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ABSTRACT

Synthesis of Novel Immobilized Materials Based on Nickel Foam

and Study on Properties of Immobilized Enzymes

XIE FANGZHI
Advisor: Prof. Lee, Jung—Heon, Ph.D.
Department of Chemical Engineering

Graduate School of Chosun University

With the continuous development of biotechnology, materials, chemistry and other
modification methods, new materials continue to emerge, enriching the carrier sources
of immobilization technology researches. Nickel foam (Ni-foam) was used as the carrier
material, because of its being inexpensive, easy to handle and sponge-like porous struc-
ture makes it well suited as a base carrier material. In this study, the surface of
Ni-foam was coated with various polymer materials, including polyaniline nanofibers
(PANI), polyaniline magnetic particles (PAMP), and tannin iron ion complex
(TA@FeCl;_6H,0), polydopamine (PDA). They have functional groups, thereby making
it easier to immobilize the enzyme with the chemical cross-linking method. PANI,
PAMP, TA@FeCl; 6H,O, and PDA were synthesized in one step and subsequently
coated on Ni-foam. Previously, these polymer materials were used in the form of dis-
persed particles as enzyme immobilizers. However, after Ni-foam was coated with these
materials, it was easier to separate them from the reaction solution and control the
reaction. The immobilized enzymes and its carrier properties were characterized by us-

ing fourier transform infrared (FTIR-ATR) spectrophotometer, scanning electron micro-
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scope (SEM), and UV/Visible spectrophotometer.

The FTIR-ATR spectroscopy results showed that the polymer particles synthesized by
one-step method were our desired polymer materials and provided a direct proof for the
synthetic process of these polymer materials. The SEM images showed the various

nanofibrous forms which had increased surface area for enzyme immobilization.

The stabilities of immobilized lipase (LIP) and glucose oxidase (GOx) were analyzed
. The results showed that, the activity of GOx immobilized Ni-foam almost disappeared
after a month. However, the residual activities of PANIL, PAMP, TA@FeCl;_6H,O, and
PDA were 50.9%, 70.4%, 72.1%, 73.4%, respectively. The initial activity of immobi-
lized LIP on bare Ni-foam was higher than that of PAMP, PANI, PDA coatings, but
the stability was not good. Immobilized LIPs on TA@FeCl;_6H,O was the most stable
and had the best residual enzyme activity, followed by PDA, PAMP. After one month,
the residual activities of immobilized enzymes on bare Ni-foam, PANI, PAMP,
TA@FeCl; 6H,O, and PDA were 83.1%, 73.3%, 93.4%, 90.1%, and 98.3%,

respectively.

A PFR micro reactor with a capacity of 600 pL. was developed, and the nickel foam
with immobilized enzyme was used in a tubular reactor. The experimental results
showed that PDA-GOx and PAMP-GOx have good operational stabilities. The glucose
conversion with PDA-GOx decreased from 84.6+4.7% to 18.4+2.3% after 172 hours,
while that of PAMP-GOx from 82.1+1% to 22.2+4.4%. For LIP, the hydrolysate of
substrate 4-NPB was greatly affected by pH, so the pH was fixed to 6.5, and micro
PFR was used to detect its operation stability at room temperature. The results showed

that the conversion did not change after 24 days continuous operation of.

In summary, the modification of Ni-foam did not only increase the stability of the

enzyme reaction process, but also make the process economical feasible.

Keywords: Polyaniline nanofibers (PANI), polyaniline magnetic particles (PAMP), tan-
nin iron ion complex (TA@FeCl;_6H,0), polydopamine (PDA), nickel foam (Ni-foam),

lipase (LIP), glucose oxidase (GOx)
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I. Introduction

Enzyme is widely used in various fields because of its easy production, substrate spe-
cificity, high selectivity and high activity. Moreover, the enzyme itself can be degraded
by microorganisms, in line with the requirements of green chemistry. However, it is
well known that enzymes also have the following problems. (1) Once the enzyme is
separated from the cell, its activity decreases rapidly, and it is sensitive to external fac-
tors, such as temperature and pH, and is also extremely easy to be inactivated due to
changes in reaction conditions; (2) due to its complicated process of separation and pu-
rification, the enzyme is more expensive than ordinary catalysts, so the large-scale prep-
aration and application become a major problem; (3) most of the enzymes are soluble
in water, and the reaction in an aqueous solution causes the contamination of the prod-
uct and is difficult to separate, recover and re-use [1, 2]. Immobilization of the enzyme
is to overcome the above disadvantages, so that the enzyme catalytic reaction can be
stabilized in a heterogeneous reaction, like a chemical catalytic reaction, and is easy to

recycle and reuse.

Immobilization of an enzyme means that the enzyme is immobilized on a less solu-
ble carrier material by physical or chemical processes, which remains catalytically active
and can be recovered and tested repeatedly [3]. Enzyme immobilization is mainly car-

ried out from two parts: immobilization technology and immobilization carrier materials

[4].
A. Immobilization technology

The first scientific observation that led to the discovery of immobilized enzymes was
made in 1916 [2]. After several decades of development, a variety of immobilized tech-
nologies have emerged, which are derived from the traditional immobilization
technology. Four basic immobilization technologies, adsorption, covalent bonding, encap-

sulation, crosslinking [5], are summarized as shown in Figure 1.
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Figure 1. Conventional immobilization technology (a) adsorption (b)

covalent bonding (c) encapsulation (d) crosslinking.
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Adsorption is the simplest and most advanced method of enzyme immobilization. It
uses some weak bonds to immobilize the enzyme on the carrier, such as van der
Waals force, hydrophobic interaction and surface tension. The advantages of immobi-
lized enzyme preparation by adsorption method are simple operation, low restriction on
carrier and enzyme, high recovery rate and efficiency of enzyme activity, low cost. But
at the same time, the immobilized enzyme is unstable and easy to fall off. It should be

noted that the carrier may have some adsorption on the product [6].

Covalent bonding is one of the most widely used immobilization methods, which re-
fers to the process of amino acid residues on enzyme covalent bonding with the active
groups on the surface of carrier. This method generally requires the carrier to contain
more chemical groups or have stronger modification to generate chemical bond coupling
with enzyme molecules. Common chemical bonds include isourea bond, diazo bond, ep-
oxy group and alkane, carboxyl group, etc [7]. Covalent binding method is a relatively
simple method, which has strong stability and is not easy to lose enzyme molecules
and desorb. However, the functional modification of enzyme changes the conformation

of enzyme molecule, resulting in the decrease of enzyme activity [8].

