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Abstract

Cellulase has many potential applications in ethanol production, extraction of medicinal ingredients, food, brewing,
oil exploration, environmental protection. However, the widespread use of cellulase is limited by its relatively high
production costs and low biological activity. Therefore, we studied the enzymatic properties and reusability of cel-
lulase immobilized on multiwalled carbon nanotubes and sodium alginate for the first time. The results showed that
the optimum temperature and pH of immobilized cellulase was 40 °C and 3.0, respectively. After T month of storage
at 4 °C, the enzyme activity of immobilized cellulase dropped to 71.2% of the baseline. Immobilized cellulase was
proved to be reusable and maintained ~ 70% of its activity after 7 cycles of repeated use. Versus free cellulase, the
immobilized cellulase showed good thermal stability, pH resistance, storage stability and reusability, which could be
beneficial in large-scale industrial manufacturing processes.

Introduction

Agricultural countries, such as China, have many straw
crops, most of which are accumulated or incinerated in
the soil. These crop wastes are leading to pollution and
a waste of resources. One alternative solution is convert-
ing the straw into gas or liquid fuel to produce energy
and minimize pollution concurrently (Li et al. 2009;
Duarte et al. 2013). However, it is currently limited by
high production costs, low enzymatic activity and high
consumption of cellulase. Immobilized enzymes were
allowed the enzyme to be reused in multiple cycles to
lower the production costs and overcome such techni-
cal bottlenecks (Zhang et al. 2005; Wu and Ma 2008;
Tao et al. 2006). Researchers typically immobilize cel-
lulase via covalent crosslinking and physical adsorption
(Karimi et al. 2014; Matsuura et al. 2006). Carrier materi-
als chosen to immobilize cellulase were nanoscale mate-
rials (Bohara et al. 2016), natural polymers (Andriani
et al. 2015), mesoporous materials (Zhang et al. 20164, b)
and magnetic materials (Han et al. 2018); however, high
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and indicate if changes were made.

leakage rates were discovered in all these single carrier
immobilized enzymes. The leakage rates can be reduced
via the introduction of functional groups, but the pro-
cess is complex and the costs of biocatalysis can also
be increased (Pang et al. 2015). Two interesting carrier
groups that will be highlighted in this work are carbon
nanotubes and sodium alginate.

Since their discovery in 1991, carbon nanotubes have
attracted much attention due to their unique structure
(Huang and Tsai 2009). They are composed of graph-
ite flakes in cylindrical structure. Single-walled carbon
nanotubes (SWCNTs) consist of only one sheet of graph-
ite flake curling around a central axis, while multi-walled
carbon nanotubes (MWCNTs) are formed by several
graphite sheets curling around a central axis (Zhang et al.
2013; Feng and Ji 2011). MWCNTs have better physical
and chemical stability, lower price, easier preparation
and lower toxicity than SWCNTs (Rastian et al. 2014; Lee
et al. 2006). Carbon nanotube immobilized enzymes have
a large surface area, high enzyme content, and superior
dispersibility (Apetrei and Apetrei 2015; Pang et al. 2015).
In addition, the dimensions of the carbon nanotubes are
similar to those of the enzyme, which facilitates an effi-
cient reaction (Janegitz et al. 2011). Finally, they are easy
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to be separated from the reaction system, along with
some other features as reusable, feasible in transporta-
tion and storage, stable and economical. These charac-
teristics can potentially increase their commercialization
(Mohamad et al. 2015; Ansari and Husain 2012; Wan
et al. 2015).

Besides its non-toxicity and low price, Sodium alginate
has many practical applications (Guzik et al. 2014). It is
a natural polysaccharide formed by the glycosidic bond
between [B-D-mannuronic acid and a-L-guluronic acid,
and it can be extracted from marine plants such as sea
vegetables and giant kelp (Abd EI-Ghaffar and Hashem
2013). Ca’>" can interact with carboxyl groups to form
microspheres with the existence of guluronic acid algi-
nate, demonstrating excellent mechanical strength and
flexibility (Ozyilmaz and Gezer 2010; Cheirsilp et al
2009). That is one of the reasons why it is commonly used
as a carrier material for immobilized enzymes.

