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Abstract: In this work, amidoxime polyacrylonitrile (AOPAN) nanofibrous membrane was
prepared by a reaction between PAN nanofibers and hydroxylamine hydrochloride. The
AOPAN nanofibrous membranes were used for four metal ions (Fe®", Cu®’, Ni*", Cd*")
chelation under different conditions. Further, the competition of different metal ions
coordinating with AOPAN nanofibrous membrane was also studied. The AOPAN chelated
with individual metal ion (Fe3+, Cu®, Ni*', Cd2+) and also the four mixed metal ions were
further used for laccase (Lac) immobilization. Compared with free laccase, the immobilized
laccase showed better resistance to pH and temperature changes as well as improved
storage stability. Among the four individual metal ion chelated membranes, the stability of the
immobilized enzymes generally followed the order as Fe~AOPAN-Lac > Cu—AOPAN-Lac >
Ni—AOPAN-Lac > Cd—AOPAN-Lac. In addition, the immobilized enzyme on the carrier
of AOPAN chelated with four mixed metal ions showed the best properties.
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1. Introduction

Laccase is a copper-containing enzyme that can catalyze the oxidation of a wide variety of
substrates with the concomitant four electron reduction of oxygen to water [1,2]. Due to its high
efficiency, low cost, and good availability, it has been widely used in various applications including
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paper manufacturing [3], wood processing [4], environmental bioremediation [5,6], the food
industry [7], as well as textile engineering [8]. However, it has been realized that free enzymes have
the weakness of non-recyclability, and reusability in industrial applications. These problems can be
well solved by enzyme immobilization.

Various methods concerning laccase immobilization have been reported, including entrapment,
encapsulation, adsorption, covalent binding, as well as self-immobilization [9]. Among all these
methods, adsorption is relatively simple and less expensive, so it may have a higher commercial
potential than the other methodologies. Some studies have demonstrated that adsorption is preferable
to other techniques for the immobilization of some particular laccases [10]. Recently, metal-based
supports have been receiving emerging attention for metal-chelated enzyme adsorption [9]. Enzyme
immobilization on metal chelated support is based on multipoint interactions between chelated metal
ions on the support and the imidazole group of histidine, the indole group of tryptophan and the thiol
group of cysteine [11]. The transition metal ions are considered strong Lewis acids and interact with
strong Lewis bases such as nitrogen and oxygen [12]. In addition, Cu-, Ca-, Al-, Zr-based supports
have been studied for the laccase immobilization [12—15]. A general improvement in laccase activity
and stability was observed with all these metal-based supports.

Electrospun nanofibers have been recognized as excellent supports for enzyme immobilization
since they have a large surface area, high recovery and reusability of the enzymes [16].
Polyacrylonitrile (PAN) nanofibers after surface modification have been studied and proved to be ideal
support for laccase immobilization [17]. Amidoxime polyacrylonitrile (AOPAN) prepared by the
chemical modification of the nitrile group was known as good adsorbent for metal ions [18]. Feng [19]
has proved that after immobilized onto the surface of Fe(IlI) chelated AOPAN nanofibrous membrane,
catalase showed better stabilities. However, as far as we are concerned, metal ion chelated AOPAN
nanofibers have not been used for laccase immobilization yet.

In this work, AOPAN nanofibrous membranes were obtained by a facile electrospinning process
and followed by treatment in the aqueous solution of hydroxylamine hydrochloride. Four different
metal ions (Fe’', Cu®’, Ni*", Cd*") were then chelated by AOPAN nanofibrous membranes.
In addition, the metal ion chelated AOPAN nanofibrous membranes were then used to immobilize
laccase, the mechanism of which was shown in Figure 1. The properties of the immobilized enzyme
including optimum pH and temperature, storage stability as well as operational stability were
investigated. Moreover, the AOPAN nanofibrous membrane chelated with these four mixed metal ions
mentioned above was also used as substrate to evaluate its ability in enzyme immobilization.

Figure 1. Schematic illustration of laccase immobilized by amidoxime polyacrylonitrile
(AOPAN)-metal chelated nanofibrous membrane.
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2. Experimental Section
2.1. Materials

The laccase produced by Ganoderma lucidum using submerged fermentation was donated by Ding,
who has reported the process of the enzyme production and characterization in their work [20].
2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was obtained from Richu Biosciences Co., Ltd.
(Shanghai, China). PAN (M,, = 50,000 g-mol ') was purchased from Shangyu Wu and Yue Economic
and Trade Co. Ltd. (Zhejiang, China). All the other reagents used in this work were of analytical grade
and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of Metal Chelated Amidoxime PAN Nanofibrous Membranes

Three grams PAN powders were added into 20 mL N,N-dimethylformamide (DMF) and magnetically
stirred for about 24 h until a homogeneous solution was obtained. Then the solutions were electrospun
at a positive voltage of 15 kV with a working distance of 15 cm, and a flow rate of 0.5 mL-h™".

