical properties of DAP-
BR and E-DAP-BR were evaluated to probe for stark 
changes (Table  2). Generally, the cellulose accessibil-
ity of pretreated biomass represents the enzyme access 
to the cellulose molecules in biomass, which is one of 
the main indicators for affecting the enzymatic digest-
ibility of biomass. The cellulose accessibility of DAP-BR 
increased from 218  mg/g to 236  mg/g, 236  mg/g and 

Fig. 2 AFM images of pretreated bamboo residues a DAP-BR, b Dio-BR, c Eth-BR and d THF-BR



Page 5 of 15Lin et al. Biotechnol Biofuels          (2021) 14:143  

4 8 12 24 36 48 72
0

5

10

15

20

25

30

35

40
E

nz
ym

at
ic

 h
yd

ro
ly

si
s y

ie
ld

 (%
)

Time (h)

 DAP-BR  Eth-BR
 THF-BR  Dio-BR

(a)

0 10 20 30 40
200

240

280

320

A
cc

es
sib

ili
ty

 (m
g/

g)

Removal yield of lignin (%)

r=0.82

(b)

1 2 3 4
15

20

25

30

35

40
(c)

r=-0.82

E
nz

ym
at

ic
 h

yd
ro

ly
si

s y
ie

ld
 (%

)

Hydrophobicity (mg/mL)
-25 -24 -23 -22 -21 -20

15

20

25

30

35

40

45

E
nz

ym
at

ic
 h

yd
ro

ly
si

s  
yi

el
d 

(%
)

Zeta Potential (-mV)

r=-0.92

(d)

Fig. 3 Enzymatic hydrolysis efficiencies for bamboo residues pretreated with three organic reagents: a the relationship between lignin removal 
yield and accessibility, b the relationship between bamboo residues pretreated with three organic reagents and hydrophobicity c and zeta 
potentials d of substrates

Table 2 Physicochemical properties of solvent-extracted bamboo residues and extracted lignin fractions

DAP-BR dilute acid-pretreated bamboo residues, Dio-BR DAP-BR extracted by 1,4-dioxane using a concentration of 96% (v/v, water/1,4-dioxane), Eth-BR DAP-BR 
extracted by ethanol extraction using a concentration of 95% (v/v, water/ethanol), THF-BR DAP-BR extracted by tetrahydrofuran using pure tetrahydrofuran; MWL 
milled wood lignin, SL surface lignin
a Analyzed by dye absorption
b Analyzed by water contact angle

Sample Accessibility Hydrophobicity Crystallinity Bhkl Dhkl Zeta potential Molecular 
weight (kDa)

