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for oxidoreductases immobilization: Improvement of catalytic properties 
under extreme reaction conditions 
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A B S T R A C T   

Immobilized enzymes find applications in many areas such as pharmacy, medicine, food production and envi-
ronmental protection. However, protecting these biocatalysts against harsh reaction conditions and retaining 
their enzymatic activity even after several biocatalytic cycles are major challenges. Properly selected supports 
and type of surface modifier therefore seem to be crucial for achieving high retention of catalytic activity of 
immobilized biomolecules. Here we propose production of novel composite electrospun fibers from polystyrene/ 
poly(D,L-lactide-co-glycolide) (PS/PDLG) and its application as a support for immobilization of oxidoreductases 
such as alcohol dehydrogenase (ADH) and laccase (LAC). Two strategies of covalent binding, (i) (3-aminopropyl) 
triethoxysilane (APTES) with glutaraldehyde (GA) and (ii) polydopamine (PDA), were applied to attach oxido-
reductases to PS/PDLG. The average fiber diameter was shown to increase from 1.252 µm to even 3.367 µm after 
enzyme immobilization. Effective production of PS/PDLG fibers and biomolecule attachment were confirmed by 
Fourier transform infrared spectroscopy analysis. The highest substrate conversion efficiency was observed at pH 
6.5 and 5 for ADH and LAC, respectively, and at 25 ◦C for enzymes attached using the APTES + GA approach. 
Improvement of enzyme stabilization at high temperatures was confirmed in that relative activities of enzymes 
immobilized onto PS/PDLG fibers were over 20% higher than those of the free biomolecules, and enzyme 
leaching from the support using acetate and MES buffers was below 10 mg/g.   

1. Introduction 

Enzymes are biological catalysts which accelerate a wide range of 
reactions in living organisms [1]. However, after enzyme isolation from 
the organisms producing them, they can be used in biotechnological 
processes in the laboratory or at industrial scale [2,3]. Among various 
groups of biocatalysts, oxidoreductases attract special attention due to 
their oxidative properties and use in specific reactions and applications. 
For instance, alcohol dehydrogenase (ADH) is part of a three-enzyme 
cascade reaction that converts CO2 to methanol, ethanol and butanol, 
hence this enzyme is the most critical biocatalyst in biofuel production 
[4,5]. Laccase (LAC) or horseradish peroxidase (HRP) catalyze oxidation 
reactions of various compounds, especially phenolic substrates, and are 
used in the removal of dyes, pharmaceuticals and phenols from aqueous 

solutions [6,7]. In work presented by Qiao et al. [8] ADH with NADPH 
oxidase and hemoglobin were used in the oxidation of α,β-unsaturated 
alcohols to α,β-unsaturated aldehydes, and have found applications in 
the cosmetics and pharmaceutical industries. However, despite satis-
factory results in production yield of 3-methyl-2-butenal at 51.3 ±
2.03%, it was not possible to reuse the obtained system due to inability 
to isolate enzymes from the reaction solution. 

In another study, the activity of free ADH stored in MES buffer was 
slightly decreased after 40 days of storage, whereas activity of ADH 
immobilized onto silicon carbide powder was only around 4% over 
tested storage time; this result revealed loss of enzyme activity after 
immobilization and inability to use ADH immobilized with high effi-
ciency [4]. In the case of laccase, despite good oxidative properties, the 
native form of this biomolecule was shown to lose its activity rapidly at 
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80 ◦C, indicating limited thermal stability [9]. Moreover, despite high 
laccase activity, up to 2000 U/mg, the enzyme may suffer by losing its 
oxidative properties due to presence of metal ions in the reaction envi-
ronment [10]. Owing to these exceptional practical properties of alcohol 
dehydrogenase and laccase, it is crucial to find solutions aimed at 
increasing of their reusability and activity under harsh and varying re-
action conditions. 

Nowadays new materials suitable as supports for enzyme immobili-
zation are still being sought. Materials widely described in the literature, 
such as silicas, various polymers, biopolymers or metal oxides [11–14], 
despite their advantages, possess limitations that influence effective 
enzyme immobilization and stabilization. For instance, the critical 
limitation for use of porous silicas for enzyme immobilization by 
adsorption is enzyme leaching from the pores of supports [15], whereas 
metal oxides could have insufficiently developed internal and external 
porous structure, affecting attachment of enzymes inside pores and on 
their surface [16]. In the case of polymers and biopolymers, the crucial 
issue is selection of suitable material, characterized by the presence of 
the functional moieties and mechanical stability as well as their possi-
bility of use under extreme reaction conditions [17]. Moreover, the 
important issues in selection of a support for enzyme immobilization are 
ease of production, the form of the support as well as the stability of 
material and its porous structure. For instance, chitosan beads possessed 
over seven times higher protein loading compared to chitosan mem-
branes [18,19], whereas material made from chitosan fibers, due to its 3- 
D structure, allowed over 800 lU of trypsin to be attached per 1 mg of 
nanofibers [20]. 

One of the most promising materials as supports for enzyme immo-
bilization may be electrospun fibers. They gained popularity in the 
1990s in the production of textiles and artificial tissues and in batteries 
and sensors fabrication. What is more, they become more and more 
popular in drug delivery systems and as membranes in filtration pro-
cesses [21]. Electrospun fibers could be produced from a wide range of 
polymers, including biopolymers and various additives, which have 
specific properties, regarding to the specific application. Moreover, this 
technique allows the production process to be scaled-up. This is not only 
due to decreased production costs but also to fabrication of even 6.5 kg 
material per hour using a single nozzle set-up [22]. It should also be 
noted that possibility of precise control of the process conditions, such as 
flow rate, voltage, temperature, humidity, time and distance between 
nozzle and collector allows to minimize risk of uncontrolled polymer 
leakage from the nozzle [23]. In consequence, the designing of elec-
trospun fibers with desirable properties such as mechanical strength, 
thermal and chemical stability and high surface-to-volume ratio without 
wasting chemicals during electrospinning is facilitated [24]. It is 
therefore anticipated that the combination of electrospun fibers and 
enzymes could be a promising alternative for producing immobilized 
biomolecules for biocatalysis [25,26]. 

