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ARTICLE INFO ABSTRACT

Keywords: Highly sensitive phenol biosensor was developed by using well-dispersed carbon nanotubes (CNTSs) in enzyme
Enzymatic biosensor solution and adding CNTs in enzyme electrodes. First, the intact CNTs were dispersed in aqueous tyrosinase
Tyrosinase (TYR) solution, and TYR molecules were precipitated and crosslinked to prepare the sample of enzyme ad-

Carbon nanotubes

Enzyme adsorption, precipitation and
crosslinking

Phenolic compounds, Screen-printed electrode

sorption, precipitation and crosslinking (EAPC). EAPC exhibited 10.5- and 5.4-fold higher TYR activity per mg of
CNTs as compared to enzyme adsorption (EA) and enzyme adsorption/crosslinking (EAC), respectively. EAPC
retained 29% of its initial activity after incubation at 40 °C for 128 h, while EA and EAC showed no residual
activities, respectively. In biosensing a model phenolic compound of catechol, the sensitivities of EA, EAC and
EAPC electrodes on glassy carbon electrode (GCE) were 34, 281 and 675 pA/mM/cm?, respectively. When 90 w/
w% CNTs were added to the enzyme electrodes, the sensitivities of EA, EAC, and EAPC electrodes were 146, 427,
and 1160 pA/mM/cm?, respectively, and the EAPC electrode showed a 2.3-fold increase in sensitivity upon CNT
addition. Catechol and phenol could also be detected by EAPC on the screen-printed electrode (SPE), with
sensitivities of 1340 and 1170 uA/mM/cm?, respectively. The sensitivity of EAPC-SPE for phenol detection in the
effluent from real municipal wastewater treatment plant was 1100 pA/mM/cm?. The sensitivity of EAPC-SPE
retained 74% of its initial sensitivity after incubation at 40 °C for 12 h. The combination of EAPC immobilization
and CNT addition has great potential for application in the development of sensitive enzyme biosensors for
various analytes and phenols in water environments.

1. Introduction Mossberg et al., 2007; Baeumner, 2003; Shahar et al., 2019; Wu et al.,

2012)

Environmental monitoring of pollutants, which have adverse effects
on ecosystems and human health, has contributed to the sustainable
management of water resources for society. Traditional analytical
methods like high-performance liquid chromatography (HPLC)
(Alarcén et al., 1987; Angelino and Gennaro, 1997; Cheaib et al., 2018;
Williamson et al., 2002) coupled with mass spectrometry (Sczesny
et al., 2003) or capillary electrophoresis (Martinez et al., 2000) have
been employed as reference methods. However, these traditional
methods present drawbacks in terms of expensive reagents, sample
pretreatment, and expensive equipment (Cheaib et al., 2018). Thus, the
development of sensor devices with high sensitivity and stability are
urgently needed. In that sense, the enzymatic biosensors have been
widely employed because of its potential to detect a target substance/
analyte with high specificity via enzyme-catalyzed reactions (Badihi-
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The detection of phenolic compounds is of great importance due to
their presence in a broad range of chemical manufacturing processes
and their toxicities (Svitel, 1998; Tang et al., 2008). Tyrosinase (TYR)
has been examined for use in electrochemical biosensors that can spe-
cifically detect phenolic compounds (Camargo et al., 2018; Cerrato-
Alvarez et al., 2019; Tsai and Chiu, 2007; Vicentini et al., 2013).
Briefly, TYR catalyzed the oxidation of phenolic compounds to quinone
species, which can be further reduced at the enzyme electrode to gen-
erate electrochemical signals (Dai et al., 2016; Yamazaki and Itoh,
2003). This TYR-catalyzed oxidation allows electrochemical detection
of phenolic compounds at low potentials, where redox reactions of the
interfering species are insignificant (Kurbanoglu et al., 2017; Zhou
et al., 2014).

