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Abstract : DeniLite™ laccase immobilized Pt electrode was used for amperometric detection of some catechol deriv-
atives and o-aminophenol (OAP) derivative by means of substrate recycling. In case of catechol derivatives, the
obtained sensitivities are 85, 79 and 57 nA/uM with linear ranges of 0.6~30, 0.6~30 and 1~25 UM and detection
limits (S/N=3) of 0.2, 0.2 and 0.3 uM for 3,4-dihydroxycinnaminic acid (3,4-DHCA), 3,4-dihydroxybenzoic acid (3,4-
DHBA) and 3,4-dihydroxyphenylacetic acid (3,4-DHPAA), respectively. In case of OAP derivative, the obtained sen-
sitivity is 237 nA/UM with linear range of 0.2~15 UM and detection limit of 70 nM for 2-amino-4-chlorophenol (2-
A-4-CP). The response time (tggq) is about 2 seconds for each substrate and the long-term stability is around 40~50
days for catechol derivatives and 30 days for 2-A-4-CP with retaining 80% of initial activity. ‘The optimal pHs of
the sensor for these substrates are in the range of 4.5~5.0, which indicates that stability of the enzymatically oxidized
product plays a very important role in substrate recycling. The different sensitivity of the sensor for each substrate
can be explained by the electronic effect of the substituent on the enzymatically oxidized form.
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1. Introduction

Determination of catechol derivatives is important in food
chemistry, neurochemistry, and environmental chemistry.
Several detection methods for catechol derivatives have been
reported, for example, IR, HPLC, chromatography, chemilu-
minescent (CL), electrochemiluminescent (ECL), etc.” Besides
these instrumental analysis methods, biosensor method was
also reported for these detections.>® The method has advan-
tages in easy fabrication, fast analysis, low-cost, etc. Laccase
from T versicolor or C. hirsutus based biosensors fabricated
on carbon electrodes were reported to detect catechol deriva-
tives such as 3,4-dihydroxyphenylacetic acid (3,4-DHPAA,
also known as DOPAC),*> 3 ,4-dihydroxybenzoic acid (3,4-
DHBA) and o-aminophenol (OAP).” Other enzymes such as
cellobiose dehydrogenase (CDH, P. chrysosporium) and
horseradish peroxidase (HRP) were also used for detection of
3,4-DHPAA, 3,4-DHBA and 3,4-dihydroxyhydrocinnamic
acid (DHHCA)® or 3,4-DHBA.” 3 4-DHPAA is known as a
structurally related metabolite of dopamine,” which is a well-
known neurotransmitter. 2-Amino-4-chlorophenol (2-A-4-CP)
is a derivative of OAP and belongs to chlorophenols (CP),
which constitute a major class of organic pollutants. Amper-
ometric detection of CP with a biosensor system using chlo-
roperoxidase and glucose oxidase was reported,>” and
amperometric detections of 2-A-4-CP with laccase (C. hirsu-
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tus)” or HRP'? immobilized sensor were also reported.

Laccase (p-diphenol:dioxygen oxidoreductase, EC 1.10.3.2)
is the most promising enzyme to detect phenol derivatives in
terms of detection principles and stability. Laccase is a blue
multi-copper containing enzyme, which catalyzes the oxidation
of a variety of organic substrates such as phenols coupled to
the reduction of molecular oxygen to water.!''¥ Laccase
based biosensors were reported to detect catecholamines by
means of substrate recycling.”*'> The recycling system used
in current study is enzymatic oxidation of substrate followed
by electrochemical regeneration as we already reported.'® The
more stable the enzymatically oxidized product the greater
amperometric detection signal will be obtained.

We recently reported that laccase purified from DeniLite™
could be successfully covalently immobilized on platinum
electrode'™'® and the electrode can be used as a biosensor
for detection of p-phenylenediamine (PPD), p-aminophenol
(PAP)'® and catechol, catecholamines.'” In this paper, we
describe the application of the sensor for detection of some
catechol derivatives and o-aminophenol derivative (Fig. 1) and
show the relationship between substrate structure and sensi-
tivity of the sensor.