(mg/g) (mg/mL)a and (°)b (%) (nm) (nm) (mV) Mw Mn

DAP-BR 218 0.7a 38 3.03 0.403 −24.3 ± 0.5 –

Dio-BR 320 3.6a 36 3.64 0.401 −20.4 ± 0.2 –

Eth-BR 236 3.1a 39 3.45 0.402 −22.1 ± 1.1 –

THF-BR 251 3.0a 34 3.99 0.400 −21.5 ± 0.3 –

DAP-MWL – 76.4b – – – −37.0 ± 0.3 9.1 2.9

Dio-MWL – 76.2b – – – −31.8 ± 0.2 10.8 3.6

Eth-MWL – 73.8b – – – −34.3 ± 0.3 13.0 4.6

THF-MWL – 75.1b – – – −37.0 ± 0.3 13.2 4.7

Dio-SL – 69.5b – – – −32.8 ± 0.2 2.4 0.7

Eth-SL – 68.5b – – – −29.1 ± 1.1 1.2 0.4

THF-SL – 64.3b – – – −26.1 ± 0.1 2.0 0.4

DAP-MWL – 76.4b – – – −37.0 ± 0.3 9.1 0.5
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251 mg/g for Dio-BR, Eth-BR, and THF-BR, respectively. 
The increased cellulose accessibility of DAP-BR after 
extraction by these solvents is likely due to the removal 
of lignin on the surface of cellulose. A good correlation 
coefficient with r = 0.82 was observed between deligni-
fication and cellulose accessibility (Fig.  3b). Generally, 
the improvements in of cellulose accessibility tended to 
be the crucial factor for improving its enzymatic digest-
ibility [33]. However, in this work, our results seem to 
indicate that cellulose accessibility was not an important 
factor for enzymatic hydrolysis of extracted DAP-BR 
samples. One possible hypothesis is that after remov-
ing the surface lignin, more residual lignin was exposed 
on the substrate surface, fostering a greater frequency 
for nonproductive adsorption of cellulases. To support 
this hypothesis, the results of hydrophobicity analyses 
showed that solvent-extracted samples (Dio-BR, Eth-BR 
and THF-BR) had higher hydrophobicities (3.6, 3.1, and 
3.0  mg/mL, respectively) than DAP-BR (0.7  mg/mL). 
This notion is also supported by the linear fitting shown 
in Fig.  3c, where a negative correlation coefficient with 
r = 0.82 was found for the enzymatic hydrolysis yield of 
extracted DAP-BR and substrate hydrophobicity. Huang 
et  al. [34] also reported that substrates with higher 
hydrophobicities induced more of nonproductive bind-
ing by cellulase, thereby reducing the yield for enzymatic 
hydrolysis. In a recent study, Jia et  al. [35] also pointed 
out that ethanol removal of surface lignin from acid-
pretreated poplar constituted a potential mechanism for 
the negative effects on enzymatic digestibility. Cellulase 
mainly consists of cellobiohydrolase I (CBH I or Cel7A), 
which is negatively charged during enzymatic hydroly-
sis. Hence, the higher negative zeta potential of lignin 
caused stronger electrostatic repulsion between lignin 
and substrates and reduced their nonproductive binding. 
To further probe into our findings, the zeta potentials of 
all samples were also analyzed (Table  2). All extracted 
DAP-BR samples had a much lower zeta potential (abso-
lute value) than DAP-BR. Higher zeta potential (abso-
lute value) values for substrates represent higher surface 
charge and more hydrophilic substrates [36, 37]. Further-
more, hydrophilic substrates also exhibit stronger elec-
trostatic repulsion between lignin and cellulase, thereby 
reducing nonproductive binding of cellulase to lignin and 
enhancing enzymatic hydrolysis. As shown in Fig.  4d, a 
negative correlation coefficient with r = 0.92 was linearly 
fitted to a plot of enzymatic hydrolysis yields for vari-
ous samples versus their respective zeta potentials. The 
results in Table  2 also show that there were no obvious 
differences in the crystallinity index (CrI) and crystal-
lite size (Bhkl, Dhkl) of cellulose from extracted DAP-BR 
and DAP-BR. These results illustrated that organic sol-
vent extraction did not damage or change cellulose 

structures; therefore, these factors do not affect enzy-
matic digestibility.

Based on the aforementioned results, it seems that 
the main driver of the decrease in enzymatic digest-
ibility after organic solvent extraction was the exposure 
of highly hydrophobic lignin on the surface. To further 
probe this effect, residual lignin in extracted DAP-BR 
samples was further isolated and characterized to deter-
mine whether it may play a more critical role in the inhi-
bition of enzymatic hydrolysis.

Characterization of lignin fractions
It is widely agreed that some physicochemical proper-
ties of lignin, such as molecular weight, hydrophobicity 
and surface charge, exert varying influences on the enzy-
matic hydrolysis of cellulose [38]. Hence, certain phys-
icochemical properties (molecular weight, contact angle, 
and zeta potential) of SL samples isolated from DAP-BR 
and MWL samples in E-DAP-BR were evaluated and are 
shown in Table 2.

From Table 2, it can be seen that the molecular weights 
of DAP-MWL, Dio-MWL, Eth-MWL and THF-MWL 
were 9.1–13.2  kDa (Mw) and 2.9–4.7  kDa (Mn), which 
were higher than those of Dio-SL, Eth-SL and THF-SL 
(Mw, 1.2–2.0  kDa, Mn, 0.4–0.7  kDa). This was because 
surface lignin was a mixture of newly formed pseudo-
lignin and the monomeric products of lignin formed dur-
ing acid pretreatment. However, milled wood lignin is the 
residual lignin in DAP-BR cell walls after organic solvent 
extraction, which represented the chemical structure of 
native lignin in substrates. These results were in accord-
ance with the work of Hu et  al. [39] who reported that 
the molecular weights of pseudo-lignin were much lower 
than those of residual lignin in acid-pretreated biomass. 
Furthermore, the molecular weights of different sur-
face lignin fractions were slightly different (Dio-SL with 
2.4 kDa, Eth-SL with 1.2 kDa, and THF-SL with 2.0 kDa). 
This variation is likely governed by the particular Hansen 
solubility parameters of each solvent. Therefore, the 
hydrophobicities of the SL and MWL samples were eval-
uated by the water contact angle method and results are 
listed in Table 2. Water contact angles for MWL (73.8–
76.4º) were much higher than those of SL (64.3º–69.5º), 
which means the hydrophobicity of residual lignin in 
extracted DAP-BR is higher than that of the surface lignin 
fraction in DAP-BR. These results demonstrate that the 
increase in residual lignin hydrophobicity after solvent 
exposure also likely contributed to the diminished digest-
ibility noted after extraction with organic solvents.