One of the crucial factors in the potential success of enzyme-based
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phenol biosensors is the immobilization and stabilization of TYR.
Nanobiocatalysis, using various nanomaterials for enzyme im-
mobilization, has been proven as a highly effective approach, enhan-
cing the loading and stability of enzymes compared to conventional
enzyme immobilization (Datta et al., 2013; H. Kim et al. 2017; J.H. Kim
et al. 2011; Kim et al. 2006, 2008; J.-H. Kim et al. 2017; Lee et al.,
2014, 2017). In particular, nanobiocatalytic strategies using conductive
nanomaterials such as carbon nanotubes (CNTs) and polyaniline na-
nofibers have demonstrated high sensitivity and long-term stability of
enzyme electrodes in various applications of electrochemical biosensors
(H. Kim et al. 2011; Kim et al. 2008, 2015; Kwon et al., 2010; Lai et al.,
2016). CNTs are one of the best candidates for enzyme immobilization
because they provide large surface areas for effective enzyme loading
and exhibit biocompatibility (Shim et al., 2002; Zhang and Henthorn,
2009). In the electrochemical application of enzymes, CNTs offer un-
ique advantages with their extraordinary electronic properties (Barone
et al., 2004; Tilmaciu and Morris, 2015; Willner et al., 2009), such as
faster electron transfer kinetics than traditional carbon electrodes
(Jacobs et al., 2010). Recently, we reported a unique method of enzyme
immobilization on intact CNTs without acid treatment, based on the
good dispersion of CNTs in the glucose oxidase solution for biofuel cell
application (B.C. Kim et al., 2017).

In this present work, we developed TYR-based biosensors for highly
sensitive detection of phenolic compounds (Fig. 1). Intact CNTs were
first dispersed in aqueous TYR solution, and TYR was immobilized onto
intact CNTs via the enzyme adsorption, precipitation, and crosslinking
(EAPC) approach. Two control immobilization formulations of enzyme
adsorption (EA) and enzyme adsorption and crosslinking (EAC) were
prepared for comparative studies in enzyme activity and stability, to-
gether with the characteristics of enzyme electrodes. Particularly, the
sensitivity of enzyme electrodes was checked by using a model phenolic
compound of catechol. To improve the sensitivity further, intact CNTs
were added to the enzyme electrodes, which can facilitate electron
transfer between immobilized TYR molecules to the main electrode of
the glassy carbon electrode (GCE) or screen-printed electrode (SPE). In
particular, the SPE was employed to demonstrate the potential of the
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EAPC electrode to be used for in-situ environmental monitoring of
phenolic compounds.

2. Material and methods
2.1. Materials

Tyrosinase from mushroom (EC 1. 14. 18. 1), pyrocatechol, phenol,
sodium phosphate monobasic, sodium phosphate dibasic, Tris-HCI,
Trizma base, glutaraldehyde (GA, 25%), ammonium sulfate, reduced
graphene oxide (rGRO), and Nafion® (5wt%) were purchased from
Sigma Aldrich (St Louis, MO, USA). All solutions were prepared using
deionized water (DI, 18.2-MQcm resistivity) from a Milli-Q water
purification system (Millipore Corp., Bedford, MA, USA). Carbon na-
notubes (CNTs, multi-walled, 30 = 15nm in outer diameter and
1-5pm in length, purity > 95%) were purchased from Nanolab, Inc.
(Newton, MA, USA).

2.2. Tyrosinase immobilization on carbon nanotube via EA, EC and EAPC
methods

Intact CNTs were used for the immobilization of TYR, and three
different approaches were employed to immobilize TYR onto CNTs: EA,
EAC, and EAPC. For the preparation of EA, 4mg CNTs in 1 mL of so-
dium phosphate buffer (PB, 100 mM, pH 6.5) were mixed with 1 mL of
10 mg/mL TYR solution in 100 mM PB (pH 6.5). The mixture was so-
nicated a few times for 10-30s and incubated at room temperature
under shaking (200 rpm) for 1h, and under rocking (50 rpm) at 4°C
overnight. EAC was prepared by adding 25% GA to the mixture of CNTs
and TYR solution to make the final concentration of 0.5% (w/v) GA.
This sample was also incubated under rocking (50 rpm) condition at
4 °C overnight. To prepare EAPC, ammonium sulfate (40%, w/v) was
added to the mixture of CNTs and TYR solution to induce the pre-
cipitation of TYR. After shaking (200 rpm) at room temperature for
30 min, the GA solution was added to the mixture to make a con-
centration of 0.5% (w/v), and the mixture was incubated at 4 °C under
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Fig. 2. (A) Dispersion of intact CNTs in aqueous TYR solution. Both TYR in solution and sonication are needed for the good dispersion of CNTs in aqueous solution.
(B) Surface hydrophobicity of TYR molecules. Hydrophobic side chains of valine, leucine, isoleucine, phenylalanine and glycine are marked in yellow spheres, while
the others are marked in gray spheres. The surface of TYR molecule was viewed from six orthogonal angles, and the surface hydrophobicity was calculated by ratio of
hydrophobic area to total enzyme surface area. Each area was measured by pixels using Adobe Photoshop (San Jose, CA, USA).