An overlooked area is use of electrospun fibers as suitable matrices 
for oxidoreductase immobilization. In the work presented here, the main 
aim was therefore to produce composite electrospun material from 
polystyrene/poly(D,L-lactide-co-glycolide) and use it for immobilization 
of two oxidoreductases: alcohol dehydrogenase and laccase. The prop-
erties of the fabricated material, such as 3-D structure or the presence of 
specific functional moieties, are examined and discussed. It should be 
emphasized that modelling of optimum immobilization conditions was 
made using response surface methodology (RSM). Two different stra-
tegies of covalent binding were applied and investigated. Moreover, we 
examined the effects of various process conditions on substrate con-
version yield, enzymatic activity during storage, thermal stability of 
immobilized enzymes, reusability and biomolecules leaching by various 
effluents. The proposed procedures for oxidoreductases immobilization 
were found to increase activity and stability of enzymes attached to the 
electrospun fibers and prolong their activity. 

2. Materials and methods 

2.1. Chemicals and materials 

Polystyrene with an average molecular weight of 192.000 M (PS), N, 
N-dimethylformamide (DMF), ethanol (EtOH, 90%), alcohol dehydro-
genase from Saccharomyces cerevisiae (EC 1.1.1.1) (ADH), laccase from 
Trametes versicolor (EC 1.10.3.2) (LAC), (3-aminopropyl)triethoxysilane 
(99%) (APTES), glutaraldehyde (50%) (GA), dopamine hydrochloride, 
Tris-hydrochloride, β-nicotinamide adenine dinucleotide reduced diso-
dium salt hydrate (≥97%) (NADH), 2-(N-morpholino)ethanesulfonic 
acid (MES), MES potassium salt, Bradford reagent, 2,2′-azino-bis(3- 
ehylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), formal-
dehyde (37%), sodium acetate and phosphate buffer solutions, sodium 
chloride (NaCl), acetone (≥95%), sodium dodecyl sulfate (SDS) (≥99%), 
Triton™ X-100 (TX100) and tetradecyltrimethylammonium bromide 
(TTAB) were all purchased from Sigma-Aldrich (USA). Purasorb® PDLG 
5010 (copolymer of DL-lactide and glycolide in a 50/50 M ratio) was 
obtained from Corbion (Netherlands). 

2.2. Production of electrospun support 

For production of stable electrospun support of oxidoreductases 
immobilization two polymers were chosen: polystyrene and poly(D,L- 
lactide-co-glycolide). Poly(D,L-lactide-co-glycolide) was used as a 
component of electrospun material due to its biocompatibility and the 
presence of –OH groups, allowing to modify of fibers by modifiers [27]. 
In case of polystyrene, it was used due to its good mechanical properties, 
to provide stability and mechanical resistance of produced materials 
[28]. Polystyrene (PS) and copolymer of DL-lactide and glycolide (PDLG) 
(mass ratio 1:2) were dissolved in DMF to obtain a 15% (w/v) solution 
and next were mixed for 24 h. After mixing, the obtained PS/PDLG so-
lution was placed in a syringe and electrospinning was carried out under 
at an applied voltage of 9 kV, feed rate of 1 mL/h, and distance between 
nozzle and collector of 15 cm. The process was conducted for 30 min 
using the NANON-01A apparatus (MECC Co., Ltd., Japan). The PS/PDLG 
fibers, produced at optimized conditions, were collected on the 
aluminum foil-covered steel collector and dried under vacuum in a 
vacuum drier for 24 h at 25 ◦C and 50 mb (Memmert, Germany). 

2.3. Modification of electrospun support 

In this study, covalent binding was applied as a method of ADH and 
LAC immobilization, and two ways of enzyme attachment onto elec-
trospun fibers were compared. The first approach was to modify the 
obtained electrospun material using APTES and GA, whereas the second 
was coating of PS/PDLG with polydopamine. In the case of APTES + GA, 
pieces of PS/PDLG (1 cm × 1 cm) were placed (separately) in 10 mL of 
2% APTES solution in EtOH for 90 min at 70 ◦C. To remove unattached 
APTES molecule, PS/PDLG material was washed three times with EtOH 
and the pieces of electrospun fibers were then dried for 30 min at 60 ◦C. 
Next, PS/PDLG + APTES systems were placed in 10 mL of 2.5% aqueous 
glutaraldehyde solution and activation was carried out for 30 min at 
room temperature. The unbonded glutaraldehyde was removed by 
washing three times with ultrapure water and dried for 30 min at 60 ◦C. 
In the case of modification using polydopamine (PDA), pieces of elec-
trospun materials (1 cm × 1 cm) were immersed (separately) in 10 mL of 
2 mg/mL dopamine hydrochloride solution at 10 mM Tris-HCl buffer at 
pH 8.5. The coating of PS/PDLG materials was carried out for 1 h at 
room temperature. To remove unbonded PDA, the electrospun pieces 
were washed with 10 mM Tris-HCl buffer at pH 8.5. Each process was 
carried out using an incubator shaker. 

2.4. Enzyme immobilization and amount of immobilized enzyme 

ADH and LAC were immobilized by the covalent binding method on 
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previously modified PS/PDLG material. In order to obtain a system with 
immobilized ADH, modified electrospun fibers were immersed in 2 mL 
of ADH solution at pH 5, 6.5 and 8 at a concentration of 80 mg/L and 
mixed for 60 min at temperatures ranging from 5 to 55 ◦C (measurement 
point every 10 ◦C) using an incubator shaker. After mixing, the systems 
with immobilized ADH were washed three times with MES buffer to 
remove unbonded enzyme. In the case of laccase immobilization, PS/ 
PDLG materials were placed in 2 mL of LAC solution at a pH range of 4–9 
at a concentration of 1 mg/mL and were mixed (using incubator shaker) 
for 24 h at temperatures ranging from 5 to 55 ◦C (measurement point 
every 10 ◦C). Finally, the electrospun fibers with immobilized laccase 
were washed with acetate buffer. 