Yang et al. [40] reported that lignin with higher nega-
tive zeta potentials generated greater repulsion of 
enzymes, resulting in improved enzymatic digestibil-
ity by reducing nonproductive binding. Hence, the zeta 
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potentials of different lignin samples (SL and MWL) were 
also measured to compare their different effects on enzy-
matic hydrolysis. Table  2 shows that the negative zeta 
potentials of the SL samples were less than those of the 
MWL samples. Combined with the results of enzymatic 
hydrolysis, this shows that although the zeta potential of 

MWL in E-DAP-BR was higher, it may still cause more 
nonproductive binding between the enzyme and lignin 
on the substrate surface. According to the speculation 
of Song et al. in 2020 [41], hydrophobic interactions and 
hydrogen bonding are more important than electrostatic 
interactions between lignin and enzymes.
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Fig. 4 Effect of addition of different lignins extracted from acid-pretreated bamboo residues on the enzymatic hydrolysis of Avicel: a 20% surface 
lignin, b 40% surface lignin and c 40% milled wood lignin. The relationship between the enzymatic digestibility of Avicel and d contact angle and e 
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Effects of surface lignin and milled wood lignin 
on enzymatic hydrolysis of Avicel
To further investigate the different effects of surface 
lignin and residual lignin fractions on the enzymatic 
digestibility of cellulose, all MWL and SL samples were 
dosed into enzymatic hydrolysis solutions of Avicel (pure 
cellulose). The resulting enzymatic digestibility data are 
shown in Fig.  4. The three SL fractions did not inhibit 
enzymatic hydrolysis after lignin additions of 20% addi-
tion (Fig. 4a). Unexpectedly, a slight increase in the enzy-
matic hydrolysis yield for Avicel was actually achieved, 
from 77.0% (control) to 81.2% (Dio-SL), 79.7% (Eth-SL), 
and 77.1% (THF-SL) with addition of 40% lignin (Fig. 4b). 
This phenomenon was similarly reported in the work of 
Wu et al. in 2017 [42]. In contrast, the enzymatic hydroly-
sis yield of Avicel decreased from 77.0% (control) to 58.4, 
39.7, 45.3, and 39.0% with 40% addition of DAP-MWL, 
Dio-MWL, Eth-MWL and THF-MWL, respectively 
(Fig. 4c). These findings show that the residual lignin in 
extracted DAP-BR showed inhibitory effects on the enzy-
matic hydrolysis of Avicel that were higher than those 
of SL fractions on DAP-BR, which is in agreement with 
the aforementioned results. In addition, the inhibition 
by DAP-MWL was relatively weaker than those of MWL 
samples from extracted DAP-BR. This difference might 
arise DAP-MWL was obtained from DAP-BR, which also 
contained surface lignin fractions. When surface lignin 
was removed from DAP-BR, the resulting Dio-MWL, 
Eth-MWL and THF-MWL samples were primarily com-
posed of native lignin in bamboo residue that can inhibit 
the enzymatic hydrolysis. Hence, it can be surmised that 
the presence of surface lignin on DAP-BR retards the 
potent inhibitory effect of residual lignin toward enzy-
matic digestibility.

