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Abstract

Keywords

Phenolic compounds, such as catechol, are released into the environment from a variety of industrial sources and they present
a serious ecosystem burden. This work examined the possibility of using partially purified apple polyphenol oxidase (PPO) for
bioremediation of phenolic contaminants. In order to optimize process conditions, the optimal pH and temperature for PPO
activity were determined, while PPO affinity toward various phenols, as well as the effect of some salts and organic solvents
which can be found in wastewaters, was used to confirm applicability of PPO in wastewater treatment. It was found that par-
tially purified apple PPO shows maximal activity at pH 6.8 and 25 °C, but exhibits more than 85 % of its maximal activity in pH
range from 5 to 8, and more than 90 % of activity in temperature range from 10 to 50 °C. PPO showed high affinity for various
diphenols, but lack of affinity toward monophenols. Sodium tetraborate decahydrate moderately inhibited PPO activity, while
exposure of PPO to the presence of organic solvents (¢ = 5 %) caused 40 % loss in its activity. Catechol oxidation by PPO
performed for just 5 min in a batch reactor at optimal process conditions resulted in 25 % conversion. Based on obtained data,
it seems that partially purified apple PPO has reasonable potential in wastewater treatment.

Catechol oxidation, enzymatic wastewater treatment, phenolic contaminants, polyphenol oxidase (PPO)

1 Introduction

Wastewater discharged from a number of processing in-
dustries, such as production of rubber, dyes, pesticides,
colours, plastics, pharmaceuticals, and cosmetics, contains
dissolved organic pollutants such as phenol and substituted
phenolic compounds.” The United States Environmental
Protection Agency (EPA) has ranked phenols the 11" on
a list of 126 toxic chemicals that have been designated
as priority pollutants.? Their concentration usually ranges
from 100 to 1000 mg|~" and they present a serious toxic
and hazard threat to the environment.? According to some
regulations, the concentration of phenols in the industri-
al effluents should not exceed 0.05 to 1T mgl~"' for safe
discharge in sewage and in marine environment.* Many
different methods, physical and chemical (destructive oxi-
dation, adsorptive micellar flocculation, ultrafiltration and
adsorption on organic and inorganic compounds) and bio-
logical (phytoremediation and microbiological removal),
have been applied for removal of those toxic compounds
from wastewaters.**> Although chemical and physical met-
hods have been investigated exhaustively, they have many
drawbacks, such as high costs, incomplete removal, for-
mation of hazardous by-products that are even more tox-
ic than phenols, low efficiency, high energy requirements
and/or applicability only in a low range of concentrations.®
On the other hand, there is a growing recognition that
enzymes can be used in many remediation processes to
target specific pollutants for treatment.” Application to diff-
erent substrates, operation at high and low contaminant
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concentrations over a wide pH, temperature and salinity
range, and easy control are just some of the advantages
of enzymatic processes.® The idea of using oxidoreductive
enzymes, like polyphenol oxidase (PPO) and peroxidase,
for wastewater treatment was developed in the early
1980s.” PPOs became interesting because they are widely
distributed through different microorganisms, plants and
animals, and specific to a wide range of phenolic substrates
transforming them to less toxic and insoluble quinones®,
making the separation much easier. They can be applied
as free or immobilized enzymes, purified or crude extract.
Among them, the least desirable is the use of purified free
enzyme because they are non-reusable and highly sensi-
tive towards denaturation agents. Therefore, immobilized
enzyme, partially purified and even crude extract of PPO
are more desirable forms.’®'" Researchers have found that
the presence of different enzymes and isoenzymes along
with other non-enzyme constituents in crude extract per-
mits the extract to function under a wider range of con-
ditions (pH, temperature, polyphenol concentration), and
with more substrates than would be possible using single
enzymes.'?

This study reports the possibility of using partially purified
PPO from apple variety Idared for catechol removal from
aqueous media. Catechol was chosen since it provokes
changes in the function of erythrocytes at doses as low as
50 pgl~" i.e. that dose for phenol is 250 pgl~'."* Chara-
cterization of partially purified PPO from apple variety
Idared was studied in terms of pH, temperature, and stor-
age stability. Besides catechol, several different phenolic
compounds were studied as possible substrates for partially
purified apple PPO. The focus was also on the degree of
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inhibition by different inhibitors, to help predict the be-
haviour of the apple enzyme in complex media, such as
in wastewater loaded with different phenolic compounds.