The amount of immobilized enzymes on modified PS/PDLG mate-
rials was determined using the Bradford method [29]. After immobili-
zation the enzyme solutions were mixed with Bradford reagent in a 1:1 
volumetric ratio. After 5 min of incubation, absorbance was measured at 
595 nm. The enzyme concentrations were determined using a BSA 
standard curve which corresponds to the amount of biomolecule 
remaining after immobilization in relation to the initial amount of 
enzyme per unit mass of support. 

2.5. Catalytic activity and effect of various parameters on conversion of 
substrates 

The catalytic activities of enzymes were measured based on model 
reactions with formaldehyde and ABTS for ADH and LAC, respectively. 
In the case of ADH, the conversion of formaldehyde to methanol was 
conducted in the presence of a cofactor, NADH. Free ADH and the bio-
catalytic systems (after modification by APTES + GA and by PDA), with 
the same amount of attached ADH (1 mg), were immersed separately in 
2 mL solution of 100 μM NADH and 30 mM formaldehyde in MES buffer 
at pH 6.5. After 1 h of reaction at 25 ◦C the absorbance of NADH at 340 
nm was measured and activity of immobilized and free ADH were 
determined. To measure LAC activity, the PS/PDLG systems with 1 mg 
of laccase immobilized, and the same amount of its free form as a 
reference sample, were placed in 2 mL of ABTS solution at a concen-
tration of 0.05 mM. Each experiment was conducted for 1 h at 25 ◦C. The 
relative activity of immobilized and native laccase was determined 
based on spectroscopic measurements at 420 nm using a UV-1280 
spectrophotometer, SHIMADZU Corp., Japan. 100% of relative activity 
has been defined as the highest activity exhibited by immobilized en-
zymes. The expressed activity of the obtained biosystems and free en-
zymes were calculated using Eq. (1). 

Expressed activity (U/g) =
A∙106∙Vt

ε∙t∙m (1)  

where A is the absorbance of NADH or ABTS at 340 nm and 420 nm, 
respectively, Vt is the total volume of the reaction, ε is the molar 
extinction of NADH or ABTS and equals 6220 1/M⋅cm and 36 000 1/ 
M⋅cm, respectively, t is the reaction time (min), and m is the weight of 
the biocatalysts (g). 

One unit (U) is defined as the amount of enzyme required to catalyze 
the oxidation of 1 μmol substrate per minute. The different values of 
enzymes concentration and immobilization times used in the presented 
study are caused by different characterization of alcohol dehydrogenase 
and laccase [6,30]. 

Experiments were carried out under selected conditions to investi-
gate the effect of pH and temperature on the conversion of substrates by 
immobilized ADH and LAC and their native forms. In case of the effect of 
pH, measurement points were at pH 3.0, 6.5 and 10 using 30 mM 
formaldehyde as a substrate for ADH. For immobilized LAC, the effect of 
pH was investigated at pH range 4–9 using oxidation reaction of 0.05 
mM ABTS. The reactions were carried out at 25 ◦C for 1 h. The effect of 
temperature was investigated in the range 5–55 ◦C (measurement point 
every 10 ◦C) using 30 mM formaldehyde at pH 6.5 and 0.05 mM ABTS at 

pH 5. All experiments were carried for 1 h in an incubator shaker. The 
efficiencies of substrate conversions were calculated based on spectro-
scopic measurements using a UV-1280 spectrophotometer SHIMADZU 
Corp., Japan, at 340 nm and 420 nm for NADH and ABTS, respectively, 
and standard curves for these compounds. 

2.6. Storage, thermal stability and reusability 

To investigate storage stability, the PS/PDLG system with covalently 
bonded ADH and LAC and their native counterparts were stored at 4 ◦C 
for 10 days. In order to study the thermal stability of the obtained bio-
catalytic systems, the PS/PDLG with immobilized oxidoreductases were 
stored at temperatures in the range 55–70 ◦C (measurement point every 
5 ◦C) for 1 h. In order to investigate reusability of the produced systems 
with immobilized oxidoreductases, eight consecutive catalytic cycles 
were carried out. After each cycle, systems with ADH and LAC were 
separated from solutions, washed several times with MES buffer and 
acetate buffer, respectively, and placed into new solutions of substrates. 
The above-mentioned model conversion reactions with formaldehyde 
and ABTS (see Section 2.5 above) were carried out to measure relative 
activities of the produced systems at each specified period of storage, 
different temperatures and over consecutive catalytic cycles. 

2.7. Enzyme leaching 

The amount of ADH and LAC leaching from PS/PDGL electrospun 
material was determined by incubating the biocatalytic systems in the 
presence of acetate or MES buffers at a concentration of 100 mM and 40 
mM, respectively, NaCl at a concentration of 1 g/L, acetone at a con-
centration of 30%, and SDS, Triton X 100 and TTAB, each at a concen-
tration of 50 mg/L. The systems with immobilized enzymes in the 
presence of the above-mentioned chemicals were stored at 25 ◦C for 12 
h. The amount of immobilized enzymes was determined by spectro-
photometric analysis according to the Bradford method (see Section 2.4 
above). 

2.8. Analytical procedures 

An AutoPore IV 9500 porosimeter and an ASAP 2020 physisorption 
analyzer (Micromeritics Instrument Co., USA) were used to determine 
the porous structure of electrospun material. Scanning electron micro-
scopy (SEM), using an EVO40 scanning electron microscope (Zeiss, 
Germany), was used to obtain photographs of PS/PDLG electrospun fi-
bers before and after covalent binding immobilization of alcohol dehy-
drogenase (ADH) and laccase (LAC). The photographs obtained were 
used to determine the average diameters of PS/PDLG fibers before and 
after oxidoreductases immobilization using Image J analysis software 
(National Institute of Health, USA). Spectra of electrospun PS/PDLG 
before and after enzyme immobilization were obtained by Fourier 
transform infrared spectroscopy (FTIR) using a Bruker Vertex 70 spec-
trometer (Bruker, Germany) in attenuated total reflectance (ATR) mode. 
The spectroscopic measurements for calculation of amount of immobi-
lized enzymes, their activities and efficiency of substrate conversions 
were conducted using a UV-1280 spectrophotometer (SHIMADZU Corp., 
Japan). Response surface methodology (RSM) was applied to the data 
measured experimentally. Experimental data linking expressed activity 
(response variable) with pH and temperature (explanatory variables) 
were used as the basis for calculations. The experiments were carried out 
in triplicate and statistical analysis was performed using one-way 
analysis of variance (ANOVA) and Student’s t-test (P < 0.05). 
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3. Results and discussion 