To understand whether the reduced enzymatic 
digestibility of Avicel was related to any specific phys-
icochemical properties of lignin samples, both the hydro-
phobicities and molecular weights of all obtained lignins 
were plotted against enzymatic hydrolysis yield. Nega-
tive correlation coefficients with r values of 0.83 (Fig. 4d) 
and 0.97 (Fig. 4e) were exhibited for linear plots of water 
contact angle or molecular weight versus yields for enzy-
matic hydrolysis of Avicel, respectively. Similarly, Jia et al. 
(2020) added different lignin fractions (acid-insoluble 
lignin and GVL/H2O pretreated lignin) from corn stove 
to Avicel enzymatic hydrolyses and found a pattern simi-
lar to that for our results [43].

In considering the effects of lignin molecular weight on 
enzymatic hydrolysis, Zhao et  al. [44] recently reported 
that lignins with higher molecular weights exhibit more 
nonproductive adsorption with enzymes than lignin with 
lower molecular weights. According to Table 2, the Mw 
values of SL (1.2–2.0 kDa) were lower than those of MWL 

(9.0–1.3 kDa), which indicated that SL has less nonpro-
ductive adsorption with enzymes than MWL. Hence, it 
can be speculated that the fractions of residual lignin in 
DAP-BR and E-DAP-BR had higher hydrophobicities 
and molecular weights might show more nonproductive 
absorption between lignin and cellulase by enhancing 
hydrophobic interactions, which might explain their inhi-
bition of the enzymatic hydrolysis of Avicel.

To further investigate how cellulases may be adsorb-
ing onto the different lignin fractions investigated in this 
work, Chrastil’s approach (Eq.  1) was used to study the 
diffusion-limited kinetic model for the enzymatic hydrol-
ysis of Avicel doped with our lignin fractions. [45] The 
equation is as follows:

where P (g/L) and Pσ (g/L) are products that diffuse at 
every considered time t and at equilibrium, respectively. 
A rate constant, k (g·L−1   h−1) proportional to the diffu-
sion coefficient is defined by Fick’s law. [46] E0 (g/L) is 
the initial enzyme concentration, and n is the structural 
diffusion resistance constant. The resistance constant is 
dependent on the steric properties of the studied system. 
Generally, when the constant n is lower, more negative 
effects take operate in an enzymatic hydrolysis system. 
Moreover, a lower k indicates that the substrate is more 
resistant to enzymatic hydrolysis, which translates 
into decreased engagement between the enzyme and 
substrate.

In this work, the model parameters for enzymatic 
hydrolysis of the Avicel–lignin system were determined 
and are shown in Table  3. For all systems, good agree-
ment was obtained with experimental results(r > 0.98), 
indicating that the kinetic models for enzymatic hydrol-
ysis of the Avicel–lignin system were appropriate. 
According to the results obtained, the n value for Avicel 

(1)P = Pσ [1− EXP(−KE0t)]∧n,

Table 3 Dynamic parameters determined from experimental 
results with the Chrastil

ka rate constant defined by Fick’s law, proportional to the diffusion coefficient

n structural diffusion resistance constant

Sample k n r
(g·L−1  h−1)

Avicel 6.25E−03 0.51 0.9911

Avicel + DAP-MWL 9.10E−05 0.43 0.9965

Avicel + Dio-MWL 9.75E−05 0.39 0.9926

Avicel + Eth-MWL 8.60E−05 0.44 0.9985

Avicel + THF-MWL 9.94E−05 0.42 0.9866

Avicel + Dio-SL 2.27E−04 0.50 0.9858

Avicel + Eth-SL 1.10E−03 0.50 0.9985

Avicel + THF-SL 6.25E−03 0.54 0.9975
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digestion decreased from 0.51 to 0.43, 0.39, 0.44, and 
0.42 when DAP-MWL, Dio-MWL, Eth-MWL, and THF-
MWL were dosed into the enzymatic hydrolysis system, 
respectively. In contrast, addition of any of three SL sam-
ples with Avicel did not affect the n value. This indicates 
that extracted surface lignin had little to no effect on the 
diffusion resistance of the enzyme or substrate resistance 
during enzymatic hydrolysis. Hence, it can be suggested 
that with the addition of MWL samples, cellulase was 
subjected to stronger diffusion resistance to the reac-
tion with Avicel. This is responsible for the decreased 
yield for enzymatic hydrolysis. In addition, k values also 
decreased upon addition of MWL to the hydrolysis sys-
tem, while the addition of SL had little effect on k values. 
These results again demonstrated that residual lignin in 
extracted DAP-BR caused higher diffusion resistance for 
the enzyme and consequent substrate resistance to enzy-
matic hydrolysis. This is in agreement with the enzymatic 
digestibility results in Fig. 4. To verify our conjecture, the 
mechanisms for interactions between enzymes and each 
fraction were further investigated at the molecular level.