2 Experimental
2.1 Chemicals

Ammonium sulphate, acetone, dimethyl sulfoxide
(DMSO), ethanol, ethylenediaminetetraacetic acid disodi-
um salt (EDTA-2Na), and sodium chloride were purchased
from Kemika (Croatia). Bradford reagent was purchased
from Bio-Rad (Germany). L-3,4-dihydroxyphenylalanine
(L-DOPA), (+)-catechin, caffeic acid, chlorogenic acid,
(-)-epicatechin, 4-methylcatechol, trans-ferullic acid,
(-)-epigallocatechin-3-gallate, bovine serum albumin, sodi-
um tetraborate decahydrate, and catechol were purchased
from Sigma-Aldrich (USA). L-tyrosine, sodium phosphate
monobasic monohydrate, and sodium phosphate dibasic
dihydrate were purchased from Merck (Germany), while
Triton X-100 was purchased from Fluka (Germany).

2.2 Partial purification of apple polyphenol oxidase

Apples (Malus domestica cv. Idared) of commercial ma-
turity, marked as Croatian product, purchased at a local
store (Konzum, Croatia) were used as starting material for
isolation of PPO. Apples of the variety Idared were cho-
sen since they are the most common cultivar in Croatia
(60 % of total apple production) and 4" in the European
Union.™

Polyphenol oxidase from apples was partially purified by
ammonium sulphate (30-80 %), and subsequent ice-cold
acetone (—20 °C) precipitation according to Strelec et al.
Brownish acetone precipitate collected by centrifugation
(15.000g, 20 min, 4 °C; Heraeus Multifuge 3L-R Centrifuge,
Heraeus, Germany) containing PPO (5018+198 U mg™")
was stored at —20 °C and used for all experiments.

2.3 Determination of protein concentration

Protein concentrations in extracts and PPO solutions were
measured according to the method of Bradford'® using bo-
vine serum albumin as the standard.

2.4 PPO activity assay

PPO activity was determined spectrophotometrically at
25 °C using a double-beam spectrophotometer Specord
200 (Analytiklena, Germany), by measuring the absorbance
at 475 nm or 420 nm, depending on the substrate. Change
in absorbance was recorded every 10 s during 100 s for all
substrates, except L-tyrosine, where the change in absorb-
ance was recorded every 30 s during 15 min. One unit of
PPO activity (U) was defined as the change in absorbance
of 0.001 per min and per ml of enzyme. All the measure-
ments were performed in triplicate, and in the 95 % confi-
dence interval the results showed no significant difference.
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2.5 Determination of pH and temperature optimum

The influence of pH on PPO activity was measured at
T = 25 °C in the pH range from 5 to 9 using various buff-
ers: a) 0.1 mmol I7" sodium acetate buffer of pH 5 and
6; b) 0.1 mmol I7" sodium phosphate buffer pH 6, 6.8, 7
and 8, and ¢) 0.1 mmol I=" Tris-HCI buffer of pH 8 and 9.
L-DOPA (10 mmol I=") was used as a model substrate.

The influence of temperature on PPO activity was measu-
red in temperature range between 10 and 50 °C, while
thermal stability of the enzyme was determined by incu-
bating the enzyme solution at temperature of 4 °C and
25 °C up to 160 h. In both cases, L-DOPA (10 mmol I~
in 0.1 mmol I=" phosphate buffer, pH 6.8) was used as a
substrate.

All the measurements were performed in triplicate, and in
the 95 % confidence interval the results showed no signif-
icant difference.

2.6 Determination of enzyme stability

The stability of PPO solution (250 U mg™" of PPO suspend-
ed in 0.1 mmol I7" phosphate buffer, pH 6.8, containing
Triton X-100 (¢ = 0.1 %)) was monitored during seven
days of storage at 4 and 25 °C, while storage stability of
partially purified PPO was monitored during 228 days of
storage at —20 °C. All the measurements were performed
in triplicate, and in the 95 % confidence interval the results
showed no significant difference.