rocking (50 rpm) overnight. To cap the unreacted aldehyde groups, the
samples were treated with 100 mM Tris-HCl buffer (pH 7.4) under
shaking (200 rpm) for 30 min and were washed three times using
10 mM PB (pH 6.5). EA, EAC, and EAPC were stored in 100 mM PB (pH
6.5) at 4 °C until use. To compare EA, EAC, and EAPC, the amount of
immobilized TYR samples is represented by the weight of CNTs to be
used for their immobilization.

2.3. Activity and stability measurements of TYR-immobilized CNTs

The activity of the immobilized TYR samples was measured fol-
lowing the protocol of Naidja et al. (Naidja et al., 1999), using the TYR-
catalyzed oxidation of catechol. To initiate the reaction of TYR cata-
lysis, 500 pL. of TYR-immobilized CNT sample solution was added to
45mL of 5mM catechol solution, and the mixtures were shaken
(200 rpm) at 25 °C. The sodium phosphate buffer (PB, 100 mM, pH 6.5)
was used to make the solution of both TYR and catechol. To measure
the activity, 200 uL of reaction cocktail was taken at each time point
and mixed immediately with 800 puL of 100 mM PB (pH 6.5) in a cuv-
ette. The absorbance (394 nm) at each time point was measured using a
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). The activity of
immobilized-TYR sample was determined by the initial slope of the
time-dependent absorbance increase.

To check the stability, TYR samples prepared by EA, EAC, and EAPC
approaches were stored in 100 mM PB (pH 6.5) at 40 °C. At each time
point, the TYR activity was measured by the catechol oxidation, and the

relative activity was calculated by the ratio of residual activity at each
time point to the initial activity of each sample.

2.4. Preparation of enzyme electrodes using EA, EAC, and EAPC

Enzyme electrodes were fabricated on glassy carbon electrode (GCE,
3mm diameter, CH Instruments Inc., Austin, TX, USA) and screen-
printed electrode (SPE, DropSens, Oviedo, Spain). GCE was polished
with alumina and washed with DI water. EA, EAC, and EAPC at a final
CNT concentration of 1mg/mlL were dispersed in Nafion® solution
(0.5 wt%). For the enhancement of the electron transfer rate, CNTs and
rGRO were dispersed in 100 mM PB (pH 6.5) buffer, sonicated a few
times for 10-30s, and added to the solution containing TYR samples
and Nafion” at 90% w/w of CNTs or rGRO. The suspension (20 pL) was
dropped onto the GCE and SPE surface and allowed to dry under am-
bient conditions for 0.5-1 h. Electrodes were immersed in 10 mL of
100 mM PB (pH 6.5) for catechol detection.

2.5. Electrochemical performance measurements

An electrochemical workstation (CHI 760C) from CH Instruments
(Austin, TX, USA) was used to measure the amperometric response of
TYR-immobilized CNT electrode to the addition of catechol. Ag/AgCl
electrode and a platinum wire electrode were used as reference elec-
trode and counter electrode, respectively. The diameter and length of
the platinum counter electrode were 0.5 and 32 mm, respectively. An
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external potential of —0.1V vs. Ag/AgCl was applied as the operating
potential for the amperometric test of TYR electrodes. After a 1 h sta-
bilization of the current response, the steady current responses of EA,
EAC, and EAPC were measured under magnetic stirring (400 rpm). The
catechol solution (10 pL of 0.5 mM catechol) was added into the 10 mL
of 100 mM PB (pH 6.5) in a successive manner in intervals of 5 min, and
its current signal was subsequently obtained. The calibration plots were
constructed from this current signal-catechol concentration data, and
their linear ranges were used to estimate the sensitivity of the EA, EAC,
and EAPC electrodes. Cyclic voltammetry (CV) measurements were
carried out on glassy carbon electrodes (GCE) by using a CHI 760C
electrochemical workstation. The measurements were based on a three-
electrode system, consisting of the modified GC electrode as the
working electrode, an Ag/AgCl electrode as the reference electrode, and
a platinum wire as the auxiliary electrode.