Enzyme–lignin surface interaction determined by SPR 
technology
SPR technology has been widely applied to study adsorp-
tion between proteins and biomacromolecules. To eval-
uate the interactions and affinities between enzymes 
(protein) and lignin fractions (biomacromolecules), 
SPR was used to monitor the association and dissocia-
tion processes of cellulase enzymes on generated lignin 
in real time. The dynamic processes for binding of dif-
ferent SL and MWL samples with cellulase are shown 
in Fig. 5. From 0 to 200 s, citric acid buffer was injected 
to obtain a flat baseline. Then, from 200 to 440 s, differ-
ent concentrations of cellulase solution (0.1, 0.05, 0.02, 
0.01, and 0.005 g/L) were injected to adsorb onto lignin, 
resulting in changes in RU values (SPR response unit, 1 
RU = 1 ×  10–6 RIU, 1  μRIU = 0.15  mdeg). After 440  s, 
citric acid buffer was injected again, and lignin and cel-
lulase were disintegrated, resulting in a decrease in the 
RU value. Specific kinetic parameters for adsorption of 
enzyme on lignin films were calculated and are shown 
in Table 4. The values of RU increased when enzyme was 
bonded to the lignin and decreased when the enzyme 
dissociated from the lignin after the addition of buffer 
solution. These observations showed that the decrease in 
RU in SL–cellulase systems was more obvious than that 
in the MWL–cellulase system during the enzyme disso-
ciation process, indicating that the enzymes were much 
more easily dissociated from SL than from MWL.

The increased kd and Rmax values in Table  4 indicate 
that cellulase was less associated and more rapidly dis-
sociated from SL samples than from MWL samples. KD, 

an indicator of the binding affinity of enzymes and lignin, 
was different for the SL and MWL systems. Specifically, 
the affinity (KD) was 6.8–24.7  nM for the enzyme and 
MWL versus 39.4–52.6 nM for the enzyme and SL. Gen-
erally, a lower value for KD represents a stronger affin-
ity of the substrate for the adsorbate. Hence, it can be 
concluded that the removal of SL fractions from DAP-
BR via solvent extraction likely exposed a new layer of 
residual lignin that allowed for more nonproductive 
binding and an overall decrease in enzymatic digestion. 
This suggestion can be verified with linear fits of KD 
values and enzymatic digestibility, where a negative cor-
relation coefficient (r = 0.96, Fig.  6a) and a positive cor-
relation coefficient (r = 0.69, Fig.  6b) were observed for 
the MWL–cellulase and SL–cellulase systems. The lower 
coefficient between the KD values for SL–cellulase sys-
tems and enzymatic digestibility indicates that the key 
factor affecting enzymatic hydrolysis of materials is the 
interaction between residual lignin (MWL) and cellulase. 
In addition, an excellent negative correlation coefficient 
with r = 0.98 (Fig.  6c) was obtained for plots of Avicel 
enzymatic hydrolysis versus the KD values of SL samples 
(higher values) and MWL samples (lower values). These 
differences indicated that the SL fractions on DAP-BR 
had a lower affinity for adsorption onto cellulose.

To understand whether the differences in affinity 
between lignin and enzyme were related to the phys-
icochemical properties of lignin, the hydrophobicity and 
molecular weight of all obtained lignin fractions were fit-
ted to their affinity values. Figure 6d shows that a posi-
tive correlation coefficient (r = 0.94) was obtained for the 
linear fit to a plot of lignin molecular weight and affinity 
values for enzymes and lignin. In addition, the hydropho-
bicity of the SL and MWL samples were negatively corre-
lated (r = 0.79, Fig. 6e) with affinity values for lignin and 
enzyme. Hence, it can be concluded that hydrophobic 
interactions operating between lignin and cellulase dur-
ing enzymatic hydrolysis inhibit enzymatic conversion. 
Similar conclusions were also drawn in the work of Wang 
et  al. [47]. Overall, these SPR results indicate that the 
method can be used successfully to investigate mecha-
nisms of interactions between lignin and enzymes.