Entrapment means that the enzyme is physically embedded in the matrix with porous
or network structure, and the enzyme is immobilized by adjusting the pore size of the
matrix. This method does not react with the carrier, it does keep the molecular con-
formation of the enzyme, improve the mechanical stability of the enzyme, along with
reduce the leaching of the enzyme, but limits the diffusion of the enzyme. Moreover,
the size of matrix and product molecules is also limited, which is too large for to pass

through the matrix.

Crosslinking is an irreversible method to form covalent bonds between enzyme mole-
cules using bifunctional or multifunctional crosslinkers [9]. The commonly used cross-
linking agents are glutaraldehyde [10, 11], hexamethylene diisocyanate, maleic anhy-
dride, bisazobenzene, isocyanate derivatives, etc. Because of the multi-functional struc-
ture of the crosslinking agent, the crosslinking reaction may occur in the active center
of the enzyme, reducing or deactivating the activity of the enzyme. In addition, the im-

mobilized enzyme crosslinks formed by simple crosslinking have no carrier and poor
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mechanical properties. Therefore, the crosslinking method combined with other immobili-

zation methods can obtain better immobilization effect [7].

At present, many enzyme immobilization methods derived from basic immobilization

methods have been reported.
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B. Immobilization carrier materials

1. Traditional immobilization carriers

Common traditional carrier materials, such as silica, activated carbon and other in-
organic materials, with high specific surface area and porous structure which are more
suitable for immobilization. For example, a glucose biosensor with higher performance
is made by immobilizing glucose oxidase on silica with smaller particle size [12], and
glucose isomerase immobilized on a silica carrier is used to produce isoglucose [13]. In
addition, silica is modified into functional silica carrier with high active functional
group, which has been widely used in enzyme immobilization. Horseradish peroxidase is
immobilized on functionalized NH4-Fe;04/SiO, particles to degrade 2, 4-dichlorophenol
[14], and starch glucosidase is immobilized on activated carbon to make it have ex-

cellent catalytic activity and reusability [15].

Organic materials such as polystyrene, chitosan, sodium alginate are also traditional
materials. In practical application, the invertase from Saccharomyces cerevisiae is co-
valently immobilized on macromolecular polystyrene for the production of a mixture of
glucose-fructose [16]. Lipase is immobilized on chitosan by adsorption for the pro-
duction of n-butyl butyrate [17]. Saccharomyces cerevisiae is immobilized on the chito-
san for the production of (R)-mandelic acid [18], B-glucosidase is immobilized on the

sodium alginate to prepare the aroma of tea beverages [19], etc.

To sum up, the traditional immobilization not only carriers have high specific surface
area and porous structure, which is easy to be modified to form functional carriers, but
also has good mechanical properties and stability. And enzyme immobilization carriers

have good application in actual project.
2. New immobilization carriers

In recent years, in order to enhance the loading capacity, stability and activity of en-
zyme, with the cost reduced, researchers have conducted varieties of researches on im-
mobilized new carriers such as nano carriers, magnetic carriers, and composite carriers.

The high specific surface area of nanoparticles makes those carriers a hot topic. In ad-
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dition, studies have shown that nanoparticles can improve the stability and performance
of enzyme as carrier materials [20]. Compared with the traditional immobilization car-
riers, the enzyme nanoparticles make it easier to synthesize under safe conditions, and
can obtain uniform core-shell nanoparticles, which has high practicability [21, 22]. For
example, the triacylglycerol lipase immobilized on aldehyde-modified nano-SiO, exhibits
excellent stability [23], and the biosensor prepared by immobilizing glucose oxidase on

gold nano-sized particles has good reproducibility and stability [24].

The magnetic carrier material appears due to the problem of immobilized enzyme
separation, which makes the enzyme immobilized on the carrier material easy to be
separated by the magnetic field provided by the outside. Most of the magnetic carrier
materials are made from metal and its oxides, and the most commonly used one is iron
oxide. However, some studies have shown that individual magnetic nanoparticles may
be unstable and aggregate under certain reaction conditions, thus reducing the reaction
efficiency [25]. Therefore, in order to resolve this problem, it can be coated by a syn-
thetic polymer, which is encapsulated to protect the magnetic nanoparticles, i.e. to form
a composite carrier material [26]. For instance, the immobilization of a-chymotrypsin on
the magnetic nanoparticles modified by polydopamine shows good stability and reus-
ability, and that more than 84% activity after 10 cycles of use [27]. The immobiliza-
tion of invertase, [3-galactosidase and trypsin on the magnetic diatomaceous material
coated with polyaniline is used in industrial production, and the obtained composite ex-

hibits good magnetic properties and make it easy to recycle [28].

There are many types of carrier materials for enzyme immobilization, all of which
are improving the stability and reusability of enzyme and reducing the cost of industrial
production. Moreover, in order to improve and compensate certain defects, various hy-

brid composite carrier materials, namely novel carrier materials, have been invented.
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C. Carrier materials-PANI, PAMP, TA@FeCl;_6H,O, PDA

The carrier material used in this study is nickel foam (Ni-foam), which is inex-
pensive and easy to experiment with. Its unique pore structure, low pressure input hole,
inherent tensile strength and thermal shock resistance make Ni-foam the main object of
this study. In addition to being used as enzyme carrier in this paper, it is also active
in other fields. Composite porous materials, ranging from sponge to porous metal nick-
el, can be used as electrode materials to support CoO-Li,O in the field of electro-
chemistry, such as NiSe nanowire film, NiO/polyaniline film, etc. It can also be used

as filter materials and precious metal replacement recovery.

SEM image showed that the surface of Ni-foam was very smooth, which is not con-
ducive to enzyme immobilization. For this purpose, polyaniline nanofibers (PANI), poly-
aniline magnetic particles (PAMP), tannic acid@FeCl; 6H,O0 (TA@FeCl;_6H,0) and

polydopamine (PDA) coatings were used to modify the surface morphology of Ni-foam.

PANI is synthesized by rapid mixing the aniline monomer and ammonium persulfate.
Adding excessive ammonium persulfate as initiator to prevent the overgrowth of
polyaniline. As for enzyme immobilization, it provides an interesting nanostructure (as
shown in Figure 2) [29, 30] can provide a large surface area for the attachment of en-
zymes, which can lead to high volumetric enzyme activity. More precisely, it is a
rod-shaped nano polymer. Polyaniline has the advantages of its easy of synthesis, low
cost monomer, tunable properties, good semi-conductivity, high conductivity activity,
good environmental stability and so on. It is one of the most widely used conductive

polymers [31, 32].