2. Experimental
3,4-Dihydroxycinnaminic acid (97%), 3,4-dihydroxybenzoic

acid (97%), 3,4-dihydroxyphenylacetic acid (98%), o-amino-
phenol (99%), 2-amino-4-chlorophenol (97%), p-phenylene-
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Fig. 1. Structures of selected catechol derivatives and OAP derivative.

diamine (98%), 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS, 98%), 3-aminopropyltriethoxysilane (APTES,
99%), glutaraldehyde (25% aqueous solution) and bovine
serum albumin (BSA, 98%) were purchased from Sigma &
Aldrich Co. and used without further purification. Other
chemicals were of analytical grade. Deionized water (18 M
cm) from Milli Q water purification system was used for
preparing buffer and stock solutions. The stock solutions of
the substrates were prepared just before use and kept in the
dark enclosed by aluminum foil under argon until the mea-
surements.

Mcllvaine buffer (0.05M citric acid/0.1 M Na,HPQ,, pH
2.5~8.0) was used for pH dependence studies. For the activity
measurement of the purified laccase, MES buffer (8 mM, pH
5.3) was used. For sensor experiments, .05 M phosphate
buffer solution (PBS, Na,HPO, /KH,PQ,) and Mcllvaine
buffer were used.

Platinum disk working (¢ 4 mm), platinum wire counter
(spiral), and Ag/AgCl (3 M KCl) reference electrodes were
used for electrochemical measurements. BAS 50 W or
cDAQ-1604 (Elbio Co., Korea) potentiostat was used to run
CVs and measure current-time responses. The electrochemical
cell (5 mL in volume) was equipped in a thermostatic water
bath (25°C) and buffer solution was continuously stirred by
magnetic bar during amperometric experiments.

Laccase was isolated and purified from DeniLite™, which
is a commercial product for decolorization of indigo dye from
Novo Nordisk Co., according to the published method.'”?”
The specific activity is 65 units/mg for ABTS oxidation at
room temperature.zl)

The covalent immobilization of laccase was done according
to the method we previously reported'® with a little modifi-
cation. In this study, the oxidation of Pt electrode surface
was done by electrochemical oxidation at +1150 mV vs. Ag/

AgCl for 20 minutes in 1 N H,SOy solution under argon.?®
The amount of immobilized enzyme was fixed by applying 5
uL of 6 mg/mL enzyme solution.'® The laccase immobilized
electrode was stored in 0.05 M PBS, pH 6.0 at 4 when not in
use.

BSA was also immobilized with the same method to test
the substrate recycling efficiency.'® The working potentials
in amperometric experiments with laccase immobilized elec-
trode were applied at 100 mV negative than reduction peak
potentials of the substrates at corresponding pHs. The sensor
signals were normalized by that of PPD to compensate the
variations resulted from different fabrications of the enzyme
electrodes.

3. Results and discussion

3.1. Detection of catechol derivatives

3.1.1. Sensitivities of the sensor effect of substrate structure

Fig. 2 shows the typical steady state current responses of
the laccase immobilized Pt electrode to successive 2.5 uM
concentration increments at pH 4.5, 5.0, and 5.0 for 3,4-
DHCA, 3,4-DHBA and 3,4-DHPAA, respectively. These pHs
are optimal for the respective substrate detection and will be
discussed further in the following section. The applied work-
ing potentials in amperometric experiments are +100, +50 and
50 mV (vs. Ag/AgCl) for 3,4-DHCA, 3,4-DHBA, and 3,4-
DHPAA, respectively. Under these potentials the enzymatically
oxidized products for the respective substrates will be 99.99%
re-reduced, and consequently “substrate recycling”, which
was employed as the detection principle in this study, will be
effectively occurred. The obtained sensitivities are 85, 79,
and 57 nA/uM for 3,4-DHCA, 3,4-DHBA and 3,4-DHPAA,
respectively (average of seven detections). From the detection
principle, the more stable the enzymatically oxidized product
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Fig. 2. Steady state current responses of the laccase immobilized Pt
electrode to successive 2.5 UM increments for (a) 3,4-DHCA (b) 3,4-
DHBA (c) 3,4-DHPAA in Mcllvaine buffer. The applied potentials
are +100, +50 and 50 mV vs. Ag/AgCl for (a), (b) and (o),
respectively.