3.1. Fabrication of polystyrene/poly(D,L-lactide-co-glycolide) and its 
characterization 

The structure and stability of the support material play crucial roles 
in enzyme immobilization and affect the usability of produced bio-
systems. Scanning electron microscopy was therefore used to analyze 
the external structure of fabricated electrospun fibers from polystyrene/ 
poly(D,L-lactide-co-glycolide). As seen (Fig. 1a) the obtained fibers were 
characterized by a smooth surface which formed a uniform three- 
dimensional structure. The arrangement of the fibers in electrospun 
material and their large surface area facilitate effective attachment of 
enzyme to the support [31]. Therefore porosity parameters such as 
surface area, pore volume and pore diameter were measured to confirm 
that effective materials had been obtained for enzyme immobilization. 
The surface area of PS/PDLS electrospun material was 217 m2/g while 
pore volume and pore size were 5.806 cm3/g and 7.946 µm, respec-
tively. This data indicates that a macroporous material had been ob-
tained. By contrast, in a study of naringinase immobilization [32], the 
BET surface of material made of cellulose acetate fibers was 3.39 m2/g 
and there was a predominance of micropores over mesopores and 
macropores. This porous structure was pointed out as a key property 
enhancing the attachment of biomolecules when naringinase was 
immobilized by the layer-by-layer self-assembly method on this support 
material. PS/PDLG electrospun material could be classified as a mac-
roporous material by IUPAC [33], which suggests easy desorption of 
immobilized enzyme. Therefore we decided to modify the produced fi-
bers and immobilized enzyme by covalent binding as a win–win strategy 
of biomolecule immobilization. 

To confirm efficient synthesis of the electrospun materials, FTIR 
analysis of pure support was also conducted. In the FTIR spectrum of the 
PS/PDLG material (Fig. 1f), bands can be seen corresponding to the 
stretching vibrations of –OH groups at 3400 cm− 1, C–H bonds in CH, 
CH2 and CH3 groups in the range 2880–3000 cm− 1, and the band from 
C–O groups at 1185 cm− 1, which indicates effective production of fi-
bers from polystyrene/poly(D,L-lactide-co-glycolide) [34,35]. 

It should be pointed out that PS/PDLG fibers after enzyme immobi-
lization notably increased their average diameters from 1.252 µm for 
pristine fibers to even 3.367 µm for PS/PDLG + APTES + GA + ADH 
system. The same phenomenon has been previously observed [25], 
where diameters of electrospun fibers from poly(methyl methacrylate)/ 
Fe3O4 increased after laccase immobilization by covalent binding. In the 
case of ADH and LAC immobilized on fibers modified by APTES and GA 
(Fig. 1b, c), the enzyme aggregates are visible, which confirms effective 
immobilization of enzyme. Interesting observations were made for oxi-
doreductases immobilized on electrospun fibers modified by PDA. In 
contrast to the systems with APTES and GA, enzyme molecules with 
polydopamine were seen to create almost uniform fiber coverage 
(Fig. 1d, e). 

The oxidoreductases immobilization on PS/PDLG fibers was also 
confirmed by FTIR results. For biocatalytic systems with enzymes 
immobilized using APTES + GA, the presence of signal at wavenumber 
at 1412 cm− 1 indicates formation of C–N bonds between amino group 
of the enzyme and the aldehyde group, which confirms effective cova-
lent enzyme immobilization [36,37]. Except for the presence of amide 
bonds characterized for enzymes structures [38,39], it should be high-
lighted that the band at 3430 cm− 1 from the –OH group possesses 
greater intensity for systems with immobilized laccase compared to 
materials with ADH, which suggests a greater amount of the immobi-
lized enzyme. 

3.2. Strategies and mechanisms of oxidoreductases immobilization 

Mechanisms of oxidoreductases immobilization using two strategies 
of covalent binding are proposed here to explain better the connection 

between support and enzymes. The important issue in enzyme immo-
bilization processes is the type of connection between enzyme and 
support and the type of enzyme attachment. In the presented work we 
decided to compare two approaches of enzyme immobilization by co-
valent binding. The motivation was different mechanisms of linker 
attachment to the support, which affect activity and stability of immo-
bilized oxidoreductases [40]. In Fig. 2 we suggest possible mechanisms 
of enzyme immobilization by covalent binding for the APTES + GA 
method and polydopamine. Moreover, the multimeric (ADH) and 
monomeric (LAC) structures of the immobilized enzymes were consid-
ered as important factors that strictly affect enzyme stability and activity 
after immobilization. 

As presented in previously published work [41], hetero- 
functionalization of electrospun fibers by APTES is based on silaniza-
tion of the support surface by APTES. Next, aminated electrospun ma-
terial was subjected to GA crosslinking, which made it possible to attach 
enzyme by a spacer in the form of α,β-unsaturated aldehyde product. It 
could be suggested that both enzymes are attached to the support via the 
APTES/GA approach pointwise, which is reflected in the SEM photos as 
enzymatic aggregates on the fibers surface. The immobilization mech-
anism of oxidoreductases using polydopamine as a linker differs signif-
icantly. As presented, silanization of PS/PDLG results in formation of 
covalent bonds between both support and a linker as well as linker and 
enzyme. By contrast, in the case of PDA, although enzyme is immobi-
lized by covalent binding in location of quinone groups of polydop-
amine, polymer itself is connected with PS/PDLG by adhesion forces, 
mainly hydrogen bonds [42]. Previously, application of membranes 
covered by polydopamine coating in enzyme immobilization, such as 
laccase, glucose oxidase, lipase, pepsin and dextranase, has been 
demonstrated. It was confirmed that polydopamine coats the support by 
adhesion [43]. Furthermore, in Fig. 1d and Fig. 1e, PS/PDLG fibers are 
seen to be homogenously covered by PDA and enzymes. When enzy-
matic structure is taken into account, it should be noted that multimeric 
enzymes such as alcohol dehydrogenase [44], due to the presence of two 
protein dimers in the structure [45], can form multiple bonds with linker 
and/or support material [46]. In the case of laccase, a monomeric 
enzyme [47] biomolecule is attached to the linker mostly by a single 
specific group (usually –NH2) in the structure of a single peptide chain. 
Taking into consideration the fact that the structure of enzymes and 
applied linker could affect immobilization process and final properties 
of attached biomolecule, it was necessary to investigate the activities of 
ADH and LAC immobilized onto PS/PDLG using two immobilization 
approaches. 