PAMP is synthesized by adding Fe;O, in the process of PANI synthesis. By chang-
ing only the content of magnetic material, the magnetic intensity of PAMP can be to-
tally changed [33]. In this study, magnetic Fe;O4 particles also play a role of increasing

friction. Therefore, the synthesized PAMP is more easily adsorbed on Ni-foam.
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Figure 2. Chemical structure of polyaniline [32].
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TA, a special form of tannin, is a high-molecular-weight polyphenol. It contains a
large number of phenolic and dihydroxymethyl ester groups which are covalently linked
to the central glucose core. It is also ubiquitous in nature and exhibits anti-oxidation,
anti-bacterial, antimicrobial, together with anticarcinogenic properties. Furthermore, TA
has unique structural properties which promote the interaction with various materials
along with reaction pathways, including electrostatic, hydrogen bond, and hydrophobic
interaction. And metal chelation is a salient feature of TA, upon which it acts as a
polydentate ligand for metal ion coordination [34]. Usually, metal chelates made by
condensing Fe®" ions and natural polyphenol tannins from aqueous solution can coat flat
surfaces and change surface morphology. Three galloyl groups from TA can react with
each Fe'" ion to form a stable octahedral complex, allowing each TA molecule to react
with several Fe’* centers to form a across-linked film. In a certain range, the higher
content of iron ion has, the thicker the film is formed. For TA, TA@FeCl;_6H,O com-
posite coated on the Ni-foam is easy to fall off because of the over thickness, but only

enough thickness can be conducive to immobilized enzyme [35].
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Figure 3. The molecular structure of TA@FeCl;_ 6H,O [36].
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Dopamine, a molecule with both catechol and amino groups, can self-polymerize to
form a conformal coating on various surfaces in an oxidizing agent and weak alkaline
environment. Polydopamine (PDA) has many properties, such as versatile adhesive prop-
erties for inorganic and organic substrates and nanostructure, hydrophilic, non-toxic
properties, self-reducing ability, and in situ N-doping through carbonization for enhanc-
ing catalytic performance [37, 38]. Therefore, polydopamine which contains a large
number of reactive functional groups can adhere to a variety of substrate materials to
form PDA coatings. In this paper, the one-step controllable method was used to prepare
the polydopamine particles in ethanol solution. The particle size was controlled by con-

trolling the concentration of NH4OH, and the required particles were obtained.

11
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D. Research outline

The desired polymer is prepared with a simple and controllable synthesis method, and
nickel foam is added during the synthesis process, adjusting the shaker rotation speed
to 200 rpm. On one hand, the reaction solution was better mixed. On the other hand,
the synthesized particles were physically adsorbed to nickel foam to finish coating. The
surface morphology of the composite was examined by scanning electron microscopy
(SEM). Images were also obtained before and after coating, enzyme immobilization.
And using fourier infrared spectroscopy to identify whether the synthesized polymer was
required for this study, which could provide strong and direct evidence for the synthesis
process. The enzyme adsorption, precipitation, and crosslinking (EAPC) method was
used because it could increase the amount of enzyme immobilization by adding ammo-
nium sulfate to precipitate enzyme before crosslinking. What is more, the enzymes used
in this study were glucose oxidase and lipase, its activity and store stability were stud-
ied with a simple and controllable color development method. A micro plug flow re-
actor was fabricated by using a circular tube, and its operational stability was measured

in the same manner as above.

13
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II. Materials and Methods

A. Materials

1. PANI and PAMP

Hydrochloric acid was purchased from Duksan Pure Chemicals CO. Ltd. Aniline, iron
(I, IT) oxide and ammonium persulfate was purchased from Sigma Chemical Co. (St.

Louis, MO, USA).

2. TA@FeCl;_6H,0

Tannic acid was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Iron
(IT) chloride hexahydrate was purchased from Junsei Chemical Co., Ltd.

3. PDA

Dopamine hydrochloride was purchased from Sigma Chemical Co. (St. Louis, MO,
USA). 94% ethanol and ammonium hydroxide (NH;OH) was purchased from DC
Chemical CO., Ltd.

4. Enzyme immobilization and activity assay

Glucose oxidase (GOx) from Aspergillus niger was purchased from Biochemica, o-di-
anisidine dihydrochloride, glutaraldehyde and horseradish peroxidase were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). D(+)-glucose was purchased from
Junsei Chemical Co., Ltd. Ammonium sulfate was purchased from Duksan Pure
Chemicals CO., Ltd. Lipase from Candida rugose and 4-nitrophenyl butyrate approx.
98% was purchased from Sigma Chemical Co. (St. Louis, MO, USA). N,
N-Dimethylformamide was purchased from Junsei Chemical Co., Ltd. Bradford reagent
for 0.1~1.4 mg/mL protein was purchased from Sigma-Aldrich. Hydrogen peroxide

(30~32%) was purchased from Oriental Chemical Industries.

14
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B. Methods

1. Preparation for PANI, PAMP

Polyaniline was synthesized by mixing 7.5% of aniline and 0.1 M of ammonium per-
sulfate (APS) in 1 M hydrochloric acid and shaking it vigorously. It is worth noting
that in order to make the coating better, Ni-foam was added during the reaction proc-
ess, that is, 0.1 g of Ni-foam was added to the 7.5% aniline solution when the re-
action started. And when its color changed to dark green, it was put on the shaker,
where it was shaken at 200 rpm at room temperature for overnight. The Ni-foam was
washed with distilled water to eliminate the remaining HCI and free nanoparticles until
the color of distilled water remained unchanged [29]. For PAMP, in the process of pol-
yaniline synthesis, 1 g of Fe;O, (II, II) was added to APS solution to achieve the

purpose of synthesizing magnetic nanoparticles.
2. Preparation for TA@FeCl; 6H,0

The Ni-foam was coated with TA@FeCl; 6H,O coordination complexes as following:
the Ni-foam was placed in tannic acid aqueous solution of 0.04 g/mL and then placed
on the shaker at room temperature for 30 minutes at 200 rpm. 0.012 g/mL FeCl;_6H,O
aqueous solution (pH about 4) was added to the tannic acid solution containing
Ni-foam with a volume ratio of 1:1 [35], and shaken at room temperature for 16 hours
at 200 rpm [39]. It can be clearly observed that the color of the solution after reaction
was purple black. Therefore, the Ni-foam collected was washed with distilled water un-
til the color of the distilled water did not change, and then stored in distilled water for

use.
3. Preparation for PDA

The synthesis of PDA spheres was carried out in a water-alcohol mixed solvent. The
Ni-foam was coated with PDA as following: 40 mL 30% ethanol solution was pre-
pared, added Ni-foam and 0.2 mL NH4OH (28~30%), shaken at 200 rpm for 30 mi-
nutes at room temperature. And then, 0.5 g of dopamine hydrochloride was added to

the mixed solution, and the color immediately became light gray [40]. After 24 hours,
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the color changed to dark gray. The Ni-foam was then recovered and washed with dis-

tilled water until the color of the distilled water did not change.
4. Immobilization of enzymes on different carriers