2.7 Substrate specificity of apple PPO

Substrate specificity of PPO was determined using nine
different substrates: L-3,4-dihydroxyphenylalanine (L-DO-
PA), (+)-catechin, caffeic acid, chlorogenic acid, (-)-epi-
catechin, (-)-epigallocatechin-3-gallate, 4-methylcatechol,
trans-ferullic acid and L-tyrosine. Reaction mixture for PPO
activity determination contained 1, 2.5, or 10 mmoll~" sub-
strate solution in 0.1 mmol |~ phosphate buffer, pH 6.8,
and 250 U mg™" of PPO suspended in 0.1 mmol I! phos-
phate buffer, pH 6.8 at T = 25 °C, containing Triton X-100
(¢ = 0.1 %). Increase in absorbance at 420 nm ((+)-cate-
chin, caffeic acid, chlorogenic acid, (-)-epicatechin, (-)-epi-
gallocatechin-3-gallate, 4-methylcatechol, trans-ferullic
acid) or 475 nm (L-DOPA and L-tyrosine) was measured.
All the measurements were performed in triplicate, and in
the 95 % confidence interval the results showed no signif-
icant difference.

2.8 Effect of inhibitors and organic solvents
on PPO activity

PPO activity was measured in the presence of three differ-
ent inhibitors (ethylenediaminetetraacetic acid disodium
salt, sodium chloride, and sodium tetraborate decahydrate
(borax)) at three different concentrations in the reaction
mixture (0.1, 1T and 10 mmol I7") containing 10 mmol |~
L-DOPA as a substrate (T = 25 °C).
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The effect of two organic solvents, dimethyl sulfoxide
and ethanol, on PPO activity was measured at three dif-
ferent solvent volume percentages (1, 2 and 5 %) in the
reaction containing 10 mmol I7' L-DOPA as a substrate
(T=25°C).

All the measurements were performed in triplicate, and in
the 95 % confidence interval the results showed no signif-
icant difference.

2.9 Measurements of catechol concentration

Catechol concentration was measured using HPLC (LC-
AT10, Shimadzu, Japan) at 30 °C with a reverse phase
C18 125 mm x 4 mm x 5 um column (LiChrospher 5u
RP-18 100 A, Phenomenex, USA), and a UV detector at
280 nm according to the method described by Jurinjak
Tusek et al."”

2.10 Catechol oxidation

Catechol oxidation was performed in a glass batch re-
actor (V = 50 ml) with reaction volume of 10 ml. The
reaction was carried out at 25 °C in phosphate buffer
(0.1 mmol I7, pH 6.8). Initial concentration of catechol
was 7.7 mmol I7". The reaction started with the addition
of 0.1 ml of PPO suspension to 7.7 mmol I”" aqueous
catechol solution to give a final PPO concentration in
the reactor of 0.0011T mgml~'. The reaction mixture was
stirred with a magnetic stirrer (800 rpm, Tehtnica, Czech
Republic) and catechol concentration in the samples was
monitored by HPLC as described above. Experiments
were performed without additional aeration. An oximeter
(Optical Oxygen Meter — FireStingO,, Denmark) was used
for measurement of dissolved oxygen concentration in the
reaction mixture.

2.11 Modelling and data handling

Enzyme operational stability decay rate was described by
the first order kinetics according to Eq (1).

dS.A.
——=—k,-S.A.
at d (M

where S.A. is specific activity (U mg™), t is time (h), and kyq
is decay rate constant (h"). Decay rate constant was esti-
mated by the nonlinear regression analysis using the least
squares method implemented in the SCIENTIST software
(MicroMath®, Salt Lake City, USA). It was evaluated by fitt-
ing the model to the experimental data. The calculated
data were compared with the experimental data, recalcu-
lated in the optimization routine, and fed again to the in-
tegration step until a minimal error between experimental
and integrated values was achieved. The residual was de-
fined as the sum of the squares of the differences between
the experimental and the calculated data. “Episode” algo-
rithm for the stiff system of differential equations, imple-
mented in the SCIENTIST software, was used for simula-
tions of batch reactor mathematical models.

