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Abstract
One of the biggest challenges hindering the successful commercialisation of biofuels is the high dosages of enzymes still required
to hydrolyse lignocellulose into fermentable sugars. Enzyme recycling has been recognised as a promising approach to alleviate
this problem by reducing enzyme costs and improving the profitability of the bioconversion process. However, developing an
effective recycling system is a challenging process and requires an in-depth understanding of enzyme-substrate interactions. In
this context, this study investigated the adsorption, desorption and re-adsorption of a cellulase mixture (CelMix) to various
lignocellulosic components to gain insights into enzyme-substrate interactions, in order to develop an effective enzyme recycling
strategy. Lignin-rich residues exhibited a higher adsorption capacity for CelMix (~ 38% adsorption) compared to Avicel cellulose
(15.6% adsorption). The recovery of CelMix from lignin, steam pre-treated Eucalyptus and cellulose by various chemicals and
alkaline washing was examined. Alkaline washing with Tris-HCl buffer (pH 9.0; 0.05 M) was the most effective method for
promoting enzyme desorption (90.7% activity) and retained a substantial amount of hydrolytic activity after elution. However,
minor activity loss was observed due to irreversible binding, which was further confirmed by SDS-PAGE analysis. Using this
information, the feasibility of recovering the enzymes from the solid fraction after enzymatic hydrolysis of steam pre-treated
Eucalyptus was evaluated by two different approaches: (i) re-adsorption of the entire hydrolysed insoluble biomass fraction (no
desorption) to fresh biomass (recycling approach 1-RA1) and (ii) re-adsorption of alkaline elution desorbed enzymes from
hydrolysed biomass to fresh biomass (recycling approach 2—RA2). The recycling performance of RA1 and RA2 reached >
95% of the initial sugar liberation for three continuous rounds, whilst successful reduction in enzyme loading by 50% and 40%
for RA1 and RA2, respectively, was achieved. Therefore, this study shows that enzyme recycling presents a simple and effective
pathway for increasing enzyme productivity, improving the economic feasibility of fermentable sugar production for biofuel.
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1 Introduction

Renewable energy derived from lignocellulosic biomass has
increasingly been recognised as an ideal option for creating a
sustainable bioeconomy, as it serves as a promising alternative
to petroleum-based transportation fuels [1–3]. Enzymes play a
critical role in the conversion of lignocellulosic biomass into
sugar platforms; however, the high cost of enzymes required
to achieve efficient biomass saccharification impedes the suc-
cessful commercialisation of bio-refinery technologies [4–6].
Although various pre-treatment methods have been employed
as a way to deconstruct the intact biomass structure and in-
crease cellulose accessibility, large enzyme quantities or long
hydrolysis times are still required to reach economic
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conversion levels [3, 7, 8]. Therefore, it is crucial to develop
cost-effective processes that can increase the catalytic produc-
tivity of enzymes, while reducing the enzyme loading required
to achieve efficient cellulose saccharification [9, 10].

One of the most pursued routes for reducing enzyme costs
and improving the profitability of the bioconversion process is
through enzyme recycling [5, 10, 11]. Theoretically, if en-
zymes are still active after hydrolysing a substrate, it should
be possible to recover and re-utilise their remaining activities
in multiple rounds of hydrolysis [12]. As enzymes are con-
stantly adsorbing, desorbing and re-adsorbing on to the sub-
strate during hydrolysis, enzymes can be recovered from the
solid or liquid phase [6, 10, 13].

Although enzyme recycling may seem to be a relatively
simple approach to reduce the economic processes of ligno-
cellulosic biofuels, it is a complex process that requires in-
depth knowledge of enzyme-substrate complexations and
the different factors that may influence these interactions.
Although notable efforts have been made to try and better
understand the enzyme-substrate interactions, the exact mech-
anisms of adsorption-desorption are yet to be elucidated [14,
15]. Most studies have used model substrates and purified
enzymes to try better understand these interactions, which
unfortunately is not a true representation of the real interac-
tions that take place between complex enzyme mixtures and
lignocellulosic substrates [16]. In addition, recycling the en-
zymes adsorbed to the solid residue of various pre-treated
lignocellulosic substrates has not been well studied, and the
results reported in literature are often contradictory and elu-
sive [6, 17, 18].