The as-prepared electrospun nanofibers (about 0.2 g) were then immersed in 50 mL of 20 g-L™
hydroxylamine hydrochloride aqueous solution. The pH of the reaction solution was adjusted to 7 by
adding sodium carbonate solution. The reaction was carried out at 50-60 °C for 2 h. After being
thoroughly washed, the AOPAN nanofibrous membranes were dried in vacuum oven at 50 °C.
The conversion of nitrile group in the PAN was calculated as follows [21]:

(W, =Wy )x53 «
W, %33

= 100 (D)
where C (%) is the conversion of the nitrile group into amidoxime group in the PAN, W is the weight
of the initial PAN nanofiber membranes, W is the weight of the modified PAN nanofiber membranes,
53 and 33 are the molecular weights of acrylonitrile monomer and hydroxylamine, respectively.
The conversion rate could be affected by temperature, reaction time and also the drying process, so it
would be variable in different batches.

Certain amounts of ferric chloride, copper chloride dihydrate, nickel chloride, cadmium chloride
were dissolved in deionized water with the final concentration of 1 g'L™". The pH of the solution
was adjusted to 4 by HCI (1 mM). Then the dried AOPAN nanofibrous membranes were separately put
into a beaker with 50 mL metal salt solutions. After reaction for 72 h at 30 °C, the membranes were
taken out. After being thoroughly washed with deionized water, the membranes were dried in vacuum
oven at 50 °C.

2.3. Immobilization of Laccase on Metal-Chelated AOPAN Nanofibrous Membranes

The laccase was dissolved in acetic acid/sodium acetate buffer (pH = 4.5) solution at the
concentration of 3 g-L™' by magnetic stirring for 20 min in ice bath. The supernatant was collected by
centrifuging for 5 min and used for the following immobilization process.

The nanofibrous membrane (100 mg accurately weighed) was placed into the centrifuge tubes
and then enzyme solution (8 mL per tube) was distributed into it. The immobilized laccase on
AOPAN nanofibrous membrane before metal-chelation was described in our previous work [22].
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The immobilization process was conducted in the refrigerator at 4 °C for 12 h. After that, the
membranes were taken out and washed thoroughly with buffer solution until no enzyme can be
detected in the washing solution. The activity of the washing solution was determined by adding
ABTS into the specimen taken from the washing water, the absorbance of which at the wavelength of
420 nm after reaction for 5 min was recorded. If the absorbance value was less than 0.1, it could be
considered as no enzyme in the washing water.

2.4. Structural Characterization

The morphology of the electrospun PAN nanofibers before and after amidoxime modification as
well as metal ion chelation was characterized by scanning electron microscope (SEM) (Quanta 200,
Holland FEI Company, Eindhoven, The Netherlands. The samples were sputter coated with a thin
layer of Au nanoparticles to reduce the charging effects.

Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet Nexus, Thermo Electron Corporation,
Waltham, MA, USA) was employed here to analyze the chemical structure of PAN and AOPAN
nanofibrous membrane in the range of 4000—400 cm ', using an Attenuated total reflectance (ATR)
FTIR method. The spectra were recorded with 16 scans with a resolution of 4 cm ™",

Energy dispersive X-ray analysis (EDX) (Hitachi H-7500 transmission electron microscope, Tokyo,
Japan) was used here to further confirm the existence of the metal ions chelated by the AOPAN
nanofibrous membranes. Besides, the concentration of the metal ions was determined by atomic
absorption spectroscopy (AAS) (AA-220, Varian, Palo Alto, CA, USA).

2.5. Activity Assays of Free and Immobilized Laccase

The immobilized enzyme activity was assayed at 30 °C using ABTS as the substrate. The detailed
process was reported in our previous paper [23].

Kinetic tests were carried out at 30 °C in 100 mM sodium acetate (pH = 4.5) buffer using ABTS as
the substrate, with the substrate concentration varied from 0.1 to 1 mM. The kinetic parameters of K,
and Vax were calculated according to the Lineweaver—Burk double reciprocal models [24].

