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ABSTRACT: This study aims removal of phenols in wastewater by enzymatic oxidation method. In this study, Trametes versicolor laccase was cova-
lently immobilized onto a cryogel matrix by the nucleophilic attack of amino groups of laccase to epoxy groups of matrix. Glycidyl methacrylate
was chosen as functional monomer to prepare poly(2-hydroxyethyl methacrylate-co-glycidyl methacrylate) [p(HEMA-co-GMA)] cryogels. The
enzyme immobilized matrix was characterized by FTIR, SEM, and swelling tests. The effect of pH, reaction time, temperature, substrate concen-
tration, enzyme concentration, and storage period on immobilized enzyme activity was determined and compared with those of free enzyme.
The model substrate was 2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS). Lineweaver-Burk plots were used to calculate K, and V,,
values. Ky, values were 165.1 and 156.0 pM while V,, values were 55.2 uM min~ ' and 1.57 uM min ' for free and immobilized laccase, respec-
tively. Immobilized enzyme was determined to retain 82.5% and 72.0% of the original activity, respectively, after 6 consecutive use and storage
period of 4 weeks. The free enzyme retained only 24.0% of its original activity following the same storage period. Lastly, decomposition products
resulting from enzymatic oxidation of a model phenolic compound (3,5-dinitrosalicylic acid) in aqueous solution were identified by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41981.
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INTRODUCTION

Phenol is mainly used in pesticides, dyes, textiles production,
explosives, and precursors production for plastics." The use of
phenol in several industries results in the emission of contami-
nated wastewater, if not treated.”® Natural processes like the
decomposition of organic matter or biosynthesis by fungi and
plants are the other sources for phenol emission. Because of the
toxicological and ecological effects, it was set as a priority pollu-
tant into the list by the US Environmental Protection Agency
(EPA), and EPA has set a water purification standard of less
than 1 ug/L of phenol in drinking waters.”*

Conventional methods for phenol removal include adsorption,
solvent extraction, oxidation, ion exchange, stream stripping,
and biological treatment.” Microorganisms (usually aeorobes) or
enzymes (such as peroxidases and polyphenol oxidases) are
used in biological treatment. Peroxidases, horseradish peroxi-
dase, lipase, laccase, and bilirubin oxidase, have the ability to
oxidize the aromatic compounds to give aromatic radicals.®
The resulting polymeric substances formed by combination of
these radicals precipitate, and are easily removed by physical
means. Horseradish peroxidase has been widely used to remove
phenol and its derivatives. Since it functions in the presence of

hydrogen peroxide, the risk of inhibition and deactivation, the
formation of toxic soluble reaction by-products, and cost effects
should be considered.® Tyrosinase is a cheaper alternative to
peroxidase and it does not require the use of peroxide. But it
has the disadvantages of smaller substrate spectrum and the risk
of irreversible inactivation during the catalytic reaction.” In case
of laccase (EC 1.10.3.2, multi copper blue oxidase), dissolved
molecular oxygen is required for catalytic activity of enzyme,
leading to the more advantageous use of it. Laccase can oxidize
a broad range of substrates, including phenols, anilines, poly-
phenols, and even certain inorganic compounds with parallel
reduction of oxygen to water.'®'" The broad substrate specific-
ity, very low redox potential, wide reaction capabilities, high
efficiency for its action, no requirement for cofactors or perox-
ide, and low cost degradation of contaminants were the main
concerns in several biotechnological applications.'> Laccases are
widely used in pulp and textile dye bleaching, polymer synthe-
sis, bioremediation of water and soils, development of biosen-
sors and biofuel cells.'>'*

In the case of enzymes, the immobilized form is generally pre-
ferred since it offers several advantages such as catalyst reuse,
easier product separation, high storage stability, and cost
advantage, especially in case of large volume of wastewaters.'>'®

Additional Supporting Information may be found in the online version of this article.
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Natural or synthetic, inorganic, or organic several substances
have been used as matrices for reversible or irreversible immobili-
zation.'” ! Epoxy activated carriers,”> glass beads,”® alginate
hydrogels,** bimodal carbon-based mesoporous magnetic compo-
sites,”® nanoparticles and kaolinite,*® p(GMA-EGDMA) cryogel,”’
nanoporous gold,”® and PVA cryogel” were used for laccase
immobilization in several bioremediation applications. An attrac-
tive alternative form for the synthesis of polymeric matrix is cry-
ogels due to the advantages such as macroporous structure,
allowing separation at higher flowrate with lower backpressure,
ease of synthesis, and physical and chemical stability.’*”'

In this study, poly(2-hydroxyethyl methacrylate-co-glycidyl
methacrylate) [p(HEMA-co-GMA)] cryogels were used for cova-
lent immobilization of Trametes versicolor laccase based on the
substitution reaction between epoxy groups of the matrix and
amino groups of the enzyme. The effect of several parameters
(temperature, pH, substrate concentration, etc.) on enzyme
activity was examined for both free and immobilized enzymes
using ABTS as substrate. The potential use of immobilized
enzyme was tested qualitatively by LC-MS/MS for a model
phenol compound, 3,5-dinitrosalicylic acid (DNS).