3 Results and discussion
3.1 Effect of pH on PPO activity

Once the PPO was partially purified
(S.A. = 5018198 Umg™), the effect of pH in the range
from 5 to 9 on PPO activity was determined. This range
was chosen based on previous reports where different
authors reported that optimal pH values range from 5 to
7.1821 It was found that optimal pH correlates with litera-
ture data (Fig. 1) but, also, that it depends on the chosen
buffer. When the 0.1 mmol|~" sodium acetate buffer was
used, pH optimum was determined to be 6, while when
0.1 mmol I7" sodium phosphate was used, the optimal
pH was 6.8. Therefore, 0.1 mmol =" sodium phosphate
was used in all further experiments. Additionally, Ni Ei-
dhin et al." reported that activity of PPO from Bramley’s
Seedling apple sharply decreases at pH higher than 7 (for
pH 7.5, enzyme retained only 20 % of its initial activity).
The same effect was not noticed in this research using
partially purified apple PPO. It was found that, in the pH
range from 5 to 8, PPO retains more than 85 % of its initial
activity, indicating that it is more stable than the PPO from
Bramley’s Seedling apple.
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Fig. 1 — Effect of pH on PPO activity; ® 0.1 mmol =" sodium
acetate buffer, @ 0.1 mmoll~" sodium phosphate buffer
and O 0.1 mmol I Tris-HCl buffer

Slika 1 — Utjecaj pH-vrijednosti na aktivnost enzima PPO;
0,7 mmol ™" natrijev acetatni pufer, @ 0,1 mmol "' na-
trijev fosfatni pufer i © 0,1 mmol =" Tris-HCI pufer

3.2 Effect of temperature
on the PPO activity and stability

PPO activity was determined in the temperature range
from 10 to 50 °C in 0.1 mmol I7" phosphate buffer at
pH 6.8. It was found that optimal temperature for partially
purified PPO was 25 °C, but enzyme retained more than
90 % of its initial activity in temperature range from 10 to
50 °C (Fig. 2). Observed data are opposite to the report
of Ni Eidhin et al." who found that PPO from Bramley’s
Seedling apple shows optimal temperature at 30 °C, and
retains from 60 to 80 % of its initial activity in temperature
range from 10 °C to 50 °C.
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Fig. 2 — Effect of temperature on PPO activity
Slika 2 — Utjecaj temperature na aktivnost enzima PPO

PPO stability during storage was monitored once the PPO
was partially purified and stored (—20 °C). Samples were
taken during 228 days, and the results are presented in
Fig. 3a. According to the obtained results, it can be con-
cluded that no change in activity during 228 days had oc-
curred.

In order to investigate PPO stability suspended in buffer
(0.1 mmol =" phosphate buffer, pH 6.8, containing Triton
X-100 (¢ = 0.1 %)) and stored during 164 h at two differ-
ent temperatures (4 and 25 °C), the samples were with-
drawn with time and PPO activity was measured (Fig. 3b).
As may be observed, the PPO in solution was still stable
with a slight decrease in activity when stored at 4 °C. The
temperature of 25 °C (shown to be optimal temperature
for substrate oxidation) had a significant effect on PPO sta-
bility. It was noticed that PPO retained less than 50 % of its
initial activity after 168 h.

In order to predict the time when the activity will de-
crease under 10 % of PPO initial activity, decay rate con-
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stants were determined assuming the first order kinetics.
It was calculated that PPO stability decay rate constant
for PPO stored at 4 °C was 0.00011+0.00002 h~' and
0.00442+0.00017 h~" for PPO stored at 25 °C. Based on
obtained results and according to the mathematical model
predictions, after seven months of storage at 4 °C, PPO will
lose 50 % of its initial activity and 90 % after more than two
years. On the other hand, when the activity was measured
at 25 °C, 50 % of activity was lost after six days and 90 %
after 21 days. Considering long-term processes conducted
at 25 °C, obtained result is not so promising, but in order
to overcome that disadvantage, biocatalyst immobilization
is often implemented.?? Immobilization of PPO can pro-
tect it from denaturation by organic co-solvents, increase
their stability in general,? facilitate the separation of reac-
tion products,” and maintain good catalytic efficiency over
many reaction cycles.?*?> Thus, this could be a possible
solution for long-term processes.