3. Results and discussion
3.1. Dispersion of CNTs with TYR

CNTs with no acid treatment did not exhibit good dispersion in
water as they settled down very quickly, while the sonication of CNTs
did help to improve the thickness of the CNT layer, despite their set-
tling. This can be explained by the improvement in the reaction of
metal catalysts in the CNT sample with water molecules upon sonica-
tion. On the other hand, the addition of CNTs into the TYR solution and
the following simple sonication resulted in the good dispersion of CNTs
in the aqueous buffer solution (100 mM PB, pH 6.5) (Fig. 2A). We re-
port a similar observation of CNT dispersion in the aqueous solution of
glucose oxidase (GOx), which was explained by the hydrophobic in-
teraction between CNTs and hydrophobic amino acid residues on the
surface of GOx molecules (B.C. Kim et al., 2017). As an extension, we
checked the surface hydrophobicity of the TYR molecule by depicting
the side chains of hydrophobic amino acids (alanine, valine, leucine,
isoleucine, methionine, phenylalanine, tryptophan, proline, and gly-
cine) with yellow spheres and the other parts with gray-colored spheres
(Fig. 2B) in the enzyme structure obtained from protein data bank
(TYR, PDB ID: 5M6B). We estimated the coverage of surface hydro-
phobicity on the TYR molecule by checking the six different images
taken from six orthogonal angles, which were orthogonal to one an-
other. Surface analysis based on counting pixels reveals that the hy-
drophobic coverage on the surface of TYR and GOx molecules were
36.7% and 28.2%, respectively (Fig. S1). This analysis supports the
good dispersion of CNTs in the TYR solution, as well as in the GOx
solution, based on the amphiphilic properties of the TYR molecule. In
other words, the hydrophobic patch on the surface of the TYR molecule
would be able to interact with the highly hydrophobic surface of intact
CNTs, while the hydrophilic side chains on the surface of TYR, re-
presented by gray spheres, can interact with hydrophilic water mole-
cules, facilitating the dispersion of CNTs in an aqueous TYR solution.

3.2. Activity and stability of immobilized TYR on CNTs

CNTs, well dispersed in the TYR solution, were used for the im-
mobilization of TYR via the three different approaches of EA, EAC, and
EAPC. Fig. 1A schematically shows the preparation of EAPC on CNTs,
which consists of TYR adsorption on CNTs, precipitation, and cross-
linking. The first step of TYR adsorption on CNTs represents the well-
dispersed CNTs in the TYR solution (Fig. 2A). EAC is the control of
EAPC, prepared via enzyme adsorption and crosslinking, without the
step of enzyme precipitation. The TYR activity was measured by
checking the oxidation rate of catechol. As shown in Fig. 3A, the ac-
tivities of EA, EAC, and EAPC were 2.4, 4.6, and 25 AA3g4/min per 1 mg
of CNTs, respectively. The activity of EAPC was 10.5- and 5.4-fold
higher than those of EA and EAC, respectively. The higher activity of
EAPC can be explained by the higher enzyme loading per unit weight of
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Fig. 3. (A) The activity of EA, EAC, and EAPC. (B) The thermal stability of free
TYR, EA, EAC, and EAPC. The samples were incubated in an aqueous buffer
solution at 40 °C.

CNTs due to the effective enzyme crosslinking after enzyme precipita-
tion. In other words, the addition of ammonium sulfate precipitates the
enzyme molecules, and the precipitated enzyme molecules in close
contact with one another would be cross-linked in a more effective way,
leading to the higher enzyme loadings of EAPC.