EXPERIMENTAL

The enzyme, Trametes versicolor laccase, the substrate, 2,2’'-
azino-bis(3-ethylbenz-thiazoline-6-sulphonic acid) (ABTS), 3,5-
dinitro salicylic acid (DNS), 2-hydroxyethyl methacrylate
(HEMA), ethylene glycol dimethacrylate (EGDMA), N,N,N/,
N'-tetra-methyl-ethylene diamine (TEMED), sodium lauryl sul-
phate (SLS), and ammonium persulphate (APS) were purchased
from Sigma-Aldrich (Sigma Chem); sodium azide (NaNj) was
from Merck AG (Darmstadt, Germany) and glycidyl methacry-
late (GMA) was from Fluka AG (Buchs, Switzerland).

All other chemicals were of reagent grade and were supplied
from Merck AG (Darmstadt, Germany). All water used in
experiments was purified using a Barnstead (Dubuque, IA)
Ropure LP® reverse osmosis unit, organic/colloid removal unit,
and ion-exchange column.

Synthesis of p(HEMA-co-GMA) Cryogel

The bulk polymerization method was performed for the synthe-
sis under partially frozen-conditions. Two aqueous phases were
prepared. Phase I contained 555.0 uL of GMA and 2.2 mL of
HEMA in 3.3 mL of water. Phase II involved 0.50 g of SLS,
surface active agent, and 1.2 mL of EGDMA, crosslinker, in
13.8 mL of water. SLS was used to make easier the dissolution
of hydrophobic component, EGDMA, lowering the surface ten-
sion of water. Then, two phases were mixed and magnetically
stirred and cooled in an ice-bath for 20 min. Following the
addition of 0.01 g of APS, the initiator, and 50.0 uL of TEMED,
the activator, the mixture was poured between two glass plates,
and polymerization was conducted at —12.0°C for 24 h. The
resulting polymer was thawed at room temperature and exten-
sively washed with deionized water to remove unreacted mono-
mers and stored at 4.0°C in the swollen form.

Laccase Immobilization
Cryogel membranes were equilibrated in acetate buffer (pH: 5.0)
for 2 h. Then, 40 circular cryogel membranes (diameter 6 mm)
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were placed in 20 mL of enzyme solution having a concentration
of 2 mg/mL in acetate buffer (pH 5.0) and stirred magnetically
with a stirring rate of 100 rpm at room temperature for 24 h.
Laccase concentration was determined by UV-visible spectrometer
(UV mini-1240, Shimadzu, Tokyo, Japan) by measuring the
absorbances at 280 nm. The incubation period was chosen as 3,
6, 12, and 24 h to evaluate effect of enzyme amount, and result-
ing polymers were encoded as P3, P6, P12, and P24, respectively.
A membrane sample containing no enzyme was also synthesized
as well for comparison, encoded as PO.

Characterization of Cryogels

FTIR spectra of p(HEMA-co-GMA) cryogels and immobilized
enzyme containing cryogels were obtained by using a FTIR
spectrophotometer (Spectrum One, Perkin Elmer, USA). The
dried and crushed cryogel sample (about 2.0 mg) was thor-
oughly mixed with KBr (98.0 mg, IR Grade, Merck, Germany)
and pressed into a pellet. The spectrum was then recorded over
4600—400 cm ™" wavelengths.

The surface morphology of the cryogels was examined by scan-
ning electron microscopy (Jeol, SEM5600, Tokyo, Japan). The
cryogel sample dehydrated at —60.0°C in lyophilizer (Christ
Alpha, 1-2 LD Plus; M Christ GmbH, Germany), was coated
with gold (about 200 A in thickness) and examined using SEM
instrument at different magnifications.

The swelling degree was determined by weighing the dry and
wet membranes (4 pieces) following the incubation in 50.0 mL
of deionized water at room temperature until a constant weight
for wet sample was obtained.