Conclusions
In this work, removal of different surface lignin fractions 
on DAP-BR caused a reduction in enzymatic digestibility 
of the resultant solid due to the exposure of residual lignin 
with higher hydrophobicity and molecular weight. The 
residual lignins in extracted DAP-BR showed higher dif-
fusion resistance to enzymes in a cellulose–lignin system, 
while SL fractions did not show any substrate resistance. 
SPR analyses showed that residual lignin in E-DAP-BR had 
greater hydrophobicity and an affinity for cellulase that was 
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Fig. 5 Dynamic processes for binding of different surface lignins and cellulase monitored in real time by SPR technology: a Dio-SL, b Eth-SL and 
c THF-SL. Dynamic processes for binding of different milled wood lignins and cellulase monitored in real time by SPR technology: d DAP-MWL, e 
Dio-MWL, f Eth-MWL and g THF-MWL
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higher than that of SL on DAP-BR, which was linearly cor-
related with their negative effects on enzymatic hydrolysis.

Materials and methods
Materials
Bamboo residues were provided by a bamboo processing 
factory in Sichuan, China. The air-dried bamboo powders 
were ground into particles (20–80 mesh) for subsequent 
experiments. The contents of glucan, xylan, and lignin in 
bamboo residues were 40.1% ± 0.2%, 22.0% ± 0.4%, and 
27.2% ± 0.2%, respectively, which were analyzed accord-
ing to the procedure developed by the US National 
Renewable Energy Laboratory (NREL). Cellulase (Cellic 
CTec2) was provided by Novozymes NA, Franklinton, 
USA with a filter paper activity of 250 FPU/ml.

Dilute acid pretreatment for bamboo residues
For pretreatment, 1  kg of bamboo residues was massed 
and then mixed with 6 L of 1% (w/v) dilute sulfuric acid 
inside a 15 L reactor heated to 160 °C for 1 h. After pre-
treatment, the resultant liquor (prehydrolysate) was col-
lected via vacuum filtration. Captured solids (DAP-BR) 
were washed using distilled water until the pH of the 
wash filtrate was 7. Some of the washed DAP-BR was 
kept at 4 °C for enzymatic hydrolysis, while another por-
tion was air-dried before further lignin extraction.

Organic extraction of surface lignin from dilute 
acid‑pretreated bamboo residue
Air-dried DAP-BR was extracted with a 1,4-dioxane 
extraction/water solution (96:4, v/v), a 95% ethanol aque-
ous solution, and tetrahydrofuran (100%) to prepare 
three unique surface lignin preparations. All extraction 
processes were carried out in 2  L conical flasks with a 

10% solid suspension agitated at 150 rpm for 24 h. After 
24  h, the liquor was separated from residual solids by 
filter paper, and fresh organic solution was again added 
to the once-extracted solids. This process was repeated 
three times. All of the extract liquids were combined and 
then subjected to evaporation via a rotary evaporator and 
a vacuum freeze dryer to obtain solids. Lignin solid prep-
arations from solutions of 96% 1,4-dioxane extraction/
water, 95% ethanol, and tetrahydrofuran were named 
Dio-SL, Eth-SL and THF-SL, respectively.

Extraction of milled wood lignin from DAP‑BR 
and E‑DAP‑BR
The unextracted/residual lignin in DAP-BR, Dio-BR, Eth-
BR and THF-BR was next obtained using the milled wood 
lignin (MWL) preparation technique described by Bjork-
man [48]. Specifically, 5 g of oven dried solids was weighed 
into a planetary ball mill (Pulverisette 7, Fritsch, Germany) 
and subjected to a 6  h milling time at 600  rpm using 25 
zirconia balls with a diameter of 1 cm. The detailed extrac-
tion and purification methods for the preparation of MWL 
were performed according to our previous work. [49] 
Extracted MWL samples from DAP-BR, Dio-BR, Eth-BR 
and THF-BR solids are named DAP-MWL, Dio-MWL, 
Eth-MWL and THF-MWL, respectively.