In this study, cellulase has been immobilized with car-
riers MWCNTs and sodium alginate. This process can
minimize the side effects caused by high leakage rates of
single carrier immobilized enzymes. These two carriers
are easy to obtain and economical, with an extra benefit
of lower costs in biocatalysis. In addition, temperature,
pH, stability, reusability and other enzymatic proper-
ties of the system were studied to provide a basis for the
potential industrial application of immobilized enzymes.

Materials and methods

Materials

Trichoderma cellulase (10 U/mg) (Shanghai Ryon Bio-
logical Technology Co., Ltd., Shanghai, China); MWC-
NTs with an outer diameter of 15-30 nm and a length
of 1.5 pum (Shenzhen Nanotech Port Co., Ltd., Shenz-
hen, China); Corn stalks (from Chahar Right Banner
Waulanchabu, Inner Mongolia).

Immobilization of cellulase by MWCNTs and sodium
alginate

Cellulase (75 mg) was added to 25 mL of 50 mmol/L pH
5.0 citrate-Na,HPO, buffer, followed by 20 mg of MWC-
NTs. The solution was shaken in a 40 °C water bath at
200 rpm for 3 h (Zhou et al. 2014). Next, 100 mL of 3.5%
sodium alginate was added, respectively with continu-
ous mixing. The mixture was drawn into a 5 mL syringe
to a height of 20 cm, and 2% CaCl, solution was injected
in immediately to form smooth globules. Subsequently,
the globules were filtered and the CaCl, solution was
replaced to static hardening in a 4 °C refrigerator for 2 h.
The globules were filtered out again and the water surface
was blotted after another wash step. Finally, the immo-
bilized cellulase was obtained and stored at 4 °C (Zhao
et al. 2007).
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Determination of cellulase activity

Carboxymethyl cellulase (CMC) was used as a substrate
and was determined by the 3,5-dinitrosalicylic acid (DNS)
method (Zhou 2008). First, 1.0 mL of 50 mmol/L citrate-
Na,HPO, buffer (pH 4.8) and 0.5 mL of 1% CMC were
added into a 25 mL graduated test tube. Then, 0.5 mL
of enzyme solution was added and the tube was put in a
50 °C water bath for 30 min. 3 mL DNS was added after-
ward and put in boiling water bath for 5 min. Subsequent
to cooling process, distilled water was added to maintain a
constant volume of 25 mL. The absorbance of the 3-amino-
5-nitrosalicylic acid was detected via colorimetric method
at 540 nm (0.5 mL distilled water was used to replace the
enzyme solution as blank control). The reducing sugar
produced by the hydrolysis of cellulase can reduce DNS to
3-amino-5-nitrosalicylic acid, thus the product is red under
alkaline condition and has a maximum absorbance at
540 nm. The optical density is proportional to the reducing
sugar content within the linear dynamic range. The reduc-
ing sugar content was calculated via a standard glucose
curve equation, and the cellulase activity was calculated
by the following formula. The immobilized cellulase activ-
ity was determined by replacing 0.5 mL of enzyme solu-
tion with 0.5 mL distilled water and immobilized enzyme,
the other steps remained the same as the determination of
free cellulase activity. Three independent experiments have
been performed to obtain the data. The cellulase activity
was calculated as:

Free cellulase activity (U/L)

reducing sugar content (mg) x N x 1000
B 0.18 x t x V
Immobilized cellulase activity (U/ g)

__ reducing sugar content (mg) x 1000
B 018 xtxg

Note: t: reaction time of enzyme and substrate, V: vol-
ume of added cellulase solution during the determination
of enzyme activity, N: dilution ratio, 0.18: 1 pmol glucose
is equivalent to 0.18 mg glucose, g: the amount of added
immobilized cellulase.