The swelling ratio was calculated using the following equation:
SR(%)=[(Ws—Wo)/Wo]X100%

where Ws and Wo denote the masses of wet and dry mem-
branes (g), respectively.

The porosity was estimated by weighing the wet swollen cryogel
membrane and squeezed membrane:

POfOSitY = [(mswollen - msqueezed)/mswollen] X100%

The preceding equation where “m” denoted mass was used in
calculation. All measurements were performed in triplicate.

Activity Studies for Laccase

ABTS was chosen as substrate since laccases in general have
high affinity for ABTS that is oxidized to a stable green colored
cationic radical, ABTS™. ABTS (4.5 mL) solutions in acetate
buffer (0.1M, pH 5.0) having concentrations of 0.1-1.0 mM
were interacted with 500 uL (0.148 mg) of laccase. Following
the enzymatic reaction conducted at 25.0°C for 30 min, the
inhibitor, NaN3 (20 mM, 500 uL) was included (enzyme/inhibi-
tor ratio was 1 : 1, V: V) to stop the reaction. The absorbance
values for the product were recorded by an UV-visible spectro-
photometer (Shimadzu, UV mini-1240, Tokyo, Japan) at
420 nm, and a calibration curve (absorbance vs. ABTS™ concen-
tration) was plotted to calculate enzyme activity.

Activity Measurement for Immobilized Laccase
Two pieces of membrane encoded as P24 were added to
1.0 mM ABTS solution in 0.1M pH 5.0 acetate buffers. The
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Figure 1. SEM images: (a) Surface morphology and (b) cross-section of
of p(HEMA-co-GMA) cryogel.

reaction was conducted as 25.0°C for 30 min while the reaction
vessel was placed in a shaker. The absorbance values at 420 nm
were measured for the solutions before and after the reaction.
Activity values were calculated using the following equation:

Activity : AAgg/AtXAC/AA40

where AC denotes the change in ABTS concentration (mM),
t stands for reaction time (min), and AA,, stands for the
change in absorbance values of ABTS™.

Effective Parameters on Activity of Free and Immobilized
Enzymes

The experiments were conducted in batch mode. pH effect was
tested over 3.0-6.0 range for free and immobilized enzyme (P24;
mass of laccase 0.148 mg) at 25.0°C where ABTS concentration
and reaction time were as 1.0 mM and 30 min, respectively. The
temperature was examined over 25.0-75.0°C range, the other
parameters being the same as above. The substrate concentration
effect was examined over 0.1-3.0 mM range. The temperature and
pH were adjusted to 25.0°C and 5.0, respectively. Again P24
encoded sample was used for immobilized form of enzyme. P3, P6,
P12, and P24 encoded membranes were also used to evaluate the
effect of immobilized enzyme amount on activity. 0.017, 0.038,
0.073, and 0.148 mg of laccase containing 500 uL of enzyme solu-
tions were used for the analysis of free enzyme activity for compar-
ison. For the effect of reaction time, the range of 1-60 min was
examined. The immobilized enzyme containing cryogel was used
for 6 successive runs to test the reusability. The membrane was
washed with sodium hydroxide (10 mM), acetate buffer (0.1M, pH
5.0) and water before each use. The storage period effect on activity
was tested for four weeks for both free and immobilized enzymes.

DNS Degradation by Immobilized and Free Laccase
The degradation process was performed under optimum condi-
tions leading to maximum activity for enzyme. The process was
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Figure 2. The effect of pH on laccase activity. Cryogel code: P-24; laccase
amount: 0.148 mg; NaNj concentration: 20 mM; enzyme/inhibitor v : v,
1 : 1; ABTS concentration: 1.0 mM; time: 30 min; T: 25.0°C.

started by two pieces of P24 encoded membranes included in
2.5 mL of 1.0 mM DNS, and 2.5 mL of 0.5 mM ABTS (chemi-
cal mediator). The reaction was conducted at 55.0°C for 2 h.
Following the reaction, 1.0 mL of solution was stored for LC-
MS/MS analysis. The same procedure was applied to free
enzyme including 500 pL (0.148 mg) of laccase dissolved in ace-
tate buffer (pH 5.0) into the mixture containing ABTS and
DNS.