Thus, using this information as our platform, we developed
two different strategies for recycling enzymes associated with
the insoluble solid residue, after enzymatic hydrolysis of
steam pre-treated Eucalyptus, i.e., (i) recycling the entire in-
soluble solid fraction (no desorption) (recycling approach 1—
RA1) and (ii) recycling the desorbed enzymes via elution
(recycling approach 2—RA2). The recycling performance of
the two approaches was evaluated and compared by re-using a
significant amount of hydrolytic activity from the insoluble
solid fraction after hydrolysis in an attempt to successfully
reduce the enzyme loading (to reach a given level of sugar
production). This study presents potential pathways for im-
proving the economic feasibility of biofuel production on a
commercial scale.

2 Methods and materials

2.1 Enzymes and commercial substrates

The enzyme cocktail, CelMix, used in this study was devel-
oped by our lab in a previous study [19]. The enzyme cocktail
was composed of Egl 68%, Cel7A 17%, Cel6A 6% and βgl1

9%. It must be noted though that although Poplar and Acacia
were the hardwoods used in the study conducted by Malgas
et al. [19], our enzyme cocktail optimisation studies confirmed
that the same enzyme cocktail was required for optimal
Eucalyptus hydrolysis (data not shown). Protease from
Bacillus licheniformis, Avicel PH-101, carboxymethyl-
cellulose (CMC), para-nitrophenyl substrates; p-
nit rophenyl-β-D-glucopyranoside (pNPG) and p-
nitrophenyl-β-D-cellobioside (pNPC), Tris base, PEG 2000,
TritonX, Tween 20 and Tween 80 were purchased from
Sigma-Aldrich (South Africa).

2.2 Eucalyptus and its pre-treatment via steam
explosion

The lignocellulosic substrate used in this study was
Eucalyptus spp., which was kindly supplied by Mondi Ltd.,
Durban (South Africa). Prior to pre-treatment, the wood chips
were oven dried (50 °C) for 24 h and then passed through a
TRIMTECH garden vacuum blower (mulch speed fixed at 6).
The wood chips were then subjected to steam explosion using
a 2-l StakeTech III steam gun (Stake Technologies, Norvall,
ON, Canada) in the Forest Products Biotechnology/
Bioengineering Laboratory at the University of British
Columbia (Canada), as previously described by Bura et al.
[20].

2.3 Preparation of isolated lignin samples

The lignin isolation procedure was adapted from a method
previously published [21]. Lignin was obtained from exten-
sively enzymatically hydrolysed steam exploded Eucalyptus
(800 mg, dry weight). The hydrolysis was conducted using a
mixture of Novozyme Cellic® CTec2 and Novozyme Cellic®
HTec in a 4:1 protein ratio at a total enzyme loading of
3 mg/ml in 0.1M sodium citrate buffer (pH 5.0) and incubated
at 37 °C. After a 48-h hydrolysis period, the mixture was
centrifuged (5488×g for 10 min), the supernatant was
decanted, and the solid substrate washed with distilled water
to remove any unbound enzymes and sugars. The residual
solid was further treated with a protease (0.5 mg/ml) in sodi-
um citrate buffer (pH 5.0, 0.1 M) and incubated at 37 °C,
mixing at 25 rpm for 24 h. Thereafter, the mixture containing
protease was heat de-activated by incubating the sample at
100 °C for 10 min, followed by centrifugation (5488×g,
10 min) and decanting the supernatant. The remaining solid
residue was washed and alkaline treated with Tris-HCl
(pH 9.0; 0.05 M) for 2 h, followed by the addition of 15%
HCl in order to precipitate dissolved lignin. The obtained lig-
nin was washed with distilled water to remove residual pro-
teins and sugars. After drying the residue at 50 °C for 18 h, the
resulting material had a low protein content and was assumed
to be a pure lignin fraction.
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2.4 Analytical methods

2.4.1 Compositional analysis of steam pre-treated Eucalyptus

The wood biomass was characterised using a modified
sulphuric acid method by the National Renewable Energy
Laboratory-NREL at the Forest Products Biotechnology
Group, University of British Columbia, Canada. To estimate
the Klason lignin content, the mass of the solid residue was
measured after drying overnight at 105 °C. The filtrate was
analysed with regard to acid-soluble lignin (ASL) and mono-
saccharide content using UV–Vis spectroscopy and Dionex
(Sunnyvale, CA) HPLC (ICS-3000) equipped with an AS 50
auto sampler, ED50 electrochemical detector, GP 50 gradient
pump and anion exchange column (Dionex CarboPac PA1),
respectively.