Enzymatic hydrolysis
The enzymatic hydrolyses of DAP-BR and E-DAP-BR 
preparations were carried out at with a substrate loading 
of 5% (w/v) in 0.05 M sodium citrate (pH 4.8) buffer with 
20  FPU/g cellulase. Enzymatic hydrolysis was performed 
in 100 mL flasks at 50 °C and with 150 rpm/min agitation 
for 72  h. Hydrolysate aliquots were withdrawn from the 
hydrolysis suspension after certain time intervals and then 
centrifuged at 10,000 rpm for 5 min. Enzymatic hydrolyses 
of mixtures of Avicel with different proportions of lignin 
(20 and 40%, w/w) involved reaction conditions consist-
ent with those described above. The concentrations of 
glucose in the hydrolysate aliquots were determined using 
an Agilent 1200 high-performance liquid chromatography 
(HPLC) system. The enzymatic digestibility of the sub-
strate was calculated Eq. 2, according to Huang et al. [11]:

Characterization of DAP‑BR and E‑DAP‑BR
Morphological images of dilute acid-pretreated and 
organosolv-extracted bamboo residues were taken using 

(2)

Enzymatic hydrolysis digestibility (% )

=
glucose in enzymatic hydrolyzate (g)

initial glucan in substrate (g)× 1.11
× 100%.

Table 4 Kinetics parameters for adsorption of enzyme onto 
lignin films, as measured by SPR

ka association rate constant

kd dissociation rate constant

Rmax maximum amount of cellulase bound to lignin film

KD equilibrium dissociation constant

Lignin ka kd Rmax KD
(M−1S−1) (S−1) (RU) (nM)

DAP-MWL 3.1 ×  104 7.68 ×  10–4 497 24.7

Dio-MWL 4.0 ×  104 2.70 ×  10–4 433 6.8

Eth-MWL 3.1 ×  104 5.10 ×  10–4 406 16.3

THF-MWL 3.3 ×  104 4.28 ×  10–4 411 13.2

Dio-SL 3.4 ×  104 1.57 ×  10–3 493 48.9

Eth-SL 2.7 ×  104 1.46 ×  10–3 506 52.6

THF-SL 5.5 ×  104 2.18 ×  10–3 486 39.4
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a Hitachi SEM (scanning electron microscope, 3400-I, 
Hitachi, Japan) with an accelerating voltage of 15 kV.

AFM (Asylum Research MFP-3D Bio AFM machine, 
Oxford Instruments Company) was used to observe and 
measure the morphology and surface roughness of dilute 
acid-pretreated and organosolv-extracted bamboo resi-
dues. All images were taken with AC Air Topography 
mode. The surface roughness values for AFM images 
were calculated by software from Oxford.

The accessibility of DAP-BR and E-DAP-BR was ana-
lyzed by Congo red (Direct Red 28) adsorption assay 
according to the work of Inglesby and Zeronian [50]. 
Adsorption of Congo red was carried out in 50 ml coni-
cal flasks with a substrate loading of 1% and different 
concentrations of Congo red (0, 0.05, 0.1, 0.5, 1.0, 2.0, 
3.0 and 4.0 g/L). Each sample was incubated in a con-
stant temperature shaker (60  °C, 150  rpm) for 24  h. 
The Langmuir adsorption isotherm was used to fit 
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Fig. 6 Relationships between enzymatic hydrolysis efficiencies for bamboo residues pretreated with three organic reagents and a KD for milled 
wood lignin and b KD for surface lignin. Relationships between lignin KD and c enzymatic hydrolysis efficiency of Avicel, d molecular weight and e 
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the extent of dye adsorbed onto each substrate. These 
results were then interpreted as an indication of cellu-
lose accessibility for the applied cellulase cocktail.

The hydrophobicities of DAP-BR and E-DAP-BR were 
estimated using the Rose Bengal dye adsorption assay. 
A series of substrate concentrations (2, 4, 6, 8, 10  g/L) 
were added to 50 mmol citrate buffer (pH 4.8) at a con-
stant concentration of 40  mg/L Rose Bengal solution. 
Mixed samples were kept inside a constant temperature 
shaker for 2 h (50 °C, 150 rpm). The amount of adsorbed 
dye on each tested substrate was calculated by the differ-
ence between the initial dye absorbance in the solution 
and the absorbance after adsorption. A partition quotient 
(PQ) was then defined as the ratio of the amount of dye 
absorbed to the amount of residual free dye. The obtained 
PQ values were finally linearly fitted to the correspond-
ing concentrations of samples, and the slope from each fit 
was used to represent surface hydrophobicity (L/g).