LC-MS/MS Analysis

A triple quadrupole LC-MS/MS system (Shimadzu LC-MS-
8030, Kyoto, Japan) in Q3 scan mode was used to carry out the
analysis. The chromatographic separation was performed by
inertsil ODS-4 HPLC column (150 X 2.1 mm, 3 um). The
mobile phases A and B were formic acid (pH 3.5) and acetoni-
trile, respectively. The gradient mixtures containing 10.0%A and
90.0%B and 80.0%A and 20.0%B were used for the first 13 min
and the following 5 min of the analysis. The linear gradient for
chromatographic separation was performed at a furnace temper-
ature of 40.0°C for a flow-rate of 0.3 mL/min. The separation was
realized at ESI-positive and negative ion modes over the mass

100 + —*—Immobilized laccase

—®—Free laccase
80 -,

Relative activity, %
f=)
=

40 T
20 1
0 ; ; + |
0 20 40 60 80

Temperature, °C

Figure 3. The effect of temperature on laccase activity. Cryogel code: P-24;
laccase amount: 0.148 mg; NaN; concentration: 20 mM; enzyme/inhibitor
v:v, 1:1; ABTS concentration: 1.0 mM; time: 30 min; pH: 5.0.
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Figure 4. The effect of substrate concentration on laccase activity. Cryogel
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GMA, and the subsequent ring opening. Since the binding was 0 " . : " .
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the immobilization method included the disadvantages such as
the risk of chemical modification of enzyme and the small
amounts of immobilized enzyme. Besides the affinity interac-
tion, adsorption occurs to a lesser extent due to the secondary
interactions between enzyme and matrix. The amount of immo-
bilized enzyme was determined spectrophotometrically from
absorbance measurements at 280 nm using the previously deter-
mined calibration curve, and considering the amounts of laccase
before and after immobilization in solution and in washing
water. Two circular pieces of membrane contained 0.017, 0.038,
0.073, and 0.148 mg of enzyme for P3, P6, P12, and P24 sam-
ples, respectively. The amount of immobilized enzyme increased
with increasing immobilization period.
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Figure 5. The effect of reaction time on laccase activity. Cryogel code: P-24;
laccase amount: 0.148 mg; NaN; concentration: 20 mM; enzyme/inhibitor
v :V, 1:1; ABTS concentration: 1.0 mM; T: 25.0°C; pH: 5.0.
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Storage period, week
Figure 6. The repeated use (a) and storage stability (b) of the cryogels.
Cryogel code: P-24; laccase amount: 0.148 mg; NaN; concentration:
20 mM; enzyme/inhibitor v : v, 1 : 1; ABTS concentration: 1.0 mM; time:
30 min; T: 25.0°C; pH: 5.0.

Characterization of Cryogels

GMA was chosen as the functional monomer due to the reactive
epoxy groups to interact with amine groups of enzyme without
requiring the activation of the matrix. FTIR spectra for p(HEMA-
c0o-GMA) and immobilized enzyme containing p(HEMA-co-
GMA) are used to characterize the chemical structure of cryogels
(Figure SF-1, Supporting Information). A broad peak of —O—H
stretching vibration around 3440 cm™ ! has appeared for both of
them. The characteristic methylene vibration around 2950 cm ™'
belongs to GMA and HEMA. The peak around 1730 cm ™' corre-
sponds to ester configurations (—COO—) of both monomers.
The peak around 900 cm ' belongs to epoxy groups for
p(HEMA-co-GMA) cryogel whereas the existence of peaks around
1570 cm™' for enzyme containing membranes proves the exis-
tence of C—N bonds. The increase in the intensity of —O—H
stretching vibration was an indication of covalent attachment of
laccase through epoxy ring opening, and increase in number of
—OH functional groups due to bonding of oxygen atoms in
epoxy rings with hydrogen atoms.

The swelling of cryogel membranes was rapid due to the capil-
lary effect of water molecules into pores. The swelling ratios
(%) were 523%, 531%, 559%, 570%, and 572% for PO, P3, P6,
P12, and P24, respectively. Macroporosity (%) values were 54%,
55%, 58%, 59%, and 61%, in the same order. The hydrophilic
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Figure 7. Positive ion chromatogram and MS spectra of DNS solution treated with laccase immobilized cryogel. Peaks belonged to 1: ABTS and 2-5:

products. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

character of matrix and enzyme, the increase in surface area
following immobilization, the polar groups for protein are
probably responsible for the increase in swelling ratios and
macroporosity.

The SEM images with different magnification ratios of
p(HEMA-co-GMA) cryogel are given in Figure 1. The inter-
connected macropores are clearly seen. The size of pores was
roughly 20-50 um. Addition of surface-active agent (SLS) into
polymerization recipe, probably caused the shapes of pores
and surface of polymeric walls to become rougher than tradi-
tional cryogel images due to the change in distribution of
water molecules throughout the network and freezing them
into ice crystals.