Based on other research results [41, 42], the EAPC method is more effective than
other immobilization methods because of precipitation. Therefore, the immobilization ef-
fect is more significant and this immobilization method is applied in the study. The
specific steps are as follows: the carrier Ni-foam was firstly washed with 100 mM so-
dium phosphate buffer (pH 7.0) for 3 times, and then decant solution. 0.2 mg/mL (and
2 mg/mL) GOx solution (dissolved in 100 mM PB buffer) and ammonium sulfate (final
concentration is 35%) were added, and then it was precipitated in a shaker at 200 rpm
for 30 minutes at room temperature. Then, glutaraldehyde was added (the final concen-
tration was 0.5%) [42] for crosslinking the precipitated GOx at 4C for 17 hours at 50
rpm. Finally, decant solution and the enzyme-immobilized carrier was washed by 100
mM, pH 7.0 PB buffer for 5 minutes at 200 rpm. And decant solution was then wash-
ed with 100 mM Tris-HCI (pH 7.9) for 5 minutes at 200 rpm, and incubated with 100
mM Tris-HCI (pH 7.9) for 30 minutes at 200 rpm to un-react aldehyde groups [29].
Finally, the sample was washed with 100 mM, pH 7.0 PB buffer as the first washing
step for 5~10 times and stored in PB buffer at 4°C. The immobilization method of LIP

is the same as above.

According to the preliminary measurement (as shown in Figure 6), the enzyme activ-
ity immobilized by the enzyme solution with a concentration of 2 mg/mL was sig-
nificantly higher within the allowable economic benefits, so the immobilized enzyme of

this specification was uniformly used in the subsequent experiments.
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5. Characterizations

Scanning electron micrographs (SEM) of the prepared carriers before and after en-
zyme immobilization were carried out on a Gemini 500 + EDS (Oxford) scanning elec-
tron microscope under the conditions of voltage 15.00 kV and 100.00kx, and coating
60 seconds under 20 mA conditions before scanning electron microscopy. Fourier trans-
form infrared (FTIR) spectra of the carriers were conducted with a FTIR spectropho-
tometer (Affinity-1, Shimadzu) and ATR.

6. Enzyme loading test

The enzyme loading was carried out with the protein quantitative method to de-
termine the content of each immobilized enzyme in the study. Protein concentration was
measured by using the bradford, UV/Visible spectrophotometer (Ultrospec 2100 pro). In
order to determine the amount of immobilized enzyme on the existing carrier, the
amount of protein in buffer before and after immobilization was measured and
calculated. 1.5 mL of bradford reagent was added to the cuvette, mixed with 0.05 mL
of the sample, incubated at room temperature for 5 minutes, and finally with the ab-
sorbance determined at 595 nm. Standard calibration curve for BSA in the range of

0.1~1.4 mg/mL as shown in Figure 7.
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7. Enzyme activity assay

GOx oxidized glucose to gluconic acid, accompanied by the formation of hydrogen
peroxide, which can oxidize the reduced o-dianisidine in the presence of POD and turn
it into the brown red oxidized o-dianisidine. The reaction cocktail solution containing
0.17 mM o-dianisidine and 1.72% D(+)-glucose was prepared immediately before use.
The final enzyme assay was determined as reaction cocktail solution 4.99 mL and 600
U/mL POD 10 pL, then the immobilized enzyme was added to start the reaction, and

the absorbance value per minute was recorded at 500 nm for 5 minutes.
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A colorimetric method was carried out for the determination of LIP activity and
stability. LIP activity was determined by hydrolysis of 4-nitrophenyl butyrate at 410
nm. 50 mM 4-nitrophenyl butyrate was prepared in DMF, and the final enzyme assay
was to add the immobilized enzyme into 990 pL 20 mM PB buffer solution (pH 6.5),
and then 10 pL 4-nitrophenyl butyrate solution was added to start the reaction. The ab-

sorbance change within 10 minutes was also measured and recorded [43, 44].
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Figure 9. Enzymatic hydrolysis reaction of 4-nitrophenyl butyrate [4
4].
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Table 1. Enzyme activity assay

GOx LIP

Reaction cocktail sol-

Substrate solution :
ution :

4.99 mL 50 mM 4-Nitrophenyl 10 pL

0.17 mM o-Dianisidine

butyrate in DMF
&1.72% D(+)-glucose
POD : 600 U/mL 10 pL 20 mM PB (pH 6.5) 990 pL
uv 500 nm uv 410 nm
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8. Storage stability of immobilized enzyme

The immobilized enzyme was stored in the PB buffer solution (pH 7.0) and kept at
4°C. The residual activity of immobilized enzyme was measured periodically for one
month, two months. The buffer was used to rinse the foam 1~2 times before each

measurement, so as to avoid the effect of the detached immobilized enzyme particles.
9. Application of Micro-PFR with immobilized enzymes

Micro reactor is generally defined as a miniaturized reactor, whose characteristic size
is micrometer, and the reaction volume is in the range of nanoliter to microliter [45].
Micro reactors have great improvements in reaction speed, yield, etc. They are safe, re-
liable, and expandable, enabling a finer process control [46]. The micro reactor selected
in this study is a device for chemical reaction in the microchannel. And the reaction
system can be divided into a storage portion of a substrate solution, pump (Shimadzu,
LC-6AD), micro reactor, and sampling (product out) (Figure 10). The inner diameter
and length of PFR are 0.5 cm and 3.5 cm, with the total volume of 690 pL. The voi-
dage of PFR is 87%, so that PFR contains the liquid volume of 600 pL.
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a) Micro-PFR process using immobilized GOx
(1) Production of gluconic acid using Micro-PFR process

In this paper, an easy-to-operate application on micro reactor chromogenic method is
used to measure the amount of hydrogen peroxide produced, indirectly indicating the

amount of glucose conversion. (Calibration curve as shown in Figure 11)

The substrate solution used in this experiment was 1.72% D(+)-glucose solution, and
the reaction was carried out at a flow rate of 5, 4, 3, 2, 1, 0.5 mL/min under the con-
ditions of pH 7.0 and 25C. 981.72 pL of the solution was collected after the reaction
at the outlet. o-Dianisidine 8.28 pL and POD 10 pL were mixed well with a pipette
tip, and the absorbance at 500 nm was measured. The results were shown in Figure
12, 13. When the flow rate was set to 1 mL/min, the conversion was relatively high
and more profitable, so the stability measurement results were plotted according to the

value of 1 mL/min.