2.4.2 Protein determination

Total protein in solution was measured by the Bradford meth-
od [22]. Bovine serum albumin (BSA) was used as a suitable
protein standard. The amount of protein adsorbed to the sub-
strate was determined as the difference between the protein
concentration of the cellulases in solution before and after
incubation with substrate [21]. The interference of the surfac-
tants with the formation and colour of the dye-protein com-
plex was accounted for by including suitable controls, i.e.
(supernatant + Bradford reagent) − (surfactant + Bradford
reagent).

2.4.3 Determination of cellulase activity

CMCase, Avicelase and glucosidase activities were deter-
mined using CMC, pNPC and pNPG as described in protocols
by Malgas et al. [19, 23].

2.5 Adsorption experiments

Cellulase adsorption was performed by allowing the CelMix
to interact with the various lignocellulosic components
(Avicel, extracted lignin from steam pre-treated Eucalyptus
and the whole steam pre-treated Eucalyptus). The different
materials were selected to assess the difference in the adsorp-
tion dynamics of CelMix on various lignocellulosic biomass
components. Incubations were performed at a 2% (w/v) sub-
strate consistency with CelMix loaded at 6.875 mg/g of bio-
mass. The reactions were conducted at 37 °C, with mixing at
25 rpm for 1 h so that a stable adsorption equilibrium could be
reached [24, 25]. After incubation, the samples were centri-
fuged at 5488×g for 10 min and the liquid containing the
unbound enzymes (adsorption supernatant) was collected
and stored at 4 °C for SDS-PAGE analysis, quantification of
enzymatic activity and protein estimation. All experiments

were performed in triplicate and the adsorption experiments
themselves were repeated twice for more accurate results.
Samples lacking enzyme or substrate were used as enzyme
and substrate controls, respectively.

2.6 Desorption of cellulases by various surfactants
and alkaline media

Various chemicals (Triton X100, PEG 2000, Tween 20 and
Tween 80) and Tris-HCl (pH 9.0; 0.05 M) were added to the
biomass (individually) after solid-liquid separation (after
adsorption) of reactions set up as described in Sect. 2.5 to
determine the most effective method for desorbing cellu-
lases from the solid residue. Tris-HCl (pH 9.0; 0.05 M) was
determined to be the most effective desorption treatment
and was selected for subsequent experiments. After enzyme
adsorption (as described in Sect. 2.1), the solid residue was
subjected to an alkaline wash treatment (Tris-HCl pH 9.0;
0.05 M) at room temperature, mixing at 25 rpm for 3 h.
After incubation, the samples were centrifuged at 5488×g
for 10 min and the supernatants were collected and stored at
4 °C for SDS-PAGE analysis, quantification of enzymatic
activity and protein estimation. The solid fraction obtained
after alkaline elution was then re-suspended in the same
volume of supernatant recovery in 0.1 M sodium citrate
buffer (pH 5.0).

2.7 SDS-PAGE

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using an 8% resolving gel and a
4% stacking gel as described by Laemmli [26]. The superna-
tant and solid fractions (Avicel cellulose, extracted lignin and
steam exploded Eucalyptus) after enzyme desorption with
Tris-HCl, as well as the control (complete cellulase mixture)
were mixed with sample buffer and boiled for 5 min before
being loaded into the gel wells.

2.8 Enzyme recycling strategies

Two different enzyme recycling approaches were carried
out (as illustrated in Fig. 1) in order to assess their
capability/efficiency for recycling the enzymes adsorbed
to the solid residue after enzymatic hydrolysis of steam
pre-treated Eucalyptus as described by Lindedam et al.
[17]. Enzyme recyclability was determined by measuring
the amount of enzyme activity adsorbed to the insoluble
solid residue and the ability of the enzymes to hydrolyse
fresh steam pre-treated Eucalyptus for multiple hydroly-
sis cycles.

267Biomass Conv. Bioref. (2022) 12:265–274



2.8.1 Enzymatic hydrolysis

Hydrolysis experiments were carried out in 400-μl reaction
volumes, containing 2% (w/v) biomass suspended in sodium
citrate buffer (pH 5.0; 0.1 M). After 24 h of hydrolysis at
50 °C, the supernatant was removed to measure the amount
of reducing sugars (as glucose equivalents) using a modified
3,4 dinitrosalicylic acid (DNS) protocol [27].