3.3. Characterization of the immobilized enzymes 

Table 1 shows the catalytic properties of oxidoreductases immobi-
lized onto PS/PDLG fibers. ADH immobilization was carried out at pH 
6.5 and 25 ◦C, whereas LAC was immobilized at pH 5 and 25 ◦C. It 
should be noted that immobilization yield for each of biocatalytic sys-
tems was over 90%, indicating effective immobilization of both enzymes 
by both approaches. Moreover, enzymes immobilized onto electrospun 
fibers modified by APTES and GA exhibited higher activities compared 
to ADH and LAC attached to PS/PDLG using PDA. This could be 
explained by the fact that enzymes immobilized by the APTES + GA 
approach are attached pointwise to the support, and therefore access is 
facilitated to the active centers of the biomolecules. In the case of oxi-
doreductases immobilization via polydopamine, enzymes are evenly 
stuck to the surface of polydopamine, which leads to the partial blocking 
of enzyme active sites. For example, the expressed activity of LAC 
immobilized by the APTES + GA approach is around 45% higher when 
compared to the laccase immobilized using PDA. The difference be-
tween amount of immobilized ADH and LAC and their expressed ac-
tivities are also clearly seen. In this case it is worth considering the 
properties of these enzymes. Alcohol dehydrogenase, as a multimeric 
enzyme, can be easy inactivated by loss of the assembly structure or 
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Fig. 1. SEM photograph of (a) pure PS/PDLG, (b) PS/PDLG + APTES + GA + ADH, (c) PS/PDLG + APTES + GA + LAC, (d) PS/PDLG + PDA + ADH, (e) PS/PDLG +
PDA + LAC, and FTIR spectra of (f) systems with immobilized ADH, (g) systems with immobilized LAC. AD denotes average diameter of fibers. 
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dissociation of the subunits of this enzyme. Therefore multimeric en-
zymes usually possess lower stability compared to monomeric enzymes, 
such as laccase, where inactivation occurs through changes in quater-
nary and tertiary structure [46,48]. 

3.4. Modelling of the effect of immobilization conditions on the expressed 
activity of ADH and LAC 

The important factor that determines the catalytic potential of pro-
duced biosystems is expressed activity. However, to obtain systems with 
relatively high activity, it is important to immobilize enzyme using 
selected conditions which allow biomolecules to attach to the support 
and retain their catalytic properties. Important parameters of enzyme 
immobilization, such as pH, temperature, enzyme concentration, vol-
ume of enzyme solution and time of process, should be carefully 
considered before biomolecule attachment. However, the key process 
parameters are pH and temperature, due to their possible detrimental 

effects on enzyme structure [49]. Therefore the effect of pH and tem-
perature of the immobilization process on the expressed activity of ADH 
and LAC was modelled using response surface methodology (Fig. 3). 

Experimental data relating expressed activity (response variable) 
with pH and temperature (explanatory variables) were used as the basis 
for calculations in order to obtain the optimum parameters for oxido-
reductases immobilization. Selected parameters have a fundamental 
impact on the analyzed process, which is also adequately expressed by 
the applied mathematical model. A two-dimensional second order 
polynomial of the form Eq. (2) was used for modelling: 

Activity = a1 + a2⋅pH + a3⋅T + a4⋅pH⋅T + a5⋅pH2 + a6⋅T2 (2) 

The respective coefficients of the polynomial formulated above in 
Eq. (2) were determined using the statistical least squares sum method. 
The calculated fit is performed by the numerical method for multivariate 
regression and is subjected to the method error determined by the dis-
tance of the surface from the experimental points. This numerical error 
is expressed by the residual sum of squares R2 and is an average estimate 
of the quality of the adjustment. The standard deviation is a measure of 
experimental dispersion over the model applied (Table 2). 

The main purpose of the modelling carried out in this way was to 
determine the optimal conditions of the reaction due to the examined 
independent variables. Optimal pH and temperature values were found 
using the analytical method by substituting the coefficient values 
determined by fitting the model to the following expressions: 

pHopt =
2a6a2 − a3a4

a2
4 − 4a5a6

(3)  

Topt =
a4a2 − 2a5a3

a2
4 − 4a5a6

(4) 

The relations of Eq. (3) and Eq. (4) are easily found by analytical 
differentiation and solving of resultant formulations, equating them to 
zero to obtain optimal values. The optimum values obtained from the 
calculation are also shown in Table 2 as pHopt and Topt. Table 2 shows 

Fig. 2. Mechanisms of oxidoreductases immobilization via (a) the APTES + GA approach and (b) PDA.  

Table 1 
Amount of immobilized enzymes, immobilization yield and catalytic activity of 
the obtained systems.  