To determine the optimum pH, the immobilized enzymes were incubated in 100 mM sodium
acetate buffers with pH ranging from 2 to 7 at 4 °C for 2 h and then assayed for activity, while the
optimum temperature was determined by the activities of the immobilized enzymes incubated in
buffers (pH 4.5) for 5 min at specific temperatures varying from 30 to 65 °C before adding ABTS.

The storage stability of the immobilized enzyme was determined by the activity retention ratio
during storage at 4 °C in 100 mM sodium acetate buffer solution (pH 4.5), at a regular intervals up to
20 days. Besides, the operational stability was studied by repeated usage for about 10 times, and the
relative enzyme activity was recorded. The experiments were carried out at 30 °C, pH 4.5.

3. Results and Discussion
3.1. Characterization of the Amidoximized PAN

The SEM images of the PAN and AOPAN nanofibers are shown in Figure 2a,b, respectively.
Compared with PAN nanofibers, the AOPAN nanofibers (51.7% conversion) showed an almost
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similar morphology and no cracks or physical degradation was seen. However, the overall fibrous
structure became more compact and the fibers were curved and entangled with each other, which could
explain the reason why after amidoxime modification, the nanofibrous membrane became stiff and
brittle. The FTIR spectra of PAN and AOPAN nanofibrous membranes are also presented in Figure 2c.
Compared with the pristine PAN nanofibrous membrane, the FTIR spectrum of the AOPAN
nanofibrous membrane showed some new peaks. The characteristic bands located at 3500-3100 cm ™,
1577 cm ', 1640 cm ', 1161 cm ', and 987 cm ' could be respectively attributed to the stretching
vibration of O—H, C=N, N-H, C—N and N-O, indicating the introduction of amidoxime group [21,25].

Figure 2. SEM Images of (a) pristine PAN; and (b) AOPAN nanofibrous membrane; and
(¢) FTIR spectra of PAN and AOPAN nanofibrous membrane.
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3.2. Characterization of the Metal lon Chelated PAN Nanofibrous Membranes

The morphology and the respective elemental analysis of the metal ion chelated AOPAN
nanofibrous membranes (33% conversion) were recorded by SEM (Figure 3) and EDX (Figure 4).
From the SEM images (Figure 3a—d), it can be observed that the metal ion chelated nanofibers showed
a similar structure as that of the AOPAN. The fibers were distorted and entangled together, and no sign

of physical cracks was seen. Besides, the results of the EDX (Figure 4a—e) confirmed the existence of
the metal ions.
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Figure 3. SEM of metal ion chelated nanofibrous membranes (a) Fe(III)-AOPAN;

(b) Cu(I)~AOPAN; (¢) Ni(I[)~AOPAN; and (d) Cd(II)~AOPAN.

Figure 4. EDX of metal

ion chelated nanofibrous membranes:

(a) AOPAN;

(b) Fe(II))~AOPAN; (¢) Cu(Il)~AOPAN; (d) Ni(I)~AOPAN; and (e) Cd(II)~AOPAN.
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3.3. The Coordination of Metal lons and Their Properties in Enzyme Immobilization

The amount of metal ions adsorbed onto AOPAN nanofibrous membranes (45% conversion) in
three different concentrations (100 mg-L™", 500 mg-L™', 1000 mg-L™") were shown in Figure 5a.
It could be clearly seen that with the increase of metal ion concentration, the amount of the chelated
metal ions by AOPAN nanofibrous membrane was also increased. Besides, the four metal ions at the
same concentration showed different behavior in the chelation process. The adsorption capacity
followed the order as Fe’* > Cu®" > Ni*" > Cd*". The adsorption behavior versus time was also studied
and the results were presented in Figure 5b. The AOPAN nanofibrous membrane with a conversion
rate of 39% was chosen for this experiment. During the first 6 h, the adsorbed metal ions were sharply
increased. After that, it achieved equilibrium value.

The amount of the adsorbed enzymes on four different metal ion chelated membranes was
calculated by the method of Bradford [23], and the results were illustrated by Figure 5c. As can be
seen, the Fe~AOPAN and Cu—AOPAN adsorbed the most enzymes, Ni~AOPAN adsorbed relatively
less enzymes, and the Cd—AOPAN showed the least, from which it could be inferred that the amount
rather than the category of metal ion determined the final amount of adsorbed enzyme. After enzyme
immobilization, the surface of the nanofibers are generally uniform while in some region small enzyme

aggregates can be seen (Figure 5d).