2.8.2 Enzyme recycling of the solid residue by re-adsorption
onto fresh substrate

Enzyme recycling was performed by recycling the solid resi-
due after enzymatic hydrolysis of steam pre-treated
Eucalyptus (1st round) to the next round of hydrolysis tomake
sure that the unhydrolysed solids containing adsorbed en-
zymes could be recycled at the same time [6]. After 24 h,
the samples were centrifuged (5488×g; 10 min) and the hy-
drolysed solids with adsorbed enzymes were mixed with fresh
biomass using the same 2% (w/v) solid loading. Various pro-
tein dosages (protein mass basis) of fresh CelMix (0%, 40%,
50%, 60%) were supplemented to the reaction mixture for the
next round of hydrolysis in order to achieve constant produc-
tion of sugars during enzyme recycling. These concentrations
were chosen and optimised according to a study by Yuan et al.
[6], which was based on the amount/concentration of enzyme
that was lost during rounds of hydrolysis.

2.8.3 Enzyme recycling of the solid residue by alkaline
washing onto fresh substrate

Enzyme recycling was performed by recycling the desorbed
enzymes (by Tris-HCl, pH 9.0; 0.05M) from the solid residue
after enzymatic hydrolysis (1st round) to the next round of
hydrolysis as described in Sect. 2.6. After alkaline elution,
the supernatant (desorbed enzymes) was added to fresh bio-
mass, using the same 2% (w/v) solid loading. Various protein
dosages of fresh CelMix (0%, 40%, 50%, 60%) were supple-
mented to the reaction mixture for the next round of hydroly-
sis in order to achieve constant production of sugars during
enzyme recycling.

3 Results and discussion

3.1 Pre-treatment and chemical composition
of Eucalyptus

Eucalyptus was pre-treated by steam explosion which is a
favourable method for treating lignocellulosic biomass due
to its simplicity and cost-effectiveness [7, 28]. The chemical
composition analysis showed that steam pre-treated
Eucalyptus contained 48.9% acid insoluble lignin, 47.01%
glucan and 4.81% xylan. It is evident that lignin was not
removed after steam pre-treatment, as a large portion of lignin
was still present in the biomass (48.9%). According to

Fig 1 Schematic diagram of the
two different recycling
approaches investigated in this
work. Approach 1 (RA1): re-
adsorption of the entire un-
hydrolysed insoluble solid frac-
tion to fresh biomass and ap-
proach 2 (RA2): enzyme desorp-
tion via alkaline elution (Tris-
HCl, pH 9.0, 0.05M) followed by
re-adsorption of desorbed enzyme
to fresh biomass. In each cycle,
fresh steam pre-treated
Eucalyptus biomass was added at
2% (w/v). The enzyme loading in
cycle 1 was 6.875 mg/g substrate.
Different enzyme dosages were
added (0%, 40%, 50%, and 60%)
in cycle 2. In cycle 3, RA1 and
RA2 were supplemented with
50% and 60% fresh enzyme,
respectively
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literature, steam explosion does not remove lignin from the
substrate, instead, the pre-treament modifies the biomass
structure and can even enrich the amount of lignin from 15
to 30% to > 40% due to condensation [28, 29].

3.2 Enzyme adsorption

Enzyme adsorption on to the solid surfaces is a critical step in
the enzymatic hydrolysis of lignocellulose, during which cel-
lulases can productively bind to cellulose or non-productively
bind to other cell wall polymers [11, 24, 30]. Different pre-
treated substrates possess different binding accessible sites for
various cellulase components, which affect their adsorption-
desorption characteristics [13, 31]. Consequently, this has re-
sulted in many controversial results with respect to enzyme
recycling, which makes it important for us to understand en-
zyme adsorption-desorption characteristics of a particular pre-
treated substrate prior to designing a recycling system [30,
32].

In this work, the adsorption of CelMix on Avicel cellulose,
lignin extracted from steam exploded Eucalyptus and the
whole steam pre-treated Eucalyptus was evaluated in an at-
tempt to better understand the influence of different lignocel-
lulosic components on enzyme adsorption. Approximately
15.56%, 37.65% and 38.73% of the total CelMix adsorbed
to Avicel cellulose, extracted lignin and steam pre-treated
Eucalyptus, respectively (Fig. 2a). High cellulase adsorption
on lignin has been reported in numerous studies [25, 33, 34]. It
is proposed that cellulases adsorb unproductively to lignin
through electrostatic, hydrophobic and hydrogen bonding
[25, 32]. As a result, the presence of lignin in lignocellulose
is believed to be detrimental for efficient cellulose hydrolysis
and is not ideal when recycling enzymes in the liquid phase.

