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Novel biosensor architecture based on nanocrystalline cellulose (NCC)/CdS quantum dots (QDs) nanocomposite
was developed for phenol determination. This nanocomposite was prepared with slight modification of nano-
crystalline cellulose (NCC) with cationic surfactant of cetyltriammonium bromide (CTAB) and further decorated
with 3-mercaptopropionic acid (3-MPA) capped CdS QDs. The nanocomposite material was then employed as
scaffold for immobilization of tyrosinase enzyme (Tyr). The electrocatalytic response of Tyr/CTAB-NCC/QDs
nanocomposite towards phenol was evaluated using differential pulse voltammetry (DPV). The current response

obtained is proportional to the concentration of phenol which attributed to the reduction of o0-quinone produced
at the surface of the modified electrode. Under the optimal conditions, the biosensor exhibits good linearity
towards phenol in the concentration range of 5-40 uM (R* = 0.9904) with sensitivity and limit of detection
(LOD) of 0.078 pA/uM and 0.082 uM, respectively.

1. Introduction

Phenols are one of the toxic pollutant release from various manu-
facturing industries such as resins and plastic production, wood pre-
servation, petroleum refining, dyes, chemicals, and textiles [1]. Ac-
cording to European Community (EC), the permissible level of phenols
in wastewater is around 1 ppm [2]. Nevertheless, due to unsatisfied
effluent and water management system, the excess number of phenols
has been released into the aquatic environment, exert a harmful effect
to human health, concomitantly threatening to biodiversities such as
plants, animals, and aquatic life. In particular, phenolic compounds can
cause detrimental effects to human health of acute and chronic ex-
posure. Nausea, vomiting, abdominal pain, and diarrhea are common
symptoms after exposure to phenol by any route. Prolonged oral or
subcutaneous exposure causes damage to the lungs, liver, kidney and
genitourinary tract.

Due to its toxicity, several conventional analytical techniques such
as spectrophotometry, chromatography, and capillary electrophoresis
were employed for phenol quantification. Nevertheless, these techni-
ques are impeded by their technical limitations like tedious, time-con-
suming, complex to perform, high in cost which limits for on-site and
in-situ detection of phenol [3]. In this regards, electrochemical bio-
sensors have been proposed as an excellent alternative technique for

phenol determination in the environment with commensurate to other
previous conventional methods. Electrochemical biosensors serve as a
holistic approach due to their fast response, high selectivity, sensitivity,
simplicity, ease of miniaturization and cost effectiveness [4].

Various types of biosensor architecture for the detection of phenol
have been reported such as dual-enzyme systems, immunosensors, nu-
cleic acid biosensors, and enzyme biosensors based on oxidative en-
zymes including tyrosinase (Tyr) [3,5], laccase (Lac) [2,6,7], horse-
radish peroxidase (HRP) [8,9]. In brief, biosensor involves interaction
of analyte (phenol) with a biological species (e.g. enzyme); the bio-
chemical interaction occurs is then translated into a readable electrical
signal using a suitable transducer (e.g. electrochemical). Among many
enzymes, tyrosinase has received paramount interest due to its ability to
undergo electron-transfer reaction without need of additional cofactors
in oxidation of phenolic compounds in the presence of oxygen [9,10].

Tyrosinase (Tyr) is also known as monophenol mono-oxygenase is a
blue copper protein with coupled binuclear active site [11], which can
simultaneously catalyzes two consecutive oxidation reactions: the o-
hydroxylation of phenols to catechol and subsequently oxidation of
catechol to o-quinones, hence permitting a wide range of phenolic
compounds to be employed as substrates for tyrosinase [11,12]. Apart
from its natural substrates (monophenols and o-diphenols), Tyr is also
capable of oxidizing a variety of aromatic amines and o-aminophenols;
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in which amines are generally hydroxylated to the corresponding o-
aminophenols, and o-aminophenols are oxidized to the corresponding
o-quinoneimines [14].

In the development of biosensor, selection of suitable solid supports
is the pillar factor for providing excellent performance in terms of
sensitivity, selectivity, response time, reproducibility and stability [9].
In recent years, various nanomaterials including carbon nanotubes
[4,5], graphene [15], conducting polymer [5], Au nanoparticles
(AuNPs) [13], nanocrystalline cellulose [16] and quantum dots [17]
have been exhaustively employed as immobilization matrices in bio-
sensor architecture with enhanced performance.