the higher sensitivity will be obtained. If life-time of the oxi-
dized product is short, it will be deactivated before partici-
pating in the electrochemical reduction, i.e. half of the whole
cycling is blocked to some extent. It is known that the initial
product by enzymatic oxidation by laccase is a phenolic rad-
ical,'? which is unstable in aqueous solution depending on pH,
ionic strength, type of anions, the availability of nucleophiles,
and substrate concentration. The final products of the oxidation
are polymerized insoluble materials.”>?” The stability of the
initial radical form will govern the sensitivity of the amper-
ometirc sensor and the stability will be affected by various
kinds of electronic effects from the substituents. The more
conjugation by the substituents increases the stability of the
radical. Also, captodative effect, which is a combined action
of an electron-withdrawing and an electron-donating substit-
uent on a radical center, leads to an enhanced stabilization.”®
As shown in Fig. 1, the catechol derivatives have common
electron-donating hydroxyl groups and an electron-withdrawing
carboxylic acid group and the enzymatically oxidized radical
will be stabilized by captodative effect. But the carboxylic
group is connected directly to catechol ring for 3,4-DHBA
and one-carbon apart for 3,4-DHPAA. It is linked to the ring
by conjugation in case of 3,4-DHCA. Therefore, the radical
stabilization effect will be the highest for highly conjugated
structure and the stabilities of the enzymatically oxidized
forms should be in decreasing order of 3,4-DHCA >3.4-
DHBA>3,4-DHPAA, and consequently the sensitivities of the
sensor for these substrates should also be in the same order.
The obtained sensitivities of the sensor are in well accordance
with structural differences among these substrates.

The sensitivities for catechol derivatives are less than half
that for catechol (210 nA/uM)'? and this difference can be
explained by different accessibility of these substrates to the
hydrophobic active site of the enzyme since catechol bears a
neutral charge and other catechol derivatives having carboxylic
group possess partial negative charge in the tested solution.
Comiparatively, the reported sensitivities of 7. versicolor laccase

adsorbed graphite electrode are 69, 34 and 87 nA/uUM and
relative sensitivity of C. hirsutus laccase immobilized sensor
are 100%, 54% and 75% for catechol, 3,4-DHBA and 3.4-
DHPAA, respectively.” In another case, the relative sensitivity
of CDH adsorbed graphite electrode is 100%, 45%, 35% and
32% for catechol, 3,4-DHHCA, 3,4-DHBA, and 3,4-DHPAA,
respectively.® The relative sensitivity of the sensor reported
here is 100%, 40%, 38% and 27% for catechol, 3,4-DHCA,
3,4-DHBA and 3,4-DHPAA, respectively, which is very sim-
ilar to that of the CDH immobilized sensor. These differences
between catechol and its derivatives are mainly attributed to
the different substrate specificity of the different sources of
laccases and the different enzyme immobilization methods.

3.1.2. Responses of the sensor for selected catechol deriv-
atives

As can be seen in Fig. 2, the sensor signals for catechol
derivatives are very stable and the responses are very fast. The
response times (tgoq,) are no more than 2 seconds. The fast
response is a clear advantage compared to the relatively long
response time (150 seconds) of other reported membrane based
recycling system® for DOPAC detection where C. hirsutus
laccase was immobilized on glassy carbon electrode by
entrapping in PVA or gelatin membrane. The covalent immo-
bilization could make the redox cycle of the substrate to take
place on the surface very closely and minimize a diffusional
resistance between the electrode surface and the enzyme
layer.'®

Calibration plots of the sensor for the selected catechol
derivatives show the linear response ranges are 0.6~30, 0.6~30
and 1.0~25 uM (? =0.999) and the detection limits (S/N=3)
are 0.2, 0.2 and 0.3 uM for 3,4-DHCA, 3,4-DHBA and 3,4-
DHPAA, respectively (data not shown). These data are com-
parable to those of T. vericolor laccase adsorbed graphite
electrode in which the linear responses are 1~20 and 1~10 uM
and the detection limits are 0.66 and 0.13 uM for 3,4-DHBA
and 3,4-DHPAA.¥ Detection limits of CDH immobilized sen-
sor were reported to be 3.5, 13 and 18 nM for 3,4-DHHCA,
3,4-DHBA and 3,4-DHPAA, respectively,f’) where flow injec-
tion analysis (FIA) method was employed.