Biocatalyst Amount of 
immobilized 
enzyme (mg/g) 

Immobilization 
yield (%) 

Activity 
retention 
(%) 

Expressed 
activity (U/ 
g) 

PS/PDLG +
APTES +
GA + ADH 

124 ± 10 94 ± 3 83 ± 5 2.5 ± 0.9 

PS/PDLG +
PDA +
ADH 

135 ± 13 96 ± 5 51 ± 6 1.6 ± 0.4 

PS/PDLG +
APTES +
GA + LAC 

622 ± 8 98 ± 6 94 ± 9 53.1 ± 9.8 

PS/PDLG +
PDA +
LAC 

593 ± 7 99 ± 3 65 ± 7 36.6 ± 6.7  
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the values of determined coefficients for individual tested systems 
together with the calculated fitting error. Due to the use of actual 
expressed activity data in U/g units, the coefficients in Eq. (2) attained 
physical units as well. Because the coefficients have only statistical 
meaning, physical conclusions cannot be drawn from them based on 
their values. The optimal pH values for the immobilization process of 
ADH by the two presented approaches were 6.918 and 6.663 for enzyme 
immobilized onto fibers modified by APTES with GA and by polydop-
amine, respectively. These results are in agreement with study presented 
by Shinde et al. [50], which showed that the optimal chemical stability 
of the free form of ADH is between pH 5–7. It should therefore be 
possible to immobilize ADH onto the PS/PDLG fibers at the calculated 

values of pH, and achieve the highest possible expressed activity. In the 
case of the effect of temperature of the immobilization process, the 
highest expressed activity was obtained at around 31 ◦C for both 
immobilization approaches. With laccase immobilization, the optimal 
pH and temperature were around pH 4 and 30 ◦C. This can be compared 
with previous work [49,51], where laccase showed the highest catalytic 
activity after immobilization at pH 5 and 25 ◦C, which indicates that 
slightly acidic pH and mild operational temperature as the optimal 
conditions for immobilization. Furthermore, it can be concluded that the 
type of linkers and/or surface modifier used does not greatly affect the 
expressed activity of the immobilized oxidoreductase under specific 
immobilization conditions. 

Fig. 3. Polynomial surface fitting to the experimental data according to Equations (1) and (2). Expressed activity of (a) PS/PDLG + APTES + GA + ADH, (b) PS/ 
PDLG + APTES + GA + LAC, (c) PS/PDLG + PDA + ADH, (d) PS/PDLG + PDA + LAC after immobilization at selected temperature and pH. 

Table 2 
Calculated surface model parameters, optimal values found and statistical quality of the fit.  

System PS/PDLG + APTES + GA + ADH PS/PDLG + PDA + ADH PS/PDLG + APTES + GA + LAC PS/PDLG + PDA + LAC 

a1, U/g − 9.716 − 8.384 − 4.95 − 1.26 
a2, U/g 2.918 2.508 15.017 5.714 
a3, U/g⋅K 0.121 0.084 1.038 0.857 
a4, U/g⋅K 4.95⋅10− 3 2.86⋅10− 4 − 3.58⋅10− 3 − 0.018 
a5, U/g − 0.222 − 0.189 − 1.698 − 0.728 
a6, U/g⋅K2 − 2.46⋅10− 3 − 1.38⋅10− 3 − 0.017 − 0.012 
pHopt 6.918 6.663 4.391 3.516 
Topt 31.579 31.333 29.318 33.351 
R2 0.92 0.86 0.914 0.694 
Standard Deviation 0.255 0.202 4.579 5.909  
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It is clear that the ADH system has lower standard deviation values 
than the LAC system. The larger variance of experimental points for the 
LAC system is related to the fact that the solution space includes much 
larger values of expressed activity, caused by higher initial concentra-
tion of laccase used for immobilization process, which was 1 mg/mL, 
compared to 0.08 mg/mL for ADH. The polynomial model adopted as 
standard for surface response methodology is a specific approximation 
of the trends observed in the experiment. Therefore the maximum 
indicated by the model may turn out to be slightly shifted in the solution 
space in relation to the experimentally observed maximum. Such a de-
viation is acceptable in this methodology because the polynomial model 
is averaging and smoothing the experimentally obtained picture. 

3.5. Effect of pH and temperature onto formaldehyde and ABTS 
conversion 

The important aspects for use of immobilized enzymes are the con-
ditions of the catalytic process, which can significantly increase or 
decrease process efficiency by affecting the enzyme structure and 
properties of the converted compounds. The effect of two crucial pa-
rameters, pH and temperature, on conversion efficiency of formalde-
hyde by ADH is presented in Fig. 4a and b. The highest conversion 
efficiency was obtained at pH 6.5, which corresponds with the highest 

activity of ADH at this pH value [19]. What is more, at lower and higher 
pH, the conversion efficiency significantly decreased. As was shown by 

Neto et al. [52], the ADH can effectively work at near neutral pH. 
Moreover, comparison of conversion efficiency of formaldehyde by 
covalently bonded enzyme and enzyme in its free form suggests that 
covalent immobilization enhanced stability of ADH over a wide pH 
range due to multipoint attachment of ADH. With regard to effect of 
temperature, the highest conversion efficiencies were obtained at 25 ◦C. 
This can be compared with other work [53], where ADH exhibited the 
highest catalytic activity between 35 ◦C and 40 ◦C. The mild process 
conditions and high conversion rate of formaldehyde indicate possible 
applications of these systems as cost-effective tools in dehydrogenases- 
based technologies. 

The effects of pH and temperature were also investigated for con-
version efficiency of ABTS by free and immobilized laccase. These ef-
fects are important due to possible application of this oxidoreductase in 
removal of phenolic compounds from wastewaters which could have 
various pH values and temperatures depending on their sources [54,55]. 
As shown, the highest conversion efficiencies for each of the system used 
were obtained at pH 5 and 25 ◦C (Fig. 4c, d), which is in agreement with 
other studies. The highest decolorization efficiency of Remazol Brilliant 
Blue R dye was obtained at pH 5 and 30 ◦C after application of laccase 
adsorbed onto electrospun fibers from poly(methyl methacrylate)/ 

Fig. 4. Effect of pH and temperature on conversion efficiency of (a,b) formaldehyde by ADH, and (c,d) of ABTS by LAC.  
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polyaniline [49]. In work presented by Wu et al. [55], the highest 
relative activity of laccase was obtained at pH between 3 and 5 and the 
highest residual activity was between 10 and 30 ◦C. 