Since these adsorption studies are representative of the total
CelMix containing different cellulases (protein quantifica-
tion), it is impossible to confirm which enzymes in the
CelMix had predominantly bound to the various substrates
and which enzymes were free in the supernatant. As previous-
ly mentioned, different enzymes have different binding affin-
ities for different substrates, which play a major role in their
adsorption behaviour [13, 31]. Thus, specific cellulase activity
assays (CMCase, pNPGase and pNPCase) were carried out in
order to assess the adsorption characteristics of the individual
enzymes in the cellulase mixture. The percentage of bound
activity for each cellulase component was measured by the
difference in the activity levels in the CelMix control and the
unbound fraction as described previously [24]. Figure 2b
shows that endo-glucanase (EG) bound more extensively on
to all three substrates, as the CMCase activity in the superna-
tant was determined to be 74%, 63% and 65%, for Avicel,
lignin and steam pre-treated Eucalyptus, respectively.
According to MacKenzie et al. [35] and Palonen et al. [33],
EG has a higher aff ini ty for l ignin compared to

cellobiohydrolase (CBH), due to its open conformation active
site, renderingmore aromatic residues to lignin that results in a
hydrophobic interaction between the enzyme and lignin. Our
results were in agreement with Mackenzie et al. [35] and
Palonen et al. [33]—CBHs bound to a lesser degree than EG
(supernatant 1) to the three substrates. This was evident by the
higher enzyme activities (pNPC activity) present in the super-
natant, i.e. 90.5% (Avicel), 77.6% (lignin) and 84% (steam
exploded Eucalyptus). For glucosidase activity, pNPG activity
assays were performed and the activities in the supernatants
were determined to be 90.7% (Avicel), 85.4% (lignin) and
87.0% (steam exploded Eucalyptus), which revealed that β-
glucosidase (βgl) bound to a lesser extent than both cellulases,
CBH and EG. These results were in accordance with studies
performed by Pareek et al. [36], Sipos et al. [37] and Varnai
et al. [38], who reported that βgl adsorbed to a lesser extent
during the hydrolysis of Avicel and different lignocellulosic
substrates. They proposed that the low affinity for βgl for
lignocellulosic substrates is because it lacks a CBM, which
facilitates adsorption to the insoluble substrate. Since the en-
zymes had different binding affinities for the different ligno-
cellulosic components, their enzyme activity distribution pro-
files (required to synergistically hydrolyse cellulose) after ad-
sorption was expected to be different than the complete
CelMix (100%). Thus, their distribution profiles were
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Fig. 2 Adsorption studies of CelMix to Avicel, lignin and steam pre-
treated Eucalyptus after 1 h incubation a total protein adsorbed
(Bradford assay) and b individual enzyme activities present in the super-
natant after adsorption. Data points represent the mean values of tripli-
cates (n = 3, SD < 5%)
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assessed and are represented in Fig. 3. It was evident that after
enzymes had interacted with the different lignocellulosic com-
ponents, the distribution of enzyme activity profiles was dif-
ferent compared to the complete CelMix (100%). The original
CelMix mixture (no adsorption) contained the major enzyme
activities, i.e. 75% EG activity, 16% glucosidase activity and
9% CBH activity (Fig. 3a). After enzyme adsorption, the su-
pernatant displayed a slight decrease in EG activity (71%) and
an increase in both glucosidase (18%) and CBH activity
(11%) for Avicel (Fig. 3b). The same pattern was observed
after enzyme adsorption to extracted lignin with the
supernatant containing 70% EG activity, 20% glucosidase ac-
tivity and 10% CBH activity (Fig. 3c). Only 70% EG activity,
19% glucosidase activity and 11% CBH activity remained in
the supernatant after adsorption to steam pre-treated
Eucalyptus (Fig. 3d). Although only slight differences were
observed with respect to the original CelMix mixture com-
pared to un-adsorbed enzymes in the supernatant after enzyme
adsorption, the results clearly indicate that EG had a higher
binding affinity for the substrates (decreased CMCase activi-
ty) compared to CBHs and βgl (which was in agreement with
the results attained in Fig. 2b).