The enzyme loadings of EAC and EAPC are difficult to estimate
because conventional protein assays are based on soluble form of en-
zymes and the insoluble form of crosslinked enzymes cannot be mea-
sured. As a bypass, elemental analysis was performed to measure the
amount of nitrogen atom, which can be used to calculate the enzyme
loading of each sample. According to elemental analysis, the enzyme
loadings of EA, EAC, and EAPC were estimated to be 0.43, 0.93, and
12.8 mg of tyrosinase on 1 mg of CNTs, respectively. In other words, the
enzyme loading of EAPC was 30 and 14 times higher than those of EA
and EAC, respectively. The specific enzyme activities of EA, EAC and
EAPC were calculated to be 5.6, 4.9, and 1.9 AA3g,s/min per 1 mg of
immobilized tyrosinase. The lower specific activity of EAPC than those
of EA and EAC can be explained by the structural enzyme deformation
upon enzyme crosslinking as well as more serious mass transfer lim-
itation due to a lot higher enzyme loading of EAPC than EA and EAC.

The stability of EA, EAC, and EAPC was checked by measuring the
time-independency of the TYR activity after sample incubation at 40 °C.
The relative activity represents the ratio of residual activity at each time
point to the initial activity of each sample. Free TYR, EA, and EAC all
showed a rapid decrease in TYR activity, while EAPC exhibited fairly
good stabilization of enzyme activity by maintaining a relative activity
of 29% after 128 h. The improved stability of EAPC can be explained by
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the effective enzyme crosslinking that forms a greater number of che-
mical linkages on the surface of TYR molecule and inhibits the TYR
denaturation and leaching from CNTs in a more efficient way.
Interestingly, the inactivation curves of immobilized TYR samples show
biphasic inactivation curves with two different linear correlations in the
semi-log-scale plot (Fig. 3B). In other words, the rapid inactivation was
followed by the slower inactivation kinetics. This biphasic pattern of
enzyme inactivation is fairly common when chemical treatment, such
as enzyme cross-linking, is performed (B.C. Kim et al. 2011; Kim et al.
2018; Lee et al., 2017). The labile population, with fewer numbers of
chemical linkages, are inactivated in the first phase of enzyme in-
activation, while the highly stabilized population, with greater numbers
of chemical linkages, are inactivated at a later phase.

3.3. Electrochemical performance of EA, EAC, and EAPC biosensors
without and with additional CNTs

To demonstrate the potential application of TYR-immobilized CNTs,
the enzyme electrodes were prepared by entrapping EA, EAC, and EAPC
onto glassy carbon electrodes utilizing Nafion” binder. The sensitivities
of EA, EAC, and EAPC electrodes were determined from the slope of the
current response by adding the catechol solution in a successive
manner. To check the catechol reduction, the potential was fixed at
—0.1V vs. Ag/AgCl over the enzyme electrode. The following equa-
tions show the catechol oxidation catalyzed by TYR (Eq. (1)) together
with the follow-up o-quinone reduction to catechol (Eq. (2)).

Catechol—tyﬂs—e»o — quinone + H,0 (€8]
o — quinone + 2H' + 2e~ — Catechol 2)

The sensitivities of EA, EAC, and EAPC electrodes were 146, 427,
and 1160 pA/mM/cm?, respectively (Fig. 4, Fig. S2A, and Table S2).
The EAPC electrode exhibited 7.9- and 2.7-fold higher sensitivity than
the EA and EAC electrodes, respectively, which can be partially ex-
plained by the higher enzyme activity of EAPC compared to EA and
EAC (Fig. 3A and Table S1).

To improve the electron transfer rate in the enzyme electrodes, we
add free CNTs or rGRO with no enzyme immobilization to the EA, EAC,
and EAPC electrodes, and the electrochemical performance of each
enzyme electrode was checked. With a fixed amount of enzyme im-
mobilized CNTs (2 pg), the sensitivities of EA, EAC, and EAPC with the
addition of free CNTs (18 pug, 90 w/w% CNTs addition) were 139, 159,
and 2710 pA/mM/cm?, respectively (Fig. 4, Fig. S2B and Table S1).
Interestingly, the addition of free CNTs improved the sensitivity of the
EAPC electrode only, while the other EA and EAC electrodes showed
little change or even lowered sensitivity upon the addition of free CNTs.
The improved sensitivity of the EAPC electrode upon CNT addition can
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Fig. 4. The electrochemical sensitivity of TYR electrodes with and without
additional CNTs and rGRO (90 w/w%).
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Fig. 5. CVs of EA, EAC, and EAPC electrodes without CNTs (A), with additional
CNTs (B), and with additional rGRO (C). The scan rate was 50 mV/s.