Over a wide pH and temperature range, higher conversion effi-
ciencies were obtained using ADH and LAC immobilized onto PS/PDLG 
support material, as compared to their free counterparts. This suggests 
stabilization of enzyme structure caused by attachment to the electro-
spun fibers and a protective effect of the support material. Irrespectively 
of the analyzed process, the highest conversion efficiencies were ob-
tained after reactions using PS/PDLG + APTES + GA material as the 
support platform. For immobilized ADH, the highest difference between 
conversion efficiency was obtained after reaction catalyzed by PS/PDLG 
+ APTES + GA + ADH and PS/PDLG + PDA + ADH, and reached 22% at 
pH 10, whereas in the case of LAC this difference was 15% at pH 9. The 
highest conversion efficiencies for both enzymes immobilized using 
material modified by APTES and GA are related to the fact that enzymes 
are attached to the electrospun fibers pointwise, which results in easier 
transport of substrate between the environment of reaction and the 
active site of the biomolecule as compared to system with PDA. In the 
case of enzymes immobilized onto the system with polydopamine as a 
linker, lower conversion rates were achieved. This might be caused by 
partial blocking of the active sites of enzymes and occurrence of diffu-
sional limitations. These observations are in agreement with a study by 
Vona et al. [56], which also demonstrated diffusional limitations 
following laccase immobilization onto diatomaceous earth modified by 
polydopamine. 

3.6. Storage stability 

Storage stability is one of the most important parameters regarding 
potential application of the biocatalytic systems at industrial scale. 
Storage stabilities of the immobilized ADH, LAC and their free forms are 
shown in Fig. 5, where relative activity is shown to decrease with 
increasing storage time. After 10 days storage the relative activities of 
the free ADH, PS/PDLG + APTES + GA and PS/PDLG + PDA systems 
were 49%, 58% and 55%, respectively. In the case of laccase, after the 
same time of storage, the relative activities were 67%, 86% and 73% for 
the native LAC and LAC on PS/PDLG + APTES + GA and on PS/PDLG +
PDA, respectively. The retention of relatively high activities by immo-
bilized enzymes confirmed stabilization of enzyme structures by 
attachment to the electrospun support using both of the proposed 
immobilization approaches. Moreover, the protective effect of support 
material against inactivation should be highlighted. In work by 

Sigurdardóttir et al. [4], ADH immobilized onto silicon carbide powder 
modified by APTES + GA possessed over 40% relative activity after 15 
days of storage, whereas LAC attached to the electrospun fibers from 
polyacrylonitrile/montmorillonite was characterized as retaining 
around 50% of its initial activity after 20 days of storage [57]. It should 
also be emphasized that both ADH and LAC showed higher activity after 
immobilization with APTES + GA, which is directly related to the pre-
viously presented immobilization mechanism (Fig. 2). 

3.7. Thermal stability of free and immobilized enzyme 

To determine the thermostability of the produced biosystems with 
immobilized oxidoreductases, they were incubated for 60 min at a range 
of temperatures between 55 ◦C and 70 ◦C to confirm suitability of the 
obtained biocatalysts in high-temperature processes (Fig. 6). For each of 
the studied systems, relative activities decreased with increasing tem-
perature. The reactions of the native enzymes, irrespectively of the 
analyzed temperature, showed that relative activities of free ADH and 
LAC were around 20% lower compared to the immobilized bio-
molecules. These results are strictly related to the improved thermal 
stability of immobilized forms of oxidoreductases [58]. For both en-
zymes, the highest catalytic activities were achieved after use of systems 
with APTES and GA. ADH immobilized onto PS/PDLG fibers with PDA 
retained 22% of its activity after 60 min of process at 55 ◦C, whereas the 
same enzyme attached to the electrospun support with APTES and GA 
exhibited around 40% of its initial activity. In the case of immobilized 
LAC, the relative activity of this enzyme attached to the electrospun fi-
bers via APTES and GA was 13% higher at 55 ◦C, as compared to the 
activity of this biomolecule immobilized using PDA. This phenomenon 
could be explained by the fact that polydopamine is mainly attached to 
the electrospun fibers by adhesion forces and can be easily detached 
from support at higher temperature, which leads to enzyme elution from 
the support and decrease of its activity. Furthermore, lower activities 
observed at higher temperature are also related to partial thermal 
inactivation of the enzyme. However, despite loss of activity of immo-
bilized enzymes under higher temperatures, the activities of ADH and 
LAC attached to the PS/PDLG fibers possess decidedly higher activity 
compared to their native counterparts because the activities of free en-
zymes were totally lost after 60 min of process. The proposed biosystems 
could therefore be suitable for application under a wider range of tem-
perature. Fei et al. [59] immobilized deoxyriboaldolase (DBA) onto 
nano-magnet material using APTES and GA. The thermal stability of 
biomolecules attached to the support significantly increased. Moreover, 

Fig. 5. Effect of storage time on the relative activities of (a) ADH and (b) LAC.  
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Fig. 6. Thermal stability of (a) free ADH, (b) free LAC, (c) PS/PDLG + APTES + GA + ADH system, (d) PS/PDLG + PDA + ADH system, (e) PS/PDLG + APTES + GA 
+ LAC system, (f) PS/PDLG + PDA + LAC system. 
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stable and rigid connection between enzyme and support causes stiff-
ening of the biomolecule and enzyme is consequently protected against 
thermal deactivation. Sureshkumar et al. [60] used polydopamine 
coated magnetic-chitin (MCT) particles for α-amylase immobilization. In 
that study the highest activity of immobilized enzyme was obtained at 
60 ◦C and even after slight decrease or increase in temperature, the 
relative activity significantly decreased. Moreover, it was acknowledged 
that thermal activity of immobilized biomolecule strictly depends on 
type and properties of enzyme attached to the support. 