Figure 5. (a) Coordination quantities of metal ions chelated by AOPAN nanofibrous
membranes (pH = 4, temperature at 30 °C, reaction time = 72 h); (b) Relationship between
reaction time and coordination quantities (the concentration of the solution was
500 mg-L™", pH = 4, temperature at 30 °C); (¢) Amount of bound enzymes on different
metal ion chelated AOPAN nanofibers; and (d) SEM of Fe-AOPAN nanofibrous
membrane after enzyme immobilization.
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3.4. Properties of the Immobilized Enzyme
3.4.1. Kinetic Properties

The K. values for free and immobilized laccase (Fe—~AOPAN-Lac, Cu-AOPAN-Lac,
Ni—AOPAN-Lac, Cd—AOPAN-Lac) were 0.114, 2.713, 0.84, 1.53, 1.21 mM-Lfl, respectively. After
enzyme immobilization, the K, values were generally increased; indicating a lower affinity for the
substrate caused by diffusion limitations and decreased protein flexibility after immobilization [15].

3.4.2. Optimum pH

Effect of pH on the activity of the free and immobilized laccase on AOPAN chelated with different
metal ions (Fe’", Cu®’, Ni*, Cd*") was investigated at different pH values ranging from 2 to 7
(Figure 6a). Relative activity was defined as the percentage of the activity relative to the maximal
activity which was set as 100%. The maximal activity of the free and immobilized laccase was
exhibited at pH 3.5 and pH 4.0, respectively. This peak-shift phenomenon can be explained by the
electrostatic interaction influenced by the carrier microenvironment [26]. Similar behavior was also
observed in other studies [26,27]. As seen in Figure 5a, the immobilized laccase generally showed a
broader pH-activity profile than that of the free laccase, indicating that the immobilization methods
preserved the enzyme activity in a wider pH range [28]. Among the four immobilized laccase,
the Fe—AOPAN-Lac showed the best resistance to pH changes, while the Cd—AOPAN-Lac showed
the least. Besides, the activity retention during pH changes of Cu—AOPAN-Lac and Ni-AOPAN-Lac
was relatively lower as compared to that of Fe—AOPAN-Lac, following the same trend.

3.4.3. Optimum Temperature

The influence of temperature on the activity of the free and immobilized laccase is shown in
Figure 6b. The immobilized enzymes were incubated in buffers (pH 4.5) for 5 min at different
temperatures varying from 30 to 65 °C before adding ABTS. It could be observed that activities of
both free and immobilized laccase were strongly dependent on temperature, and the maximal activity
was exhibited at 50 °C. Compared with free laccase, the immobilized enzyme showed a broader
temperature profile. The improvement in resistance against temperature was probably due to a
reduction in molecular mobility and conformational changes by coordination into the metal chelated
support. The immobilized enzymes generally showed a similar profile trend of temperature stability in
the range of 30-65 °C. Among all the immobilized enzymes, the Fe~AOPAN-Lac showed the best
temperature stability over a broad range, Cd—AOPAN-Lac had a very close trend to the free enzyme,
while Cu—AOPAN-Lac and Ni-AOPAN-Lac showed relatively better temperature stability than that
of free laccase with a quite similar trend.

3.4.4. Storage Stability

The storage stability of the immobilized enzymes was also studied and the results are presented in
Figure 6¢. The immobilized enzymes showed better storage stability than that of the free enzyme.
The laccase immobilized on Fe—~AOPAN, Cu—AOPAN and Ni-~AOPAN composite nanofibers showed
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relatively higher storage stability than that of Cd-AOPAN. After being stored for 20 days,
the Cu—AOPAN-Lac retained more than 65% of its initial activity, which was higher than the results
we previously reported [19].

3.4.5. Operational Stability

The operational stability of the immobilized laccase is presented in Figure 6d. Decrease in the
enzyme activity upon repeated usage was expected due to the fact that enzymes may denature or
desorbed during repeated usage. After 10 repeated usage, the activity retention ratio of Fe~AOPAN-Lac,
Cu-AOPAN-Lac, Ni~AOPAN-Lac, Cd-AOPAN-Lac were 41.25%, 49.17%, 26.40%, 0.23%,
respectively. Among the four immobilized enzymes, Fe~AOPAN-Lac and Cu—AOPAN-Lac well
retained their activity during repeated usage, showing their potential value in future application.
However, Cd—AOPAN-Lac had lost all the activity since the 6th operation process.