28

Collection @ chosun



14
1.2 -
1.0 -
-
0.8
0.6
y=12.912x-0.0009
R2=0.9957
0.4 T T T T
0.04 0.06 0.08 0.10

Concentration (mol/L)

Figure 11. Standard curve for the determination of hydrogen peroxide
(H,0,) concentration.

29

Collection @ chosun



60
RS b
o /; 50 4
3/ ol
= MY =
; =
s : 0D = 0D
EREL B - 4D £ 304 D
= A 8D z 8D
s ; |A 14D = 14D
()
U B ol 18D 20 4 18D
21D 210
*1° B 30
X 35D 104 30
40D
45D 53D
9 590
59D
0 T T T T T T 0 T T T T T .
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Flow Rate(mL/min) Flow Rate(m L/min)
50 70
¢ d -
A 0 o
4 - %
40 7 =
o f8 09 o -
- A
< %04 gé = 404 o
E AN w| = g o
£ :ﬂ :3 E 8D
z SEIN s 14D
E 20 4 13D o 18D
23D
2 20 4 21D
¢ 27D 25D
37D 35D
10 4 42D | e
47D 1 53D
55D 59D
610 0 . . . . . .
0 . . . . . . 0 1 2 3 4 5 6 7
0 1 2 3 4 5 6 7

Flow Rate(mL/min)
Flow Rate(mL/min)

Figure 12. The reaction conversion at the different flow rates. (a) PANIL (b)
PAMP, (¢) TA@FeCl;__6H,0, (d) PDA.

30

Collection @ chosun



Conversion%
Conversion%

Conversion%
Conversion%

T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

t(Day) t(Day)
Figure 13. The stability of immobilized GOx at the flow rate of 1 mL/min. (a)
PANI, (b) PAMP, (¢) TA@FeCl;__6H,0, (d) PDA.

31

Collection @ chosun



(2) Effect of pH, temperature and substrate concentration on Micro-PFR

process

Because most of the enzymes are proteins, their activity is affected by substrate con-
centration, temperature, pH, factors that destroy protein structure [47]. In the case that
the amount of enzyme is constant, there are too many substrates to saturate the enzyme
molecule, and the excess substrate molecule cannot react until the substrate has been
bound to the enzyme reacts and is released (or released without reacting). Most enzy-
matic reactions increase in reaction rate with increasing temperature, but at a certain
temperature, the protein is denatured due to high temperatures. It is because of the
same reason that most enzymes are sensitive to the change of hydrogen ion concen-
tration or pH. Extreme levels of hydrogen ions (high or low) that may denature the en-
zyme [48]. Any change in pH, even a small one, will change the acidity or basicity of
the enzyme and the degree of ionization of the substrate components [49]. And the

maximum activity can only be achieved within the optimal pH range.

In this paper, PDA-GOx and PAMP-GOx micro reactor at a flow rate of 1 mL/min
were used as research objects to study the effects of substrate concentration, temper-
ature, and pH value on glucose conversion. In order to reduce the experimental error,
samples were taken after 30 minutes of system operation. In the range of glucose con-
centration 1.72~5.72%, temperature 25~65C, pH 4~8, the optimum of substrate concen-
tration, temperature, and pH was determined. As can be seen from Figure 14, when the
glucose concentration was higher, the reaction reached saturation state and the efficiency
of conversion was lower, so the glucose with a concentration of 1.72% was selected
for subsequent experiments. What is more, as can be seen from Figure 15 that the
highest conversion of PDA-GOx occured at 35C, pH 5, and the highest conversion of
PAMP-GOx occured at 35°C, pH 6.
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(3) Response surface analysis of Micro-PFR

The Response Surface Methodology (RSM) is a widely used mathematical and stat-
istical method for modeling and analyzing processes with the goal of optimizing re-
sponses [50], especially if is affected by several variables, due to its low computational
effort. The advantage of RSM is to establish interactions between variables, together
with mathematical models, and reduce the number of experiments, so saving time and
costs [51]. It is mainly carried out in the following three steps. The first one is a
screening test that helps select the key factors that are expected to affect the response.
Secondly, the experiment is performed by using a central integrated design of two vari-
ables or a Box-Behnken design method of three variables under optimal conditions, and
the optimal conditions for optimizing the variables of the response values in the target
region are searched. The final step is to verify the importance of the model formed in
the response surface analysis and the repeatability by comparing the actual experimental
values with the expected response values after actual experiments under optimized con-

ditions [52, 53].

In this experiment, response surface analysis of PDA-GOx and PAMP-GOx was per-
formed by pH and temperature of the independent factors affecting gluconic acid
conversion. According to the measurement results of the independent factor (Figure 15),
PDA-GOx was centered at 35°C and pH 5, and PAMP-GOx was designed with 35°C

and pH 6 as the center point to obtain optimal conditions.

As seen from Table 2, the Model F-value of 122.18 implies the model is significant.
There is only a 0.01% chance that an F-value this large could occur due to noise. In
this case, temperature, pH, there interactions are all significant terms. The "Pred
R-Squared" of 0.9194 is in reasonable agreement with the "Adj R-Squared" of 0.9806;
i.e. the difference is less than 0.2. "Adeq Precision" that measures the signal to noise
ratio. A ratio greater than 4 is desirable while the ratio of 24.035 indicates an adequate
signal. This model can be used to navigate the design space. The final optimal operat-

ing conditions for PDA-GOx Micro-PFR were temperature 29.5°C, pH 5.25.