3.3 The effect of various reagents on cellulase
desorption

By taking advantage of the high adsorption affinity of CelMix
to the substrate and considering that the bound enzymes are
the key enzymes required for cellulose hydrolysis, recycling

the adsorbed enzymes by re-adsorption onto fresh substrate
would be a promising approach for reducing enzyme costs
[18]. Thus, an alternative effective approach for recycling
the adsorbed enzymes is through desorption and reuse of cel-
lulases, which requires an understanding of the adsorption
characteristics of cellulases [31, 39]. Amongst the various
detergents assessed in this study (Tween 20, Tween 80,
Triton X-100, PEG 2000 and Tris-HCl (pH 9.0; 0.05 M)),
Tris-HCl (pH 9.0; 0.05 M) was determined to be the most
effective at facilitating enzyme desorption, with a 90.67%
desorption efficiency (Table 1). This was similar to the results
reported by Zhu et al. [40], who found that desorption was
highly favoured at pH 7 to 10, indicating the potential of using
in situ pH adjustment to monitor cellulase adsorption-desorp-
tion. Significant desorption was also found with PEG 2000,
which had a desorption efficiency of 81.37%, while TritonX,
Tween20, Tween80 had minor effects on cellulase desorption
(< 40% desorption efficiency) (Table 2).

We then determined how much initially adsorbed protein
could be recovered from the solid residues, after alkaline elution
with Tris-HCl (pH 9.0; 0.05 M). For extracted lignin and steam
pre-treated Eucalyptus, 93.94% and 94.62% of the initially
adsorbed protein were recovered, respectively, whereas 86.8%
was recovered from Avicel (Table 2). These results demonstrate
the potential application of Tris-HCl as an efficient desorption
reagent for recovering bound enzymes from both cellulose and
lignin-rich substrates and was selected for subsequent experi-
ments. The initial (control) and recovered enzymes from Tris-
HCl desorption were further analysed by using SDS-PAGE, by

Fig. 3 The distribution profiles of
the major cellulase enzyme
activities of a the complete
CelMix preparation and un-
adsorbed enzymes from the su-
pernatants after 1 h adsorption at
37 °C on b Avicel, c extracted
lignin from steam pre-treated
Eucalyptus and c steam pre-
treated Eucalyptus
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quantitatively visualising the amount of protein in the supernatant
after alkaline desorption from the substrates (Fig. 4). The high
intensity of the bands in lane B represents the control (100%
CelMix). In lanes C, E and G, bands represent the supernatant
containing the desorbed enzymes. By observing the differences
in band intensities between the initial solution (CelMix), and
recovered protein after alkaline elution, the effectiveness of alka-
line desorption with Tris-HCl could further be evaluated. As
expected, the bands present in lanes C, E and G (desorbed en-
zymes) had a lower intensity compared to CelMix control (lane
B), due to the fact that CelMix is representative of the initial
enzyme dosage (100%). However, the presence of these bands
(lanes C, E and G) confirmed that Tris-HCl was effective at
facilitating cellulase desorption from all three substrates. It must
be noted though that minor quantities of CelMix remained bound
onto the solid residue (more so for lignin and steam pre-treated
Eucalyptus than Avicel) after alkaline elution (lanes D, F and H,
Fig. 4), particularly proteins with sub-molecular masses between
50 and 75 kDa. This may be attributable to non-reversible bind-
ing of some cellulases to lignin [32].

Although desorption studies and SDS-PAGE analyses re-
vealed that Tris-HCl was effective at promoting enzyme desorp-
tion, examining the effect of pH change on enzyme activity is
vital when designing a feasible recycling system [41]. Currently,
there is limited information on the hydrolytic activities of cellu-
lases desorbed from residual biomass after alkaline elution [39,
41, 42]. Therefore, we wanted to determine whether enzyme
activity could be recovered after desorption. The results revealed
that 67.4% (Avicel), 66.7% (lignin) and 69.6% (steam exploded
Eucalyptus) of CMCase activity could be recovered after alkaline
elution. For pNPCase activity, 67.4% (Avicel), 41% (lignin) and
41.2% (steam exploded Eucalyptus) activity could be recovered,

whereas for pNPGase activity, 70% (Avicel), 75% (lignin) and
73% (steam exploded Eucalyptus) activity could be recovered
from the solid residues. Because not all enzyme activities could
be recovered from alkaline elution, we were able to confirm our
previous assumptions, which stated that some enzymes become
denatured during the course of hydrolysis and/or bound non-
reversibly to the residual biomass (as seen in the SDS-PAGE
gel in Fig.4).