be explained by the improved electron transfer from the main electrode
of GCE to o-quinone, generated from TYR-catalyzed catechol oxidation.
In other words, EAPC generates much more o-quinone because of its
higher TYR activity than EA and EAC, but the EAPC electrode without
additional CNTs cannot effectively transfer electrons from GCE to o-
quinone. This leads to the accumulation of o-quinone, which can be
effectively reduced to catechol because of the improved electron
transfer rate via the electron highway induced from the additional 90
w/w% CNTs. Interestingly, upon addition of rGRO (18 ug, 90 w/w%),
the sensitivities of EA, EAC, and EAPC electrodes were reduced to 84,
112, and 700 pA/mM/cm?, respectively (Fig. 4, Fig. $2C, and Table S2),
which can be explained by the interference of mass transfer by the 2D
structure of rGRO.

Fig. 5 shows the cyclic voltammograms (CVs) of EA, EAC, and EAPC
electrodes with and without additional CNTs or rGRO. With neither
CNTs nor rGRO added, the peak current of EAC is greater than those of
EA and EAPC. The lower peak current of EAPC compared to EAC can be
explained by the increased loading of non-conductive enzymes on CNTs
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in the immobilization of EAPC. The activity of EAPC were 10.5- and
5.4-fold higher than that of EA and EAC, respectively, while the sen-
sitivity of EAPC were 7.9- and 2.7-fold higher than that of EA and EAC,
respectively. The activity ratios of EAPC electrode to the EA and EAC
electrodes were lower than the activity ratios of EAPC to EA and EAC
immobilization. The sensitivity of the TYR electrode is determined by a
series of enzymatic catechol oxidation and electron transfer reactions
from the main electrode (GCE) to o-quinone in its reduction to catechol.
Then, the lower sensitivity ratios compared to the activity ratios of
EAPC to EA and EAC can be potentially explained by the reduced
electron transfer of EAPC electrode, which consists of thicker enzyme
cluster compared to EA and EAC electrodes. According to the CV re-
sults, the peak current of EAC is higher than both EA and EAPC
(Fig. 5A). The lower peak current of EA compared to EAC reveals the
reduced amount of adsorbed enzyme molecules upon rigorous washing
for EA, which potentially induces the re-aggregation of CNTs through
the lack of a sufficient number of enzyme molecules to prevent it.
Having said that, the higher peak current of EAC than both EA and
EAPC suggests that EAC has sufficient enzyme molecules to prevent the
serious aggregation of CNTs with EA and the immobilization of high
enzyme loading with EAPC.

When intact CNTs were added to the enzyme electrodes, the peak
currents of EA, EAC, and EAPC electrodes were all increased, which
reflects the improved electron transfer rate upon the addition of CNTs.
With 90 w/w% CNTs added, the sensitivities of EA, EAC, and EAPC
139, 159, and 2710 pA/mM/cm?, respectively, which were higher than
those with no CNTs added by factors of 0.95, 0.37, and 2.3, respectively
(Table S2). In other words, the largest amount of TYR loading resulted
in the highest rate of o-quinone formation, in which o-quinone would
accumulate in an inefficient electron conductive system with no addi-
tion of CNTs. The addition of intact CNTs can play a role in the effec-
tiveness of the electron transfer highway, which can improve the rate of
electron transfer between GCE and o-quinone. Against expectations, the
peak currents of all EA, EAC, and EAPC electrodes decreased upon the
addition of 90 w/w% rGRO. This result reveals the adverse role of rtGRO
as a blockade against the mass transfer of catechol and o-quinone.