The same can be seen from Table 3, the Model F-value of 44.86 implies the model

35

Collection @ chosun



is significant. There is only a 0.01% chance that an F-value this large could occur due
to noise. In this case, pH, temperature and pH interaction are significant terms. But the
factor temperature is not significant. The "Pred R-Squared" of 0.8137 is in reasonable
agreement with the "Adj R-Squared" of 0.9481; i.e. the difference is less than 0.2.
"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable.
The ratio of 15.944 indicates an adequate signal. This model can be used to navigate
the design space. The final optimal operating conditions for PAMP-GOx Micro-PFR
were temperature 31.8°C, pH 6.31.
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Table 2. ANOVA for Response Surface Quadratic model of PDA-GOx

Source Sum of df Mean F Value p—-value
Squares Square
Model 9408. 80 5 1881. 76 122. 18 < 0.0001
A-pH 94. 23 | 94. 23 6. 12 0. 0426
B-T 393. 43 | 393. 43 25.55 0. 0015
AB 220. 52 1 220. 52 14. 32 0. 0069
A 5444. 18 1 5444. 18 53.49 < 0.0001
B? 4382. 68 | 4382. 68 284. 57 < 0.000
Residual 107. 81 7 15. 40
Lack of Fit 107. 81 3 35.94
Pure Error 0. 000 4 0. 000
Cor Total 9516. 61 12

Design-Expert?Software

Factor Coding: Actual

conversion (%)

o Design points above predicted value

°

X1=A:pH
= B: temperature

2%
i
et

",

ay

LRI
&

conversion (%)

Figure 16. Response surface graph of gluconic acid yield (%) with
temperature and pH. (PDA-GOx)

37

Collection @ chosun



Table 3. ANOVA for Response Surface Quadratic model of PAMP-GOx

Source Sum of df Mean F Value p—-value
Squares Square
Model 3746. 65 5 749. 33 44, 86 < 0.0001
A-pH 98. 38 | 98. 38 5. 89 0. 0456
B-T 11. 17 1 11. 17 0. 67 0. 4405
AB 694. 32 | 694. 32 41. 56 0. 0004
A 2187. 31 | 2187. 31 130. 94 < 0.0001
B? 527. 74 | 527. 74 31.59 0. 0008
Residual 116. 94 7 16. 71
Lack of Fit 116. 94 3 38.98
Pure Error 0. 000 4 0. 000
Cor Total 3863. 58 12

Design-Expert?Software

Factor Coding: Actual

conversion (%)

o Design points above predicted value
-]

81.7
36.3
X1=A:pH
X2 = B: temperature 90

conversion (%)

8 35
7 B: temperature
6 45

A: pH

Figure 17. Response surface graph of gluconic acid yield (%) with
temperature and pH. (PAMP-GOx)
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(4) Study on the operational stability of immobilized enzymes with

Micro-PFR

Living organisms use various enzymes in their bodies to synthesize necessary sub-
stances break down and sustain life. The decomposition or synthesis reactions are all
performed at room temperature and atmospheric pressure, effectively producing what is
suitable for our body. Realizing this process in a living body to an external device can
produce an ideal production that makes it easier to achieve resource and energy saving.
The reaction device with this principle used is called a bioreactor. Bioreactors perform
biochemical reactions by adding biocatalysts and substrates to economically produce the
desired substances, and there are measurement and control devices to make biochemical
reactions efficiently perform under optimal conditions. Considerations for designing bio-
reactors include increasing the rate of substrate conversion to product, product concen-
tration and yield, productivity and stability, and for continuous reactions, enzymatic im-
mobilization methods that can be used without long-term replacements. In addition, un-
like other catalysts, enzymes work only on specific reactions, which do not produce un-

necessary substances.

The PFR reactor with the total volume of 600 pL was operated under the optimal
reaction conditions obtained in the previous step. And the condition had been set to

glucose concentration was 1.72%, and the flow rate was 1 mL/min.
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b) Micro-PFR process using immobilized LIP

LIPs are enzymes based on ester bonds, whether they are hydrolyzed or synthesized,
depending on the water in the reaction medium. Because of the stability in organic sol-
vents, wide substrate specificity, stereoselectivity and regioselectivity, they are important
biocatalysts for various biotechnological applications [54]. LIP is also a catalyst that can
be used in large quantities at an industrial level. In order to obtain maximum yield in
a biological process, the variable stability of the enzyme in the reactor is detected [44].
4-NPB was selected as the reaction substrate, and its operational stability was measured
by measuring the conversion of 4-nitrophenolate anion (Figure 18) released by the
reaction. It can be seen from Figure 19 that the conversion of LIP immobilized on
TA@FeCl;_6H,O and PDA was 95.5% and 97.7% respectively in the retention time of
3 minutes, while the conversion of PANI and PAMP immobilized lipase was only
78.4% and 89.1% at the same retention time. Therefore, TA@FeCl; 6H,O and PDA

immobilized LIP were selected to determine the operational stability of the Micro-PFR.
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Figure 19. 4-Nitrophenolate conversion using Micro-PFR.
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III. Results and Discussion

A. Morphology and size of immobilized GOx/LIP

The surface morphology of the carrier materials before and after immobilization was
observed by scanning electron microscope, with the image shown in Figure 20. It can
be seen from Figure 20 (a) that the surface of the Ni-foam was very smooth and flat,
so that the space available for immobilization of the enzyme was limited and not easy
to adhere. Figure 20 (d, g, j, m) was the composite material of the coating on the sur-
face of the Ni-foam. Physically, the stereoscopic space on the surface of the Ni-foam
was increased, providing a larger surface area for enzyme attachment. In the chemical
sense, the polyaniline material can offer an amino group, TA@FeCl; 6H,O a hydroxyl
group, and PDA has both a hydroxyl group and an amino group. The group makes the
covalent bond formed by immobilization of the enzyme more stable. Observing Figure
20 (d, g), PANI and PAMP showed a bar shape with a length between 150 and 200
nm. Using the synthesis method in this experiment, the generated PANI and PAMP
were shorter. Compared with other studies, it is more accurate to define nano rod-shap-
ed structure than nano fiber-shaped structure. Figure 20 (j) showed that
TA@FeCl;_6H,0 synthesized by the method derived from Hirotaka Ejima et al. was a
sphere with a diameter of 40 nm and Figure 20 (m) showed that PDA was an irregu-
lar spherical micro particle with a diameter between 0.3 and 0.6 um, while the study
of Guohua Jiang et al. [Ref] showed that PDA particle under slight vibration was a
shape gauge. The results showed that the morphology of PDA in this study was
changed after the vigrous during PDA coating. Moreover, Figure 20 (b, e, h, k, n) was
the morphology changes after GOx immobilization. From these results, it can be clearly
seen that the surface was attached with a layer of granular substance. Figure 20 (c, f,
i, I, o) was the morphology changes after LIP immobilization. The LIP was immobi-
lized on the polyaniline material to form a crystalline substance. The immobilized LIP