Determination of enzyme immobilization yield

The total activity of the free cellulase added during the
immobilization process, M, and the activity of cellulase in
the supernatant after immobilization, M,, were detected.
Three independent experiments have been performed to
obtain the data. The immobilization yield was calculated as:

(Mo — M1)/Mp x 100%
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Effect of sodium alginate concentration on cellulase
immobilization yield

The cellulase immobilization yield were measured by
altering different sodium alginate solutions in the con-
centration of 2%, 2.5%, 3%, 3.5% or 4%.

Effect of enzyme concentration on immobilized cellulase
activity and immobilization yield

The immobilized cellulase activity and immobilization
yield were measured by altering enzyme solution with
different concentration as 1 mg/mL, 2 mg/mL, 3 mg/mL,
4 mg/mL, 5 mg/mL, 6 mg/mL.

Effect of temperature on cellulase activity

The cellulase activity on immobilized and free enzymes
were measured by altering water bath temperatures as
30 °C, 40 °C, 50 °C, 60 °C and 70 °C, respectively. The
graph was drawn with time being the abscissa and rela-
tive cellulase activity and immobilized cellulase activity
being the ordinate.

Effect of pH on cellulase activity

The activity of immobilized and free cellulases were
measured at 50 mmol/L with citrate-Na,HPO, buffer of
different pH as 3.0, 4.0, 5.0, 6.0 and 7.0 in a 50 °C water
bath. The graph was drawn with pH being the abscissa
and relative cellulase activity and immobilized cellulase
activity being the ordinate.

PH stability of cellulase

The immobilized and free cellulases were added to
50 mmol/L citrate-Na,HPO, buffer of different pH as
3.0, 4.0, 5.0, 6.0 and 7.0 in a 40 °C water bath for 1 h. The
cellulase activity was then measured. The initial cellu-
lase activity was 100%, and the trend of cellulase activ-
ity changing over time was showed with pH being the
abscissa and relative activity and immobilized cellulase
activity being the ordinate.

Storage stability of cellulase

The immobilized and free cellulases were stored in a 4 °C
refrigerator for 1 month. The cellulase activity over time
was determined with the initial cellulase activity set as
100%.

Reusable hydrolysis CMC by immobilized cellulase

Immobilized cellulase (0.2 g) was added to a 25 mL grad-
uated test tube, together with 0.5 mL CMC (1%) and
1.5 mL citrate-NaH,PO, buffer (50 mmol/L, pH 3.0).
After 30 min reaction in a 40 °C water bath, the reaction
liquid was removed to confirm the cellulase activity. The
immobilized cellulase was rinsed thrice with 50 mmol/L
citrate-NaH,PO, buffer (pH 3.0). Next, fresh 1% CMC
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was added and the activity of the immobilized cellulase
was measured again. Finally, the reusability of immobi-
lized cellulase was determined after repeated cycles.

Straw pretreatment

The straw was cut into 2—3 c¢cm sections and ground into a
powder to pass through a 40 mesh screen. 10 g dry straw
powder was then placed in a flask along with 200 mL of
1% dilute sulfuric acid and the mixture was left for incu-
bation for~12 h. Then dilute acid hydrolysis was per-
formed at 121 °C for 2 h. The residue was filtered, washed
with water until neutral, dried, ground into a 40 mesh
powder, cooled to room temperature and stored (Yao
2008).

Reusable hydrolysis straw by immobilized cellulase

2 g of immobilized cellulase and 1 g of straw powder were
added into 50 mL citrate-Na,HPO, buffer (50 mmol/L,
pH 3.0) and then placed in a 40 °C water bath. After
the straw was hydrolyzed for 24 h, the supernatant was
removed to measure cellulase activity. The immobilized
cellulase was washed thrice with citrate-Na,HPO, buffer
(50 mmol/L, pH 3.0), and then 1 g fresh straw powder
and 50 mL citrate-Na,HPO, buffer (50 mmol/L, pH 3.0)
was added again for hydrolysis. Next, the reusability of
the immobilized cellulase was determined after repeated
cycles.