The relative standard deviations (R.S.D) of the current res-
ponse for successive measurements (n=7) in the same detec-
tion are 3.1%, 3.4% and 4.0%, and the amplification factors
(A.F.) are 12, 11 and 8 for 3,4-DHCA, 3,4-DHBA, and
DOPAC, respectively. We reported that A.F. of the sensor for
catechol was 17.' The A.F. values are consistent with sensi-
tivities of the sensor for these substrates. These data are
comparable to those of CDH immobilized sensor, i.e. 14, 12,
8 and 7 for catechol, 3,4-DHHCA, 3,4-DHBA, and DOPAC,
respectively.?’ The long-term stability of the sensor for the
catechol derivatives is about 40~50 days with retaining 80%
of initial activity. It was reported that stability of the CDH
immobilized sensor was only 1 week with retaining 50% of
initial activity.® Obviously, the improved long-term stability
of the sensor reported here results from the stable enzyme
loading due to the covalent immobilization of the enzyme.
The fast response and durable long-term stability of the sensor
are principal advantages over those of reported.
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3.1.3. pH dependence of the sensor

Fig. 3 shows pH dependences of the sensor for the
selected catechol derivatives. The obtained pH profiles are
bell-shaped and the optimal pHs are 5.0 for 3,4-DHBA and
3,4-DHPAA, and 4.5 for 3,4-DHCA. From the principle of
substrate recycling employed in this study, sensitivity of the
sensor is mainly determined by two factors-enzyme activity
and reversibility of the substrate. To check the reversibility,
CVs of 3,4-DHCA, 3,4-DHBA and 3,4-DHPAA were run on
bare Pt electrode at 50 mV/s scan rate from pH 4 to 7. The
reversibilities of these substrates did not show remarkable
changes upon changing pHs in this range (data not shown),
which indicates that relative stabilities of the oxidized prod-
ucts of these substrates are similar at the tested time window.
In case of catechol and catecholamines detection with the
same sensor,'” the optimal pH for catechol was 5.5 and those
for catecholamines shifted towards acidic range, which could
be explained satisfactorily by cyclization of the side chain at
relative higher pH. In case of the selected catechol derivatives,
the shifts of optimal pHs towards acidic range compared to
that for catechol may be explained from the stability of the
enzymatically oxidized product and deprotonation of the car-
boxylic acid functional group on the catechol ring. It is known
that, in aqueous solution, acidic condition is advantageous to
stable existence of oxidized product of di-phenols.'® Tt is
reported that pK, of 3,4-DHCA is 4.69,” and that of 3,4-
DHPAA is 4.22,°” and pK, of 3,4-DHBA is 4.20. On the other
hand, active site of laccase was reported to be composed of
hydrophobic patch'**" having no acidic group. Therefore, in
terms of accessibilities of the substrates to active site of the
enzyme alone, the optimal pHs will be smaller than the pK,s
of the substrates. If optimal pH of 5.5 for the enzyme
function'® is taken into account at the same time, obtained
optimal pHs of 4.5~5.0 for these substrates in this study are
reasonable.

3.2. Detection of o-aminophenol derivative

Fig. 4 shows CVs of 2-A-4-CP at different concentrations.
While only irreversible oxidation peak is shown at relatively
higher concentration of the substrate (107 M), the re-reduction
peak appears at relatively lower concentration of the substrate
(10™ M). However, in case of QOAP, almost no re-reduction peak
could be observed at the same low concentration of 104 M
(data not shown). It is known that OAP is very electro-active,
and the oxidized form of the substrate, which is known as o-
quinoneimine (QI), is unstable in aqueous solution at relative
high pH depending on the OAP concentration.’” Obviously,
the electron withdrawing effect of the chloro-group at para-
position on the benzene ring of 2-A-4-CP keeps the oxidized
product relatively stable from polymerization.