on PANI, decreased immobilization efficiency and reduced the enzyme activity.
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Figure 20. SEM images of (a) Ni-foam, (b) Ni-foam-GOx, (c¢) Ni-foam-LIP, (d)
Ni-foam-PANI, (e) PANI-GOx, (f) PANI-LIP, (g) Ni-foam-PAMP, (h)
PAMP-GOx, (i) PAMP-LIP, (j) Ni-foam-TA@FeCl;_6H,O, (k)
TA@FeCl;_6H,0-GOx, (I) TA@FeCL_6H,O-LIP, (m) Ni-foam-PDA,
(n) PDA-GOx, (o) PDA-LIP.
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B. Surface chemistry analysis

The FTIR spectrum provides direct evidence for the synthesis of various polymeric
materials (Figure 21-23). As shown in Figure 21, the absorption peaks at 1578 cm’
and 1489 cm™ were attributable to the C=C stretching of the quinoid and the benzene
rings, indicating the oxidation state of emeraldine salt of PANI. For PANI, the peaks at
1292 cm™ and 1240 cm™ (for PAMP, the peaks at 1296 cm™ and 1242 cm’. the peak
shifting can be due to bond formation between Fe;Os and polyaniline) were attributed
to the bending vibration of C-N to aromatic amine/imine and the stretching vibration of
C-N in polarized structure. And the peak at 1128 cm’ was attributed to the aromatic
C-H in-plane bending vibration, which was often related to the doped structure indicat-
ing the presence of protonated conductive PANI induced by acid doped polymer. The
observed bands at 878 cm’, 769 cm” and 690 cm’' can be assigned to the aromatic
ring. The out-of-plane deformation vibration of the C-H bond in the benzene ring and
the distributed aromatic ring indicated the formation of the polymer [55-59]. And the
pure Fe;O; spectrum showed Fe-O-Fe stretching vibration at 675 cm”. Compared with
the three spectra, PAMP had a relatively broad characteristic peak at this position,
which proved that our synthesized magnetic nanoparticles were based on PANI [60,
61].

The FTIR spectrum of tannic acid and TA@FeCl; 6H,O complex was shown in
Figure 3. For tannic acid (as shown in Figure 22), the broad band in the range of
3500~3000 cm” was hydrogen bond OH tensile vibration, and the peak at 1704 cm’
was attributed to the C=C bond on the benzene ring, along with the peak between
1608 ¢cm” and 1083 cm™. Due to the C-C tensile vibration, C-H bond on the benzene
ring, and the stretching of the C-O band, the peaks at 1083 cm™ and 1022 cm™ be-
longed to O-H of phenolic. Compared with the three spectra, namely the peak of
TA@FeCl; 6H,O at the same position as the characteristic peak of FeCl; 6H,0,
TA@FeCl;_6H,O was wider than the tannic acid peak, which proved that the synthe-

sized complex was formed by chelation of tannic acid with iron ions [62-64].

The FTIR spectrum of dopamine and PDA was shown in Figure 23. And the spec-

45

Collection @ chosun



trum of dopamine showed characteristic peaks at 3034 cm ' and 2956 cm', which were
attributed to the aromatic O-H stretching vibrations. Then arrow peaks at 1319 cm',
1188 cm', and 1174 cm ' were attributed to the C-O-H bending vibration, C-O sym-
metry vibration, and C-C stretching vibration modes, respectively. The sharp peaks at
1498 cm ' and 1471 cm' were corresponding to the stretching vibrations of benzene
ring. For PDA, it was apparent that a broad strong peak appears at 3500~3000 cm™ in
the spectrum, which is attributed to the stretching vibration of N-H and O-H. And the
vibration peaks at 1558 cm’ and 1506 cm’ were components of indole aromatic C=C
bonds and C=N bonds, the vibration peak at 1282 cm™ the tensile vibration of C-O-H
on the benzene rings, and at 1118 cm™ the shear vibration of C-O. Thus it can be

confirmed that the synthesized polymer was PDA [65, 66].
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Figure 21. FTIR-ATR spectra of PANI/Ni-foam, PAMP/Ni-foam and
Fe304.
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Figure 22. FTIR-ATR spectra of tannic acid, FeCl;_6H,O and
TA@FeCl;_6H,0/Ni-foam.
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Figure 23. FTIR-ATR spectra of dopamine and PDA/Ni-foam.
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C. Enzyme loading analysis

The stability of immobilized enzyme was changed with enzyme loading and immobi-
lization yield [67]. The immobilization yield was measured using 2 mg/mL enzyme
solution. Table 4 showed the immobilization yields of GOx/LIP onto different carriers.
The amount of immobilized enzyme on the coated Ni-foam was increased more than
70%, compared to that with bare Ni-foam. Although LIP immobilized on the PANI

coated Ni-foam was the highest, it was found that the enzyme activity was not good.
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Table 4. The immobilization yield of enzyme onto different carriers (<+5%)

Carriers
TA@FeCl; 6
Enzyme Ni-foam PANI PAMP @FeCl,. PDA
H,O
Glucose oxidase 67.20% 78.98% 75.60% 75.70% 75.90%
Lipase 52.30% 85.00% 73.20% 79.5% 72.10%
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D. Storage stability analysis

Immobilization of enzymes on a proper material can increase the rigidity of enzyme,
and thus improves the stability under operational conditions by preventing conforma-
tional changes [68]. As shown in Figure 24 (a), the activity of GOx immobilized on
the synthetic particles coated on the surface of Ni-foam is significantly stronger than
that of bare Ni-foam. The activity of GOx immobilized Ni-foam almost disappeared af-
ter a month. However, the residual activities of PANIL, PAMP, TA@FeCl; 6H,O, PDA
were 50.9%, 70.4%, 72.1%, 73.4%, respectively. Generally speaking, the modified
Ni-foam as immobilization carrier material significantly improved the activity of immo-
bilized enzyme than the bare Ni-foam. Though its stability is not measured under the

optimal conditions, it still has high activity after one month.