X-ray diffraction (XRD) measurements for DAP-BR 
and E-DAP-BR were conducted by an Ultima IV diffrac-
tometer (Rigaku Corporation) at a voltage of 40 kV and a 
current of 40 mA. The scan speed was 10°/min over the 
range 5°–50°. Both the crystallinity index (CrI) and crys-
tallite size of cellulose  (Bhkl) were fitted using Mau Riet-
veld software (version 2.7) and calculated according to 
equations from Ling et al. [51]

Characterization of surface lignin and milled wood lignin
The molecular weights of lignin samples were estimated 
with gel permeation chromatography (GPC) within a 
high-performance liquid chromatography (HPLC) sys-
tem (Agilent 1200, Palo Alta, CA, USA) equipped with 
three Styragel columns (HR5E, HR4, and HR2) in tan-
dem and a refractive index detector. For analysis, a 50 μL 
lignin sample without acylation (4 mg/ml in tetrahydro-
furan) was injected into the system. GPC calibration was 
performed with commercial polystyrene standards.

Hydrophobicity analyses for all lignin samples were 
performed by water contact angle measurement with an 
automatic contact angle meter (Attention Theta, Biolin 
Scientific, Inc., Stockholm, Sweden). Each sample was 
tested in duplicate.

The zeta potentials of lignin samples were measured by a 
Zetasizer (Nano-ZS, Malvern Instruments Ltd, Worcester-
shire, UK) with laser Doppler spectroscopy. For analysis, 
2.5 mg of lignin was blended with 5 mL of 0.05 M citrate 
buffer and dispersed using a disperser to obtain a homo-
geneous suspension. All samples were tested in triplicate.

Enzyme–lignin surface interactions studied by SPR
To prepare the lignin film needed as an SPR substrate, either 
SL or MWL samples were dissolved in neat DMSO with 0.5% 

solids loading (w/w). The prepared solutions were coated on 
an SPR gold sensor using a spin coater (KW-4A, Shanghai 
Daojing Instrument Plant, China) operating at 5000 rpm for 
1 min. The coating process was repeated 3 times. The result-
ing films were vacuum dried at 40 °C for 4 h and then soaked 
in deionized water for 24 h. The deionized soak water was 
replaced every 2  h to ensure complete removal of DMSO. 
The soaked films were vacuum dried at 40 °C for 12 h.

The interaction between lignin films and enzyme were 
measured by an SPR device (MP-SPR Navi 200, BioN-
avis Ltd, Tampere, Finland) equipped with a two channel 
detection system with a 670  nm laser and an angular-
scan range of 40–78 degrees. Before injecting enzyme 
into the SPR system, 0.05  M citric acid buffer solution 
(pH 4.8) was injected into the measuring chamber with 
a flow rate of 100  μL/min until a stable baseline was 
obtained. Once stability was achieved, enzyme solutions 
with protein concentrations (of 0.1, 0.05, 0.02, 0.01, and 
0.005 g/L) were injected at a flow rate of 0.1 mL/min for 
4  min. The recorded SPR curves were processed using 
SPR Navi™ Data Viewer software. Kinetics constants 
were determined using Scrubber (version 2.0) software.

Analytical methods
The compositions of pretreated and organosolv-extracted 
bamboo residues were determined according to the pro-
cedure developed by the National Renewable Energy 
Laboratory (NREL). [52] Monosaccharide concentrations 
for enzymatic hydrolysate and compositional analysis 
for acid hydrolysate were measured using a high-perfor-
mance liquid chromatography (HPLC) system equipped 
with an Aminex HPX-87H column (300 × 7.8 mm) and a 
refractive index detector (column temperature of 55  °C, 
mobile phase of 0.05 M  H2SO4 with a flow rate of 0.6 ml/
min).

Recovery yields of solid or glucan, as well as the extent 
of delignification or xylan removal, were determined 
according to the following equations:

Recovery yield of solid (% )

=
pretreated bamboo residue (g)

initial bamboo residue (g)
× 100%,

Recovery yield of glucan (% )

=
glucan in pretreated bamboo residue (g)

glucan in the initial bamboo residue (g)
× 100%,

Removal yield of lignin or xylan (% )

= 1 -
lignin or xylan in pretreated bamboo residue (g)

lignin or xylan in the initial bamboo residue (g)
× 100%.
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