3.3 Catechol oxidation catalysed
with partially purified apple PPO

As mentioned in the introduction, catechol is released into
the environment from a variety of industrial sources', and
together with different polyphenolic compounds, presents
a serious ecosystem burden.?® Therefore, the removal of
catechol from water or wastewaters is of great importance.
Many reports have suggested that PPO has high affinity
towards catechol,'®927-30 therefore, catechol was chosen
as a model substrate in wastewater purification. Batch
mode catechol oxidation was performed in 10 ml scale.
The reaction was carried out at 25 °C in phosphate buffer
(0.1 mmol I7, pH 6.8), which was determined as optimal
for PPO. Initial concentration of catechol was 7.7 mmol -7,
while initial oxygen concentration was determined to be
0.186 mmol I=". The mixture was not aerated additional-
ly, so the oxygen supply was provided only through the
boundary layer atmosphere/reaction mixture. Results are
presented in Fig. 4.
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Fig. 3 — Temperature stability of PPO at a) —20 °C and b) @ 4 °C and O 25 °C, — mathematical model
Slika 3 — Temperaturna stabilnost enzima PPO pria) —20°C i b) @ 4 °C i O 25 °C, — matematicki model
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Fig. 4 — Catechol oxidation in a batch reactor (@ catechol con-
version, X; O dissolved oxygen concentration, DO)

Slika 4 — Oksidacija katehola u Sarznom reaktoru (@ konverzija
katehola, X; O koncentracija otopljenog kisika, DO)

Catechol conversion of 25 % was achieved after 5 min of
reaction (Fig. 4). According to the results of dissolved oxy-
gen concentration (Fig. 4), reaction time of 5 min was also
the time when all the oxygen dissolved in the mixture was
consumed, which confirmed that PPO is an oxygen-de-
pendent enzyme, as well as that oxygen is the second sub-
strate in the reaction. The obtained product of catechol ox-
idation is probably quinone,*" which plants usually utilize
to synthesize melanins — pigments that cause the damaged
tissues to turn reddish-brown®*** and it is less toxic than
catechol.

In the literature, for polyphenol removal, enzyme laccase
is usually proposed (L-DOPA,** L-DOPA and catechol,'”
coniferyl alcohol®?). Laccase is an enzyme that belongs
to the group of effective enzymes capable of catalysing
the oxidation of different phenolics. Research performed
by TiSma et al.** confirmed that laccase can be used for
L-DOPA oxidation and that the reaction is strongly de-
pendent on dissolved oxygen concentration; therefore,
continuous aeration had great effect on reaction rate.
Similar results were obtained in the research performed
by Jurinjak Tusek et al."” As for the results of catechol oxi-
dation, the results obtained in this research (maximal con-
version) were similar to the results obtained when laccase
was used for catechol oxidation where the maximal con-
version of 30 % was achieved (data not presented). The
only significant difference was the reaction time; whereas
5 min was enough for PPO, it took almost 2 h to achieve
the same conversion with enzyme laccase. Obtained re-
sults indicate that partially purified PPO could be a better
solution than laccase for polyphenol oxidation/removal.
Also, with additional process optimization (mainly con-
tinuous aeration), even better results (higher conversion)
could be expected.
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3.4 Substrate (polyphenol] specificity
of partially purified apple PPO

The composition of wastewaters is never simple, and it
contains a variety of organic and inorganic compounds.
Among them, there are different phenolic compounds, not
just catechol.” In order to determine which other polyphe-
nolic compounds could be removed/oxidised by partial-
ly purified PPO, PPO specificity was investigated towards
L-DOPA  (-)-epicatechin,  (-)-epigallocatechin-3-gallate,
(+)-catechin, caffeic acid, chlorogenic acid, 4-methylcat-
echol, L-tyrosine and trans-ferullic acid.

The reaction was performed under optimal conditions
regarding pH and temperature (0.1 mmol I=" phosphate
buffer, pH 6.8; T = 25 °C). Three different substrate con-
centrations (1, 2.5, and 10 mmol I~") were studied, and the
results are presented in Table 1.

Table 7 — Substrate specificity of partially purified PPO from ap-
ple variety Idared
Tablica 7 — Supstratna specificnost djelomi¢no procis¢enog enzi-
ma PPO iz sorte jabuka Idared