Figure 24 (b), the activity of LIP immobilized on uncoated Ni-foam was higher than
that of PAMP, PANI, PDA coatings, but the stability was not good. Immobilized LIPs
on TA@FeCl; 6H,O was the most stable and had the best residual enzyme activity,
followed by PDA, PAMP, which were 82.6% and 71.2% of TA@FeCl;_6H,O immobi-
lized enzyme. For LIP immobilized on PANI, the enzyme activity was low. From the
SEM images, it can be seen that PANI formed crystal after immobilization process,
changed its original shape, and reduced the spatiality. The structure of the enzyme
changed because of the formation of crystallization. And the active center of the en-
zyme was covered, leading to the inactivation of enzymes. And the results of repeated
experiments were all the same. After a month, the residual activities of enzyme immo-
bilized on bare Ni-foam, PANI, PAMP, TA@FeCl; 6H,0O, and PDA were 83.1%,
73.3%, 93.4%, 90.1%, and 98.3%, respectively. As we know, LIP shows a typical
mechanism of action called interfacial activation, in aqueous media the active site is
protected by an oligopeptide chain known as “lid” [69]. Therefore, the stability of LIP
itself is better than that of GOx. In addition, the suitable carrier materials make the

stability of LIP reach 2 months, 6 months or even more than one year.
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Figure 24. Storage stabilities of immobilized (a) GOx, (b)
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E. Stability analysis of Micro-PFR

1. Operational stability of immobilized GOx

In this experiment, the immobilized enzyme of PDA-GOx and PAMP-GOx were se-
lected to run Micro-PFR under the optimal temperature and pH to obtain the highest
gluconic acid conversion. The enzyme operational stability as shown in Figure 25 was
carried out with the method described in the section II-B-9-a). The glucose conversion
of PDA-GOx decreased from 84.6+4.7% to 18.4+2.3% after 172 hours of continuous
operation, while that of PAMP-GOx decreased from 82.1+1% to 22.2+4.4%.

A study has shown that after 8 times of repetitive uses, 60% of the enzyme activity
remains, which leads to the conclusion that the enzyme has high stability and reus-
ability [68]. In this paper, the activity of the immobilized GOx reactor is still stable af-
ter 24 hours continuous operation. The conversion maintained over 80% for 24 hours

reaction, provided high activity.
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Figure 25. The operational stability of the immobilized GOx in a
Micro-PFR under optimal conditions.
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2. Operational stability of immobilized LIP

According to Figure 19, the activity of TA@FeCl; 6H,O-LIP and PDA-LIP was
higher than PANI-LIP and PAMP-LIP. When the retention time was 3 minutes, the
conversion increased over 95%. The conversion with PANI-LIP reached 95% at the re-
tention time of 7 minutes, and that with PAMP-LIP reached 95% at the retention time
of 5 minutes. Therefore, TA@FeCl; 6H,O-LIP and PDA-LIP were selected as appro-
priate immobilized enzymes for continuous operation. With the retention time of 3 mi-

nutes, the operation stability of the Micro-PFR was measured and shown in Figure 26.

The conversion of PDA-LIP decreased from 96.9+2.3% to 95.8+3%, and that of
TA@FeCl; 6H,O-LIP decreased from 95.3+3.63% to 94.3+4.37% after 24 days con-

tinuous operation.

Similarly, the application stability of immobilized LIP in the reactor was more ex-
pressed by measuring the cycles of reaction. In this experiment, its stability was ex-
pressed by continuously measuring its reaction activity. It can be seen that after 24
days of measurement, the enzyme activity was reduced slightly, the conversion was still

over 90%, and the stability was excellent.
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Figure 26. The operational stability of the immobilized LIP in a
Micro-PFR at pH 6.5 and room temperature.
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IV. Conclusion

The development of immobilization technology improves the stability and reusability
of enzyme. In the process of immobilization, the selection of carriers is the key step,
whose structure and performance will have a great impact on the enzymatic properties
of immobilized enzyme. Appropriate and excellent carriers provide functional groups and
higher surface area for enzyme immobilization and show higher enzyme activity. In this
paper, Ni-foam, which is cheap, easy to operate and easy to separate from the reaction
solution, is used as the basic carrier material. PANI, PAMP, TA@FeCl; 6H,O and
PDA are used to modify the surface of the Ni-foam in order to study the effect of the
Ni-foam on the stability of immobilized GOx and LIP. A micro PFR reactor, is devel-
oped to test the operational stability of the immobilized enzyme. After a series of

measurements, the following conclusions are drawn:

(1) Since the surface of Ni-foam is smooth, and the activity and stability is very low
and easy to detach from the surface. The nickel foam modified with coating has both
abundant enzyme attachment point and spatial structure, which greatly increases the im-

mobilization efficiency amd stability of enzyme.

(2) For GOx, the immobilized enzyme on the coated Ni-foam was 1.5~2 times higher
than that on the Ni-foam directly. After a month, the residual activity of PANI, PAMP,
TA@FeCl;_6H,0, PDA accounted for 50.9%, 70.4%, 72.1%, 73.4%, respectively. For
LIP, the activity of LIP immobilized on uncoated Ni-foam was higher than that of
PAMP, TA@FeCl; 6H,O, PANI, PDA coatings, but the stability was not good. It was
stable on TA@FeCl; 6H,O and had the best residual enzyme activity, followed by
PDA, PAMP. After one month, the residual activities of enzyme immobilized on PANI,
PAMP, TA@FeCl; 6H,0, and PDA were 83.1%, 73.3%, 93.4%, 90.1%, and 98.3%,
respectively. For the LIP immobilized on PANI, the enzyme activity was low. From the
SEM images, it can be seen that PANI formed crystal after immobilization process,

changed its original shape, and reduced the surface area.

(3) The stability of the GOx and LIP used was higher than that of the previous im-

mobilized enzyme and used for the development of enzyme conversion process. The
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micro plug flow reactor with two immobilized enzymes showed increased the opera-
tional stability. The conversions of PDA-GOx decreased from 84.6+4.7% to 18.4+2.3%,
while that of PAMP-GOx decreased from 82.1+0.4% to 22.2+4.4% after 172 hours of
continuous operation. The conversions of TA@FeCl;_6H,O-LIP and
TA@FeCl;_6H,0-LIP were over 90% after 24 days operation.

(4) In summary, the PDA coated Ni-foam is also suitable for the immobilization of
GOx and LIP, possible due to the fact that its surface has both -NH and -OH func-

tional groups.
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