Optimization of Enzyme Activity Conditions

Effect of pH on Activity. The pH value has significant effects
on the ionic structure of active center, stability, and three-
dimensional structure of enzyme, the maximum rate (V,),
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Michealis-Menten constant (K,), the functional groups involved
in interactions and the affinity of enzyme for substrate. Since
the electrostatic and hydrophobic interactions and hydrogen
bonding are responsible for stability, tertiary, and quaternary
structures of enzymes are strongly affected with a change in pH.
For instance, the carboxyl groups are protonated when pH is
less than 3.0 whereas amino groups are protonated when pH is
less than 10.0. Electrostatic bond formation is prevented causing
changes in enzyme activity.”? Thus; enzymes are denatured in
strongly acidic and alkaline media. When ABTS was used as
substrate, laccases are active below pH 6.0. The pH optima are
found in the range 3.0-5.0.%* Also, Type III copper of laccases is
inhibited by hydroxide ion for alkaline media, and laccase is
converted into an inactive form due to the redox potential dif-
ference between Type I copper and substrate®® That was the rea-
son for choosing 4.0-6.0 range for pH analysis. The effect of
pH on activity for both free and immobilized enzyme is given
in Figure 2. The optimum pH was 5.0 for both, consistent with
the values reported in literature.”>™” But, the pH range for
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Figure 8. Positive ion chromatogram and MS spectrum of DNS solution treated with free laccase. The peaks belonged to 1: ABTS and 2-5: products.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

which the active enzyme was involved broadened in case of
immobilized form which means immobilization decreased the
sensitivity of enzyme with respect to pH variation.

Effect of Temperature on Activity. The temperatures for free
and immobilized laccase were varied between 25.0 and 75.0°C
(Figure 3). The optimum temperature range for fungal laccases
was reported as 30.0-60.0°C in literature.”®* The decrease in
activity at higher and lower temperatures was due to the possi-
bility of denaturation and conformational changes in active
center of enzyme. The enzymatic reaction rate is strongly
affected with a change in temperature due to Arrhenius equa-
tion. For 298-323 K range, the activation energies were deter-
mined from Arrhenius plots as 27.0 and 28.8 kJ/mol for free
and immobilized enzymes, respectively. The slight increase in
activation energy for immobilized enzyme was due to the
decrease in conformational flexibility of enzyme for binding to
substrate. Optimum temperature for enzyme activity shifted
from 50.0 to 55.0°C due to the stability caused by immobiliza-
tion procedure.
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Effect of Substrate Concentration on Activity. Lineweaver-
Burk diagrams were plotted to get Michealis-Menten constant
(K,,) and maximum reaction rate (V,,) for saturated substrate
concentration from the slope and intercept, respectively, using
following equation (Figure not given):

1/ V=Kyn/ VX (1/[S]) + 1/ Vi

K,, values for free and immobilized laccase were 165.1 and
156.0 uM while the V,, values were 55.2 and 1.57 pM/min,
respectively. The K, values of laccases are in the range of 2—
5000 pM.'"’ In this study, the change in K,, a measure of
enzyme’s affinity for substrate was an indication of enzyme’s
affinity for ABTS not effected by immobilization procedure,
instead increased, contrary to general trend followed by immo-
bilized enzymes. V,, of free enzyme was 35-fold lowered in case
of immobilized one. Compared with the free enzyme, the
immobilized enzyme usually has its activity lowered. The change
in V,, was probably caused by the change of microenvironment
in which the enzyme works, different from the bulk solution,
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Figure 9. Negative ion chromatograms and MS spectra for ABTS and DNS solution before and after enzymatic treatments. Note: Figures have already
been given as Supporting Information separately. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and structural changes introduced to the enzyme by the applied
immobilization procedure.*’

Effect of Amount of Enzyme on Activity. The relative activity
of both free and immobilized enzyme increased with increasing
amount of enzyme as expected (Figure 4). The lower rate of
change of activity for immobilized one was probably due to the
steric hindrance effect stemming from covalent immobilization.

Effect of Reaction Time on Activity. The relative activity of
immobilized enzyme increased with increasing time up to
30 min (Figure 5), and then decreased since the amount of
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substrate decreased due to enzymatic reaction. According to the
data, 30 min was accepted as optimal interaction time and
applied for all runs.