3.8. Reusability of immobilized enzyme 

Besides storage and thermal stability of the produced systems, their 
important parameter is also possibility to reuse in several consecutive 
catalytic cycles. The reusability of systems with attached ADH and LAC 
was presented in Fig. 7. It could be seen that after 2 catalytic cycles, ADH 
immobilized onto PS/PDLG fibers by both approaches, retained around 
70% of its initial activity. However, after 8 catalytic cycles this oxido-
reductase attached to PS/PDLG + APTES + GA and PS/PDLG + PDA 
materials completely lost its catalytic activity. The presented results stay 
with agreement with work presented by Zeuner et al. [61], who 
immobilized ADH onto silicon carbide (SiC) ceramic membrane using 
APTES + GA approach and investigated relative activity of enzyme over 
11 consecutive cycles. It was concluded that activity of ADH attached to 
the support by covalent binding drastically decreased retaining around 
10% of its initial activity after 9 catalytic steps. The drastic decrease in 
activity of immobilized ADH after several consecutive cycles is probably 
caused by inactivation of this biomolecule or its leakage from support 
material over repeated use. By contrast, after 8 consecutive catalytic 
cycles, laccase attached to materials modified by APTES + GA and PDA 
showed 73% and 58% of its initial activity, respectively, indicating in-
crease of stability of LAC after attachment to the modified electrospun 
support. The crucial conclusion was that oxidoreductases immobilized 
onto PS/PDLG fibers by APTES + GA approach possessed higher activ-
ity, as compared to the systems with PDA. 

3.9. Enzyme leaching 

The effect of various effluents such as NaCl, acetone, SDS, TX100 and 
TTAB on enzyme leaching was examined to determine stability of 
connection between enzymes and modified electrospun fibers (Fig. 8). 

MES and acetate buffers were applied as reference effluents. The 
application of used chemicals is important for practical purposes 

because they are usually present in industrial solutions [62–66] and 
might affect the properties of the biocatalytic system [67,68]. Moreover, 
evaluation of effect of the effluents on amount of leaked enzymes from 
supports is an overlooked area. Regardless of the type of immobilized 
enzyme, similar dependencies in the amount of leaked biomolecule 
could be observed. The lowest amount of leaked enzymes was observed 
after use of NaCl. The highest amount of leaked enzymes was observed 
after incubation of biocatalytic systems in acetone, where over 130 mg/ 
g, 128 mg/g, 345 mg/g and 321 mg/g of the enzyme was leaked, 
respectively, from the PS/PDLG + PDA + ADH, PS/PDLG + APTES +
GA + ADH, PS/PDLG + PDA + LAC and PS/PDLG + APTES + GA + LAC 
systems. The high values of leaked biomolecules are related to the 
treatment of biocatalytic systems with organic solvent which can 
dissolve the support [69] and lead to detachment of enzymes from the 
fibers. One of the most interesting observations was made after com-
parison of the results for three surfactants: anionic SDS, non-ionic TX100 
and cationic TTAB. Regardless of the type of enzyme and method of 
immobilization, the highest amount of leaked enzymes was observed 
after using TX100 as an effluent. This result is related to the fact that 
Triton X-100 is commonly used for solubilization of membrane protein 
complexes [70], which tends to destabilize the enzyme and result in its 
elution from the support. Furthermore, the work conducted in our study 
shows that the type of modifiers used for enzyme immobilization strictly 
affects the strength of bonds between enzyme and support material, and 
finally affects amount of leaked biomolecules. Systems with APTES and 
GA provide better protection of oxidoreductases from leaching 
compared to the systems with PDA. When PDA is applied as a surface 
modifier, it has also been stated that anionic and cationic surfactant are 
able to reduce thickness of the PDA coatings [71], which also brings 
about enzyme leaching and reduced catalytic properties. 

4. Conclusions 

In this study electrospun fibers from polystyrene/poly(D,L-lactide-co- 
glycolide) were produced and applied as a support material for immo-
bilization of enzymes from the oxidoreductase group. Two immobili-
zation approaches were used based on APTES and GA as linkers and PDA 
as a surface modifier. The important step in the presented investigation 
was a thorough characterization of the produced electrospun fibers and 
the suitability of their properties for enzyme immobilization. SEM im-
ages, porosity parameters and FTIR spectra confirmed the 3-D structure 
and well-developed surface area of the electrospun materials and the 
presence of specific functional moieties that facilitate enzyme 

Fig. 7. Reusability of (a) ADH and (b) LAC.  
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attachment and retention of high catalytic activity. Oxidoreductases 
immobilized onto PS/PDLG fibers using the APTES + GA approach 
retained higher catalytic activity compared to the enzymes attached 
onto fibers covered by PDA, which is probably related to the more 
accessible active sites of enzymes immobilized pointwise via APTES and 
GA. Moreover, according to response surface methodology modelling, 
the optimal conditions for immobilization of ADH and LAC using the 
APTES + GA approach were shown to be pH 6.9 and 31.6 ◦C and pH 4.4 
and 29.3 ◦C, respectively. What is more, the effects of pH and temper-
ature on conversion efficiency of formaldehyde and ABTS by ADH and 
LAC, respectively, were investigated. Conversion efficiencies of 100% 
for formaldehyde and ABTS were obtained at pH 6.5 and 5, respectively, 
and at 25 ◦C for both investigated biomolecules. Studies of storage sta-
bility, thermal stability, reusability and enzyme leakage in the presence 
of various effluents for the obtained biocatalytic systems were crucial for 
determining how type of enzyme immobilization approach affects sta-
bilization of enzyme structures and for maintaining their initial catalytic 
activities and amount of immobilized biomolecules. Enzymes immobi-
lized onto PS/PDLG fibers using the APTES + GA approach were shown 
to possess higher catalytic properties, which was reflected in catalytic 
activities, compared to immobilization using PDA. The results obtained 
show that the produced systems with immobilized enzymes possess 
application potential. However, further studies are required on use of 
ADH and LAC immobilized onto PS/PDLG fibers in oxidation reactions 
carried out in enzymatic reactors, such as conversion of CO2 to alcohols 
and conversion of hazardous phenolic compounds, respectively. More-
over, besides application in production of biofuels and environmental 
protection, the proposed systems made of electrospun fibers and 
immobilized oxidoreductases can be used in production of biosensors. 
What is more, produced electrospun materials from polystyrene/poly(D, 
L-lactide-co-glycolide), due to its properties, could find application as 
supports for other enzymes. 
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