Figure 6. The properties of both free and immobilized enzymes: (a) optimum pH;
(b) optimum temperature; (¢) storage stability; and (d) operational stability.
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Those results of the immobilized enzyme stability presented hereinbefore can be interpreted in
terms of the size of the metal ions and electric density which could further determine the coordination
capability between the chelate fiber ligand and the metal ions. According to Lewis theory [29] and
Pearson rules [30], metal ions, which have small size, high positive electric, low polarization ability,
and the property of being difficult to be deformed, are called hard acid. Hard acid such as Fe’” easily
accept the electron pair provided by the ligand. In contrast, those metal ions with large size,
low positive electric, high polarization ability are called soft acid, which cannot easily accept the
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electric pair from ligand. For example, Cd*" is a kind of soft acid. Besides, the properties of some other
metal ions fall in between of hard acid and soft acid, such as Cu*" and Ni*". The amino group existed in
both AOPAN and enzyme is a kind of hard alkali, which has strong electronegativity, and the
polarization capability of the electron pair provider is low. According to Pearson, hard acid prefers to
combine with hard alkali, while soft alkali tends to react with soft alkali. In addition, the coordination
compound formed between hard acid and hard alkali, soft acid and soft alkali are relatively stable, so the
coordination between the AOPAN and Fe’*, enzyme and Fe’* is relatively more stable than that of
AOPAN and Cd*, enzyme and Cd**. Same explanation applies to that of Cu’" and Ni*'.
Therefore, the general enzyme stability immobilized onto different supports follows the order as
Fe-AOPAN-Lac > Cu—~AOPAN-Lac > Ni~-AOPAN-Lac > Cd—~AOPAN-Lac.

3.5. Enzyme Immobilization on the AOPAN Chelated with Four Metal lons

The metal ion chelated AOPAN nanofibrous membranes used as enzyme carrier can improve the
properties of the immobilized enzyme to different extent. Therefore, in this work, we further explored
the properties of the immobilized enzyme on the AOPAN nanofibrous membrane chelated with the
four metal ions mentioned above.

3.5.1. Coordination with Mixed Metal Ions by AOPAN Nanofibers

Table 1 showed the results of the concentration of the metal ions before and after coordination
process in a mixed solution with four metal ions. In a mixed solution, the Fe*" and Cu®" still showed
better coordination properties than Ni*" and Cd*", which was in correspondence with the results of the
individual metal ions adsorption.

Table 1. Coordination characteristics of chelating nanofibers with mixed metal ions.

Before Coordination After Coordination
Metal Ions ] - ] -1
Reaction (mg-L ) Reaction (mg-L )
Fe** 2.640 0.920
Cu** 2.899 0.613
Ni** 7.290 7.080
Ccd* 5.560 5.360

3.5.2. Properties of the Immobilized Enzyme on the Mixed Metal lon Chelated AOPAN
Nanofibrous Membrane

The properties of the immobilized enzymes on mixed metal ion chelated AOPAN nanofibrous
membrane were studied and presented in Figure 7. The optimum pH and temperature of the
immobilized enzyme were at 4.0 and 50 °C (Figure 7a,b), respectively, which was in consistent with
that of the immobilized enzymes on individual metal ion chelated membranes. Moreover, the
resistance to pH and temperature changes was generally increased. Besides, the storage stability and
the reusability (Figure 7¢,d) were similar to that of the Fe~AOPAN-Lac.
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Figure 7. The properties of the immobilized enzyme on mixed metal ion chelated AOPAN
nanofibrous membrane: (a) optimum pH; (b) optimum temperature; (c) storage stability;
and (d) operational stability.
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4. Conclusions

AOPAN nanofibrous membranes chelated with different metal ions including F e3+, Cu*", Ni*, cd*
as well as the combination of these four metal ions were successfully prepared and used as the carrier
for laccase. The immobilization process enhanced the enzyme stability against pH and temperature changes
as well as the storage stability. As for the reusability, the Fe~AOPAN-Lac and Cu—AOPAN-Lac as well
as the mixed metal ion—~AOPAN-Lac showed ideal results. In conclusion, all of the four metal ions
contributed to improving the stability of the immobilized enzyme, and the properties of the
immobilized enzymes were more dependent on the quantity of the chelated metal ions than on the
metal ion itself. Therefore AOPAN nanofibrous membranes chelated with various metal ions can be an
ideal support for enzyme immobilization.
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