Repeated Use and Storage Stability

Reusability is highly important due to cost considerations.
Following six-repeated use, the relative activity of immobilized
enzyme only decreased 82.5% of its original activity [Figure
6(a)]. The storage period for immobilized enzyme was longer
than that of free one. 72% of original activity was maintained
for immobilized enzyme after four weeks. Only 24% of original
activity was retained for free enzyme in the same storage period,
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proving that immobilization process increased the storage stabil-
ity of the enzyme [Figure 6(b)].

LC-MS/MS Analysis

To test the potential application of laccase immobilized cryogels,
ABTS and DNS degradation by immobilized enzyme was exam-
ined (Figures 7 and 8). The degradation products were analyzed
by LC-MS/MS measurements. MS spectra were firstly recorded
for standard DNS and ABTS solutions (Figures SF-2 and SF-3,
Supporting Information). For standard ABTS solution, the
retention time was 2.75 min for positive ion scanning while no
response for negative ion scanning was recorded. Conversely,
DNS gave a response for negative ion scanning with a retention
time of 8.5 min. Therefore, positive ion scanning in case of
ABTS was applied whereas negative ion scanning was used in
case of DNS solution. When MS spectrum of DNS solution
treated with immobilized enzyme was examined, peak 1 having
the same retention time and the same mass/charge ratio with
standard solution belonged to ABTS. The peaks 2, 3, 4, and 5
proved the degradation products of DNS having mass/charge
ratios as 184.20, 200.25, 225.25, and 228.30, respectively. These
peaks belonged to the release of CO,, the release of aldehyde,
formation of quinone and protonation of structure. The nega-
tive ion scanning chromatogram of DNS treated with immobi-
lized laccase proved the decrease in amount of DNS as well.

When positive ion chromatograms of DNS treated with free and
immobilized enzymes were compared, the resulting peaks were
the same. The same result was valid for MS spectra and negative
ion chromatograms of both enzymes used for DNS treatment,
which means that both free and immobilized enzymes have simi-
lar activities on the substrate molecules and converted them into
same final products as expected. As a result, the immobilization
procedure did not affect the enzyme activity meanwhile enhanc-
ing properties such as pH, temperature dependences, reusability,
storage stability, etc. of enzyme molecules.

Negative ion chromatograms and MS spectra of ABTS and DNS
before and after enzymatic treatment were also considered to
compare efficiencies of both enzymatic systems (Figure 9). As
given in figure, ABTS has no chromatogram in negative ion
radiation meanwhile DNS has a peak including five different
MS products at which have m/z ratios as 91.15, 183, 226.9, 228,
and 229. After treatment with immobilized laccase, the peaks at
183 and 229 m/z ratio disappeared meanwhile the intensities of
the peaks at 91.15 and 227 m/z increased from 0.1613 to 0.7097
and from 1.9355 to 2.00, respectively. Also, the intensity of the
peak at 228 m/z decreased from 0.6290 to 0.1839. In case of
free enzyme used, the peaks at 183 and 229 m/z ratio also dis-
appeared. The intensities of the peaks at 91.15, 227, and 228 m/
z changed to 0.7419, 2.0645, and 0.1710, respectively. The disap-
pearance of the peak at 183 m/z is the most promising evidence
for enzymatic conversion of substrate, DNS molecules. This
peak depends on the CO,H and/or NO, cleavage from basic
structure. But, we have to focus on the peak at 91 m/z which is
the smallest molecule retained in order to compare the efficien-
cies of free and immobilized laccases. The intensity increased
4.3999-folds for immobilized laccase whereas that increased
4.5995-folds for free laccase, which indicates free enzyme has
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more activity (104.5%) on the substrate. The results correlated
with the results obtained and discussed during optimization
studies and positive ion treatments when LCMSMS measure-
ments. But, the recovery and reusability features of immobilized
enzymes make them more useful, efficient, and cost-friendly
alternative for enzymatic treatment of wastewater samples.

CONCLUSION

Herein, we have reported glycidyl methacrylate based cryogel
for enzyme immobilization and its performance for biotreat-
ment of a model phenol compound in water. Glycidyl methac-
rylate was chosen to omit the activation step for enzyme
immobilization while cryogel form was preferred due to struc-
tural properties and excellent flow dynamics. After optimization
of conditions for both enzyme immobilization and enzymatic
oxidation of model substrate (ABTS), the cryogels were treated
for oxidative removal of a model phenol compound from water.
The cryogels proposed could be classified as a promising alter-
native for enzyme immobilization and biological wastewater
treatment because enzyme activity and stability were protected
meanwhile storage and temperature stabilities were improved.
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