To develop sensitive TYR electrodes for field or point-of-contact
tests (Fig. S3), we used SPE to fabricate the enzyme electrode of EAPC
with 90% CNTs (Fig. 6). The sensitivities of EAPC electrodes with ad-
ditional CNTs on SPE were 1340 and 1170 pA/mM/cm? in the detection
of catechol and phenol, respectively. The linear ranges of EAPC with
additional CNTs for catechol and phenol were 1.5-8 and 0.5-5.5 uM,
respectively. The limits of detection (LODs) were calculated based on
the standard deviation of response and slope method, and the LODs of
EAPC with additional CNTs were 14 and 35 nM for catechol and phenol,
respectively (Fig. 6A). At an applied potential of —0.1V vs. Ag/AgCl,
the detection sensitivity of phenol is lower than that of catechol
(Dalkiran et al., 2017; Portaccio et al., 2006; Tsai and Chiu, 2007)
because one more step of phenol oxidation to catechol is required. The
high sensitivity of EAPC on SPE for phenol compounds has demon-
strated its potential to be employed for easy and simple field tests to
detect toxic compounds in water environments. Furthermore, we in-
vestigated the specificity of EAPC with additional CNTs on SPE by in-
jection of 5 different chemicals (catechol, phenol, glucose, sucrose, and
diphenylamine), which have similarity in structure or size and poten-
tially exist in waste water. Only the target compounds of catechol and
phenol could give us a decent signal from the EAPC electrode, sug-
gesting that the EAPC electrode is specific in the detection of catechol
and phenol (Fig. 6B).

We examined the feasibility of TYR-based biosensor for detection of
phenol in real water samples. The effluent sample was kindly provided
from municipal wastewater treatment plant located in Asan city
(Republic of Korea). The overall process configuration of wastewater
treatment plant was represented in Fig. S4. Briefly, the water sample
was taken from the reservoir prior to discharge to stream. The basic
effluent quality was summarized in Table S3. As results of
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electrochemical sensing experiment, the sensitivity of EAPC with CNT
addition in real effluent sample was measured to 1100 pA/mMcm?,
which was 93% of the sensitivity in the buffer solution (100 mM PB, pH
6.5). We have successfully demonstrated that EAPC-TYR biosensor with
CNTs addition can be employed for the monitoring of phenolic com-
pounds in the actual water-related environment and systems.

We also examined the thermal stability of EAPC electrode on SPE by
measuring the sensitivity time-dependently after incubation of the
EAPC electrode with additional CNT (90 w/w%) in aqueous solution at
40 °C (Fig. 6C). The EAPC electrode showed an initial drop after two-
hour incubation, but maintained its initial sensitivity from 2h to 12h
incubation at 40 °C. This result suggests that the electrode of EAPC with
CNT addition generates reproducible signal once electrode is stabilized
with a life-time of at least 10 h.

4. Conclusions

Starting with a simple dispersion of CNTs in aqueous TYR solution,
TYR could be immobilized onto intact CNTs via EAPC approach,
achieving high enzyme loading and stability. EAPC together with ad-
ditional CNTs was successfully employed to develop highly sensitive
phenol biosensors. Especially, the EAPC electrode on SPE has demon-
strated a great potential for on-site detection of environmental pollu-
tants with high sensitivity in both well-organized condition and the real
water environments with various interferences. However, the current
study examined the performance of TYR-based biosensor in a batch
system, representing non-flow system such as tank or reservoir. The
future feasibility study of TYR-based biosensor in the flow system, si-
mulating the actual water treatment process, is expected to allow real-
time monitoring that can extend its applicability. It is anticipated that
the simple dispersion of CNTs in enzyme solution and follow-up fabri-
cation of EAPC on intact CNTs with no acid treatment will create new
opportunities not only for mechanistic investigation of CNT dispersion
in various biomolecule solution but also for highly sensitive and stable
enzyme biosensors to be used for a variety of enzyme-based biosensing
applications.
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Fig. 6. (A) Calibration curves of current density vs. catechol/phenol concentration, and (B) the specificities of EAPC electrode upon injection of five chemicals
(catechol, phenol, glucose, sucrose, and diphenylamine) in a duplicate way. (C) Comparison of sensitivities for phenol in buffer and real waste water, and (D) the
sensitivity stability of EAPC electrode with additional CNTs (90 w/w%) on SPE after incubation in an aqueous buffer solution at 40 °C.
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Supplementary data associated with this article can be found in the
online version at https://doi.org/10.1016/].bios.2019.03.008.
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