To compare further the relative stability of 2-A-4-CP and
OAP, the amperometric sensor signals were obtained for both
substrates (Fig. 5). The signal for 2-A-4-CP is very stable
and the response is fast (lgoe,~2 seconds) with sensitivity of
237 nA/uM, while the signal for OAP is unstable and noisy
with sensitivity of only 21 nA/uM (inset of Fig. 5). For 2-A-
4-CP and OAP, since both substrates are in the same neutral
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Fig. 3. pH dependences of the sensor in Mcllvaine buffer for (a) 3,4-
DHCA (b) 3,4-DHBA and (c) 3,4-DHPAA.
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Fig. 4. CVs of different concentrations of 2-amino-4-chlorophenol
on bare Pt electrode in Mcllvaine buffer, pH 6.0. (a) 10> M and (b)
104 M.

charge state, the accessibility capability the accessibility to the
active site will not be drastically different each other contrary
to catechol with catechol derivatives as we discussed earlier.
So the stability of phenolic radical produced by enzymatic
oxidation is a main factor for the sensitivity of the sensor.
The higher sensitivity of 2-A-4-CP vs. OAP is a clear example
of captodative effect where the electron-withdrawing -Cl
substitute improves the stability of the enzymatically oxidized
phenolic radical.

The sensitivity of 2-A-4-CP by our sensor, 237 nA/uM, is
well comparable to the reported one, 220~255 nA/uM, where
chloroperoxidase and glucose oxidase were immobilized for
detecting other CPs,” and response time is rather short (2 s
vs. 100 s). The obtained A. F. value for 2-A-4-CP is 16, which
is close to that for catechol. Sensitivity of the sensor for OAP
is 21 nA/uM (vs. 210 nA/uM for catechol), which is higher
than that of reported tyrosinase sensor, i.e. 0.7 nA/uM (vs. 34
nA/uUM for catechol).®®

Calibration curve of the sensor for 2-A-4-CP shows the
linear range is 0.2~15 uM (r* = 0.997) and the detection limit
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Fig. 5. Steady state current responses of the laccase immobilized Pt
electrode to successive 2.5 UM increments for 2-A-4-CP in
Mcllvaine buffer. The applied potential is +250 mV vs. Ag/AgCl.
Inset: Response to successive 5.0 UM increments for OAP in the
same buffer. The applied potential is +200 mV vs. Ag/AgCl.

is 70 nM (S/N = 3), which is better than the reported one, i.e.
500 nM with HRP immobilized sensor.!” The long-term sta-
bility is about 30 days for 2-A-4-CP with retaining 80% of
initial activity. It was reported that sensor for other CPs
detection could be used for only 60 repeated analysis without
losing activity.”

Fig. 6 shows the pH dependence of the sensor for 2-A-4-
CP where optimal pH 4.5 is obtained. We cannot compare
this data with others because there is no corresponding study.
This optimal pH can also be explained from the stability of
the oxidized product and the enzymes functional stability. As
mentioned in Section 3.1.3, acidic condition is advantageous
to stable existence of the oxidized product of di-phenols. On
the other hand, pK,(-NH,) value for OAP was reported to be
around 4.65~4.78,*** and that for 2A-4-CP will further
decrease compared to this value due to the electron-withdraw-
ing effect of Cl substitute at para position of the benzene
ring. Therefore, 2A-4-CP will mainly exist in neutural form
at pH ~4.5 or greater, which is advantageous for access of
the substrate to the active site of laccase. Furthermore, the
optimal pH for DeniLite™ laccase function is 5.5~6.0.'¢
Therefore, the optimal pH occurred at 4.5 will be a combina-
tion of these three factors to give balance of the two opposing
effects as that of catecholamines case.'

4. Conclusions

The DeniLite™ laccase covalently immobilized sensor
shows fast response and durable long-term stability for the
catechol derivatives and OAP derivative. Detection limit for 2-
amino-4-chlorophenol is in submicro-molar level. Electronic
effects of the substitutes can be used to explain the sensitivity
differences among catechol derivatives and that between o-
aminophenol and 2-amino-4-chlorophenol. pH studies show
that enzyme activity, stability of oxidized product of the sub-
strates and accessibility of the substrates to the active site of the
enzyme are the key factors that decide the sensors sensitivity.
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Fig. 6. pH dependence of the sensor in Mcllvaine buffer for 2-A-4-
CP.
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