Results

Effect of sodium alginate concentration on cellulase
immobilization yield

Figure 1 shows that the immobilization yield of cellulase
increases with increasing sodium alginate concentration.
The maximum immobilization yield was 57.2% when the
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Fig. 1 Effects of sodium alginate concentration on cellulase
immobilization yield
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concentration of sodium alginate was 3.5%. However, the
immobilization yield decreases with further increases of
sodium alginate concentration. Thus, the most appropri-
ate concentration of sodium alginate is 3.5%.

Effect of enzyme concentration on immobilized cellulase
activity and immobilization yield

Immobilized cellulase of different concentrations
was prepared to study the activity and immobiliza-
tion yield (40 °C, pH 5.0 citrate-Na,HPO, buffer). Fig-
ure 2 shows that the activity of immobilized cellulase
gradually increases with increasing enzyme concentra-
tion while the immobilization yield of cellulase gradu-
ally decreases with increasing enzyme concentration.
This implies that the enzyme loss rate increases. These
observations suggest that an enzyme concentration of
3 mg/mL is the best for further study.

Effect of temperature on cellulase activity

Figure 3 shows that the optimum temperature for both
immobilized cellulase and free cellulase is 40 °C. When
the temperature is higher, the activity of the immobilized
cellulase and free cellulase begin to decrease. The relative
activity of the immobilized cellulase is 92.3% at 50 °C. This
contrasts with the relative activity of the free cellulase,
which is 84.1%. These data confirm that the immobilized
cellulase has better thermal tolerance than the free one.

Effect of pH on cellulase activity

The optimal pH of the immobilized cellulase is 3.0 and
the free cellulase is 5.0 (Fig. 4). It shows this enzyme
works better in acidic conditions.

120 T T T T T

1 1 1 1
w0 ©w w w e
S @ 13 © 1)
S S S S o

Relative activity (%)

1
[Sv]
=
Tmmobilized cellulase activity (U/g)

0 1 1 1 1 1
3 4 5 6 7
pH
—<— Free cellulase relative Activity

—u— Tmmobilized cellulase relative Activity
—A— Tmmobilized cellulase activity

)
=
o

Fig. 4 Effect of pH on cellulase activity

Cellulase pH stability

Figure 5 shows that the best pH for immobilized cel-
lulase and free cellulase to maintain stability is 3.0.
Higher pH decreases the stability of cellulase.

Storage stability of cellulase

Figure 6 shows that the enzyme activity remains at
88.1% of the initial immobilized cellulase activity
after it is stored for 7 days; the free cellulase activity
decreases to 72.7% of the initial cellulase activity. After
storage of the immobilized cellulase for 30 days, the
enzyme activity remains at 71.2% of the initial immo-
bilized cellulase activity, but the free cellulase activity
decreases to 56.8%.
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Reusable hydrolysis CMC by the immobilized cellulase
Figure 7 shows that the immobilized cellulase activity
is only 59.5% of the initial immobilized cellulase activ-
ity when directly immobilized with MWCNTs and after
three reused cycles. The immobilized cellulase activity
is only 60.9% of the initial immobilized cellulase activ-
ity when directly immobilized with sodium alginate
and after three reused cycles. The immobilized cellu-
lase activity remains at 91.2% of the initial immobilized
cellulase activity when immobilized with MWCNTs
and sodium alginate and after three reused cycles. The
immobilized cellulase activity remains at 71.5% of base-
line after seven reused cycles (Fig. 8) with MWCNTs
and sodium alginate.
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Reusable hydrolysis straw by immobilized cellulase

Figure 9 shows that the immobilized cellulase activ-
ity remains at 67.9% of the initial immobilized cellulase
activity after seven repeated straw hydrolysis cycles.