Substrate ¢/mmol -1 Relative activity /%"
Supstrati Relativna aktivnost/ %
10.0 100.0
L-DOPA 2.5 28.8
1 12.3
(-)-epicatechin 122 %ﬁg
(-)-epikatehin 1 26.9
(-)-epigallocatechin-3-galate (2)(5) ? g’
(-)-epigalokatehin-3-galat : )
1 0.5
(+)-catechin 122 gg173
(+)-katehin )
1 28.3
caffeic acid 1(2)(5) 2(2)2
kavena kiselina ’
1 11.9
chlorogenic acid 1(2)2 ! ;??
klorogenska kiselina " 128
4-methylcatechol 1(2)(5) fggg
4-metilkatehol : )
1 9.3
L-tyrosine 1(2)(5) 88
L-tirozin 1 0.0
trans-ferullic acid 1(2)(5) 88
trans-ferulinska kiselina ’1 0'0

“Relative activities are calculated as % of activity determined with L-DOPA
(10 mmol ")

The highest activity was achieved using catechin, followed
by epicatechin and 4-methylcatechol, then chlorogenic
acid, L-DOPA, caffeic acid, and epigallocatechin-3-gallate.
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Affinities towards mentioned substrates were expected,
since they can all be found in apples.” It was found that
PPO has no activity towards monophenols, L-tyrosine and
trans-ferullic acid. Tyrosine has already been reported to
be a poor substrate for apple PPO,>193¢ but it was shown
to be a substrate for PPO isolated from other fruits, such
as jackfruit.?® In general, partially purified apple PPO had
higher affinity towards di-phenolic then mono-phenolic
compounds. Similar results were obtained with PPO origi-
nated from different fruits, like jackfruit,?® Barbados cher-
ry,*” and other plant species, like peppermint,*® dormant
saffron®? and butter lettuce,*® indicating that they can also
be used for polyphenol removal, as individual enzymes or
in combination with others (for example, if the PPO is iso-
lated from different fruit waste).

Briefly, partially purified PPO could be effectively used for
the removal of the most studied polyphenols (i.e. diphe-
nol), with the exception of monophenols, such as L-tyro-
sine and trans-ferullic acid. For monophenol removal,
some other enzymes or PPO from different sources should
be used.

3.5 Effect of inhibitors and organic solvents
on PPO activity

Wastewaters can also contain many compounds that can
inhibit or deactivate PPO. To determine the effect of dif-
ferent inhibitors on partially purified apple PPO activity,
three different concentrations of inhibitors (0.1, 1, and
10 mmol I7") were investigated. The PPO activity without
the presence of inhibitors was taken to be 100 %. As given
in Table 2, sodium tetraborate-decahydrate showed 69 %
of inhibition on partially purified PPO activity when used
in the highest investigated concentration (10 mmol |7").

Table 2 - Effect of inhibitors on PPO activity
Tablica 2 — Utjecaj inhibitora na aktivnost enzima PPO

o 4| Inhibition/ %"
1

Inhibitor c¢/mmol | Inhibicija/ %

sodium tetraborate decahydrate 1?8 ?Z
natrijev tetraborat dekahidrat :

0.1 10
sodium chloride 10.0 16
natrijev klorid 1.0 10
0.1 5
10.0 17
EDTA-2Na 1.0 7
01 6

" Inhibitions are expressed as % of inhibition compared with the activity
determined with L-DOPA (10 mmol I-") without addition of inhibitor

The minimum inhibition of PPO activity was noticed when
EDTA-2Na and sodium chloride were used, which is in
agreement with reports of Geetha et al.?®, but opposite to
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the findings of Ni Eidhin et al." Obtained results indicate
that PPO could not be effectively used for polyphenol re-
moval if the wastewater contains large amounts of sodium
tetraborate decahydrate.

Data on the influence of organic solvents on partially pu-
rified PPO are outlined in Table 3. PPO activity decreased
with the increase in the amount of investigated organic sol-
vent, and enzyme activity at the highest concentration of
solvent was inhibited by 39 or 40 %. Observed decrease in
PPO activity in the presence of organic solvents could be
attributed to enzyme denaturation.