3.4 Comparison between enzyme recycling systems:
RA1 an RA2

Both recycling approaches were performed by hydrolysing
steam pre-treated Eucalyptus for 24 h (1st hydrolysis round).
Generally, most of the biomass was hydrolysed within the first
24-h hydrolysis period, and a significant amount of enzymes
adsorb to the substrate during this time. In addition, the ad-
vantages of performing hydrolysis for only 24 h are that it
allows for shorter hydrolysis periods which ultimately mini-
mises loss of enzyme activities [6]. For each hydrolysis round,
the same amount of fresh biomass and buffer as that in the first
hydrolysis cycle was added to each recycling approach. In

Fig. 4 The desorption (recovery) of cellulases from Avicel, extracted
lignin and steam pre-treated Eucalyptus. Desorption was performed by
washing the solid residues with Tris-HCl (pH 9.0; 0.05 M) at 25 °C for
3 h. A Precision Plus protein unstained standard; B original CelMix
(0.5 mg/ml); C, E and G desorbed enzymes (supernatant wash) from
Avicel, lignin and steam exploded Eucalyptus, respectively; D, F and H
solid residue (after enzyme desorption) of Avicel, lignin and steam ex-
ploded Eucalyptus, respectively

Table 2 The overall recovery of
the initially adsorbed protein from
lignocellulosic components after
desorption using Tris-HCl
(pH 9.0; 0.05 M)

Avicel Lignin Eucalyptus

Adsorbed enzyme on residue (% of initial protein) 16 ± 1.5 37.65 ± 2.1 38.73 ± 2.0

Washable enzyme (% of adsorbed protein) 19.23 ± 2.3 82.94 ± 3.5 84.04 ± 2.1

Overall recovery potential (of initial protein) 86.8 ± 2.3 93.94 ± 3 94.62 ± 3.3

Values represent the means of triplicates ± SD

Table 1 The effect of various chemicals/washes on cellulase removal
efficiency (%) from steam pre-treated Eucalyptus

Washing condition Cellulose desorption efficiency (%)

Citrate (pH 5.0) 12.3 ± 0.96

Tween 20 (T20) 30.20 ± 3.1

Tween 80 (T80) 30.60 ± 3.99

Triton X 36.36 ± 2.23

Polyethylene glycol (PEG) 2000 81.37 ± 2.9

Tris HCl (pH 9.0) 90.67 ± 12

Values indicate the means of triplicates ± SD
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addition, various CelMix protein mass loadings were added to
the reaction mixture for each hydrolysis round (0%, 40%,
50% and 60%) in order to replenish enzyme activities.
According to Xue et al. [12], if the original enzyme dosage
is used in each hydrolysis cycle, the amount of sugars pro-
duced will increase as a result of enzyme accumulation. Thus,
we supplemented various enzyme dosages to each cycle, in an
attempt to make up the same initial enzyme loading as the
original CelMix, in order to produce similar quantities of sug-
ar as those attained in the first hydrolysis round.

As shown in Fig. 5a, the reducing sugars released after the
first round of hydrolysis is represented as 100% (based on
relative activity), and the amount of reducing sugars released
in the second hydrolysis round was compared to the 100%
relative activity in round 1. The results showed that without
the supplementation of fresh CelMix, the amount of reducing
sugars decreased by 65.1% and 42.2% for the mixture con-
taining desorbed enzymes and unhydrolysed solids (no de-
sorption) achieved by the first round, respectively. It was