Discussion

Here, we discuss the enzymatic properties of the cellulase
immobilized by MWCNTs and sodium alginate. We've
studied the material’s ability to hydrolyze straw in a reus-
able way and compared immobilized cellulase with free
cellulase.
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The concentration of sodium alginate affects the
enzyme immobilization yield, the mechanical strength
of the beads and the difficulty of pelleting. When the
concentration of sodium alginate is 1% and 1.5%, the
beads strength is low with an obvious tail phenomenon.
When the concentration of sodium alginate is 3.5%, the
beads are smooth and round with moderate mechanical
strength. Beads are difficult to form at the concentration
of 4% because of the high viscosity of the solution, it is
difficult to push the syringe.

The activity of immobilized cellulase gradually
increases with increasing enzyme concentration (Fig. 2).
The increased activity of the immobilized cellulase is due
to the large number of pores on the surface of the MW C-
NTs. These pores could absorb cellulase; the sodium algi-
nate could perform similarly.

The temperature has a dual effect on enzyme activ-
ity: The enzyme activity inhibits at low temperature.
The enzyme activity denatures at high temperature and
their activity decreases. The optimal temperature for
immobilized cellulase and free cellulase is of 40 °C. The
immobilized cellulase has better thermal tolerance than
free cellulase (Fig. 3) because the carbon nanotubes and
sodium alginate offer a rigid external backbone for cel-
lulase molecules. Similarly to previous studies, the effect
of high temperature on the active center of the enzyme
becomes less prominent (Zhang et al. 2016a, b).

In addition, cellulase has a higher activity within pH
3.0 to 5.0. The enzyme activity decreases under alka-
line conditions (Fig. 4) because the ionic groups on the
surface of cellulase have electrostatic repulsion. This
leads to changes in the cellulase activity center and will
reduce the overall enzyme activity. However, the activ-
ity of immobilized cellulase decreases in a slower speed
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than that of free cellulase, suggesting a better pH toler-
ance in enzyme immobilization. These conclusions are
similar to previous studies (Liu et al. 2013; Mubarak et al.
2014; Kim et al. 2017). PH of 3.0 offers the best stability
for immobilized and free cellulase (Fig. 5). The stability
of the cellulase gradually decreases with increasing pH.
However, the rate of decrease is lower with immobilized
cellulase because cellulase could be packed into the pores
of the MWCNTs and embedded in the calcium alginate
microspheres. Therefore, the immobilized cellulase has
higher pH stability than free cellulase, which is confirmed
by other studies (Boncel et al. 2013).

The cellulase activity, respectively remains at 71.2% and
56.8% of the initial cellulase activity after 30-day-storage
of the immobilized cellulase and free cellulase (Fig. 6).
This indicates that the storage stability of cellulase is sig-
nificantly improved after immobilization, regarded as a
vital prerequisite for industrial applications. Thus, immo-
bilized cellulase can be used for large-scale and industrial
processes.

The most obvious advantage of immobilized enzymes
over free enzyme is that it can be reused (Cheng 2015). In
this study, cellulase is immobilized directly by MWCNTs
or sodium alginate, but the leakage rate of the cellulase is
high (Fig. 7). The leakage rate of the cellulase is reduced
due to the adsorption of MWCNTs and the embedded
calcium alginate beads. After 7 cycles of repeated hydrol-
ysis of CMC and the straw, the activity of immobilized
cellulase still remains at 71.5% and 67.9%, respectively
(Figs. 8 and 9).Good reusability can reduce the amount of
free cellulase in industrial production and result in lower
production costs. The activity of the immobilized enzyme
declines gradually with increasing reuse cycles. This may
be because of the relatively weak binding forces via non
covalent bonds. Some enzyme molecules cannot be effec-
tively absorbed onto MWCNTs (Hasegawa et al. 2016).
The decreased activity may also be due to the hydrophilic
characteristics of sodium alginate. The size of the pores
gradually becomes larger after repeated use, resulting
in increased leakage of the enzyme and reduced activity
(Verma et al. 2013).

Abbreviations
CMC: carboxymethy! cellulase; SWCNTs: single-walled carbon nanotubes;
MWCNTSs: multi-walled carbon nanotubes; DNS: dinitrosalicylic acid.
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