Table 3 - Effect of organic solvent on PPO activity
Tablica 3 — Utjecaj organskih otapala na aktivnost enzima PPO

Organic solvent /9% Inhibition /%"
Organsko otapalo er 7 Inhibicija/%
5.0 40
e 3
1.0 11
5.0 39
DMSO 2.0 22
1.0 14

" Inhibitions are expressed as % of inhibition compared with the activity
determined with L-DOPA (10 mmol I") without addition of organic sol-
vent

4 Conclusion

The study of catechol oxidation catalysed by partially pu-
rified apple PPO revealed the highest enzyme activity at
pH 6.8, in phosphate buffer 0.1 mmol I-" and at tempe-
rature of 25 °C. At optimized process conditions, partially
purified PPO could be efficiently used for catechol remov-
al from the model wastewater. Besides catechol, partially
purified PPO also shows affinity towards several different
diphenols, like catechin, epicatechin, 4-methylcatechol,
chlorogenic acid, L-DOPA, caffeic acid, and epigalloca-
techin-3-gallate, but it shows no affinity towards the mo-
no-phenolic substrates, such as L-tyrosine and trans-ferullic
acid. In addition, the presence of sodium tetraborate-deca-
hydrate moderately inhibits PPO activity; therefore, par-
tially purified PPO cannot be used for the treatment of
wastewaters where this compound is present in higher
concentrations.

Based on the obtained results, it can be concluded that
partially purified PPO has great potential in wastewater
treatment. With some additional process optimisation
(complex model solutions, additional aeration, enzyme
immobilization, etc.), even better results could be expect-
ed. As a final step, apple waste (apple peel and especially
the apple core contain the highest amount of PPO) should
be studied in the process of polyphenol removal by using
one waste stream (apple residue) in treatment of the other
(wastewater loaded by phenols).



A. SALIC et al.: Potential Use of Apple Polyphenol Oxidase for Bioremediation of Phenolic..., Kem. Ind. 67 (3-4) (2018) 109-116

List of abbreviations and symbols
Popis kratica i simbola

DMSO - dimethyl sulfoxide
— dimetil sulfoksid
DO — dissolved oxygen concentration

— koncentracija otopljenog kisika

EDTA-2Na - ethylenediaminetetraacetic acid disodium salt

— dinatrijeva sol etilendiaminotetraoctene kiseline

L-DOPA - L-3,4-dihydroxyphenylalanine
— L-3,4-dihidroksifenilalanin
PPO — polyphenol oxidase
— enzim polifenol oksidaza
S.A — specific activity
— specifi¢na aktivnost
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SAZETAK

Potencijalna primjena polifenol oksidaze porijeklom iz jabuka u
bioremedijaciji fenolnih oneciscujuéih tvari
Anita Salié? Ivica Strelec,® Bruno Zeli¢® i Marina Tisma®

Fenolni spojevi, poput primjerice katehola, dospijevaju u okolis iz razlicitih industrija i predstav-
ljaju ozbiljni ekoloski problem. U ovom radu istrazivana je mogucnost primjene djelomicno proci-
$¢ene polifenol oksidaze (PPO) iz jabuke u bioremedijaciji razlicitih fenolnih onecis¢ujucih tvari. S
ciljem optimiranja procesnih uvjeta, odredeni su optimalni pH i temperatura za aktivnost PPO-a.
Za provjeru mogucnosti primjene PPO-a u obradi otpadnih voda, mjeren je afinitet PPO-a prema
razli¢itim fenolnim spojevima kao i utjecaj nekih soli i organskih otapala na njenu aktivnost.
Djelomicno procis¢en PPO ima maksimalnu aktivnost pri pH 6,8 i 25 25 °C, a vise od 85 % mak-
simalne aktivnosti pokazuje u podruc¢ju pH od 5 do 8, a vise od 90 % svoje maksimalne aktivnosti
u temperaturnom rasponu od 10 to 50 °C.

Pokazano je da PPO ima vedi afinitet prema razlicitim difenolnom spojevima, dok ne pokazuje afi-
nitet prema monofenolnim spojevima. Natrijev tetraborat dekahidrat ima mali inhibitorni u¢inak
na aktivnost PPO-a, dok utjecaj organskih otapala (¢ = 5 %) uzrokuje 40 %-tni gubitak aktivnosti
PPO-a. Oksidacijom katehola pomocu PPO-a pri optimalnim procesnim uvjetima u kotlastom
reaktoru tijekom samo 5 minuta postignuta je 25 %-tna konverzija. Na temelju provedenih rezul-
tata moguce je zakljuciti da djelomi¢no procis¢en PPO ima odgovarajudi potencijal za primjenu
u obradi otpadnih voda.

Kljuéne rijeci

Oksidacija katehola, enzimska obrada otpadnih voda,

Vv 2

fenolne oneciscujuce tvari, polifenol oksidaza (PPO)
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