evident that in the second hydrolysis round, both recycling
approaches required the addition of fresh CelMix. In order
to statistically (p > 0.05) achieve similar amounts of reducing
sugars to those attained in the first round of hydrolysis (100%
enzyme loading), supplementing the solid residue (RA1) with
approximately 40–50% fresh enzyme was sufficient enough
for the second hydrolysis rounds, whereas a higher dosage
(60%) of fresh enzyme was required when recycling the
desorbed enzymes (RA2). Since our adsorption studies show
that approximately 40% of enzymes adsorb to steam pre-
treated Eucalyptus after 1 h (Fig. 2a), it would make sense
that the 2nd cycle would require fresh enzyme dosages in
order to achieve similar amounts of reducing sugars to those
attained in the first hydrolysis round. Moreover, based on the
assumption that the enzyme loading for the first hydrolysis
round is 100%, we postulated that approximately 60% fresh
enzyme supplementation would be required for the
unhydrolysed solids. Our results deviated slightly from this
assumption, as only 40–50% of fresh enzyme was required
to achieve similar amounts of reducing sugars to those obtain-
ed in round 1. According to Yuan et al. [6], more adsorption
sites on lignin become accessible during the course of hydro-
lysis. Thus, a plausible explanation for the slight deviations
observed in this study could be that more enzymes adsorbed to
the substrate (> 40%) during the 24-h hydrolysis course com-
pared to that adsorbed to the substrate after 1 h; thus, less fresh
enzyme was required. With respect to the desorbed enzymes,
the higher dosage of fresh enzyme (60%) compared to the
enzyme dosage required for unhydrolysed solids may be at-
tributable to enzyme activity loss during alkaline elution, or
from irreversibly binding to the solid residue after alkaline
elution [33, 42]. The results in Table 1 confirm that some
enzyme activities were lost during the alkaline wash process,
which further supports this assumption. Another round of hy-
drolysis (24 h) and enzyme recycling cycle (round 3) was
performed, whereby 50% and 60% fresh enzyme were sup-
plemented to the unhydrolysed solid (no desorption) and su-
pernatant containing the desorbed enzymes, respectively.
Figure 5 b shows that both recycling approaches could liberate
similar amounts of reducing sugars in the 2nd and 3rd cycle to
that attained in the 1st hydrolysis cycle, and that both
recycling approaches were capable of reducing the enzyme
dosage for steam pre-treated Eucalyptus degradation, i.e.
50% (RA2) and 40% (RA1). With respect to conversion rates
and reduction in enzyme dosage, RA1 performed slightly bet-
ter than RA2, indicating that increasing the solid loading in
each cycle did not have adverse effects on enzyme hydrolysis
efficiency, although we expected that lignin accumulation and
the increase in solid loading in each cycle would have a neg-
ative effect on hydrolysis. Kristensen et al. [43] and Visser
et al. [5] reported that these negative effects are generally only
observed at solid loadings above 8% (w/v). Because only 3 cy-
cles were performed in this study, the solid loading would not
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Fig. 5 Evaluation and comparison of the performance of two different
recycling approaches (RA1 and RA2) for recycling the enzymes
associated with the insoluble solid residue after the enzymatic
hydrolysis of steam pre-treated Eucalyptus (first round). a The effect of
different fresh enzyme dosages on reducing sugar liberation (second
round) for RA1 and RA2. b The effect of fresh enzyme loading (50%
for RA1; 60% for RA2) in the third hydrolysis cycles. Each cycle was
performed for 24 h, and fresh biomass (2%) was added to each hydrolysis
cycle. Data points indicate the means of triplicate values ± SD

272 Biomass Conv. Bioref. (2022) 12:265–274



have exceeded 8% (w/v). Thus, we would only be able to
confidently confirm the adverse effects of lignin build up on
cellulase performance if additional hydrolysis/recycling cy-
cles were performed. It must be noted though that high solid
concentrations (> 20% w/v) are required in an industrial set-
ting; thus, additional experiments using high solid loadings
would be crucial for substantiating the concept of enzyme
recycling.

4 Conclusions

This study investigated the adsorption-desorption characteris-
tics of a cellulase mixture (CelMix) on various lignocellulosic
components to better understand enzyme-substrate interac-
tions. The results revealed that lignin-rich residues displayed
a higher adsorption capacity compared to Avicel cellulose and
that alkaline washing (Tris HCl) had the greatest effect on
enzyme desorption (90.67% efficiency). Based on these find-
ings, two recycling strategies were developed in order to re-
cover enzymes associated with the insoluble solid residue af-
ter steam pre-treated Eucalyptus hydrolysis. An evaluation of
the recycling performance of two different approaches:
recycling the entire un-hydrolysed solid residue (no desorp-
tion) and recycling the desorbed enzymes (via alkaline elu-
tion) for three consecutive hydrolysis rounds showed that both
approaches produced good recycling efficiencies (> 95% of
initial hydrolysis yield was retained after 3 cycles). Enzyme
usage was decreased by 50% (RA1) and 40% (RA2), while
maintaining similar glucose yields, in successive hydrolysis
cycles. These results clearly indicate that it is possible to re-
cover and recycle the insoluble solid substrate associated en-
zyme after biomass hydrolysis. Therefore, this method pre-
sents a simple and effective way for reducing the enzyme
requirement for biomass hydrolysis, thereby contributing to
the overall improvement in the economic feasibility of biofuel
production. However, results may vary between different sub-
strates and pre-treatments, and enzyme-substrate interactions
may be influenced at high substrate consistency. It is therefore
recommended that further studies be performed to confirm
the industrial application of this method.
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