To date, NCC has positioned as one of the most promising bio-
compatible matrices for enabling biomolecules immobilization due to
its uniqueness such as large surface area, high aspect ratio, high and
specific stiffness and strength, and lack of apparent toxicity [18].
Consequently, the diffusion of analyte become faster, resulting in higher
sensitivity and short response time. However, NCC has several short-
comings such as insulating material and too hydrophilic which cause it
not conductive and easily dissolved in aqueous solution. In order to
enhance the conductivity of NCC, numerous innovative transformation
of NCC from an intrinsically insulating material into highly conductive
materials has been explored. To diversify NCC in the biosensor appli-
cation, slight surface modification of NCC with cationic surfactant like
cetyltriammonium bromide (CTAB) [19] is necessary to render its
moderate hydrophobicity [11].

Colloidal semiconductor quantum dots (QDs) are nanomaterials that
widely used in both optical and electrochemical biosensor due to their
unique properties such as interesting excitation wavelength-dependent
optical emission, high surface area, versatility in surface modification
and slightly conductive [20]. However, QDs alone is quite unstable on
the bare surface of electrode thus it requires suitable support to deliver
its application.

In the present paper, we report a novel electrochemical biosensor
based on modified CTAB-NCC/MPA-QDs/Tyr for phenol determination.
The hybridization of cetyltriammonium bromide functionalized NCC
(CTAB-NCC) with QDs capped 3-mercaptopropionic acid (MPA-QDs)
was exploited to improve the performance of the developed biosensor
such as sensitivity, selectivity and rapid detection.

This nanocomposite material also offers many advantages as im-
mobilization matrix in term of improve conductivity, biocompatibility,
good-film forming capability and high surface area. To the best of our
knowledge, there is no previous work reported on the construction of
biosensor based on CTAB-NCC/QDs nanocomposites for tyrosinase
biosensor.

2. Experimental
2.1. Reagents and solutions

Tyrosinase (EC 1.14.18.1, 50 Umg ') from mushroom, potassium
ferricyanide (K3[Fe(CN)g]), cetyltrimethylammonium bromide (CTAB),
sodium sulfide nonahydrate (Na,S-9H,0), 3-mercaptopropionic acid (3-
MPA) and cadmium chloride decahydrate (CdCl,- 10H,O) were pur-
chased from Sigma-Aldrich (Germany). Nanocrystalline cellulose (NCC)
with 0.94 wt% sulfur on dry NCC sodium form was obtained from
University of Maine (USA). Phosphate buffer solution (PBS) was pre-
pared using sodium dihydrogen phosphate anhydrous and di-sodium
hydrogen anhydrous salts from HmbG Chemical (Germany).

Methanol (HPLC grade) and acetic acid (AR grade) procured from
Merck (Germany) was used for validation using HPLC instrumentation.
Other reagents were of analytical grade and used without further pur-
ification. All aqueous solutions were prepared using ultrapure water of
resistivity (18.2MQ-cm) purified using Thermo Scientific water pur-
ification system. The dilution of phenolic solutions in 0.1 M phosphate
buffer solution (PBS) was freshly prepared daily.
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2.2. Apparatus

Screen printed carbon electrode (SPCE) was purchased from Rapid
Lab Sdn Bhd (Malaysia) consist of working electrode (carbon), re-
ference electrode (AgCl) and an auxiliary electrode (carbon). Cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
differential pulse voltammetry (DPV) analysis have been conducted
using  Autolab = PGSTAT302N  electrochemical = workstation
(Netherlands).

The surface morphology of the bare and modified SPCE was studied
using field emission scanning electron microscopy (FESEM) equipped
with energy dispersive X-ray spectroscopy (EDX) on NOVA NANOSEM
230 (FEI Company, USA). The FTIR spectra of the samples were ob-
tained at ambient temperature using the KBr disc method. The disc
containing 1 mg of the sample was recorded in the wavenumber range
of 500-4000 cm ™' using a series 100 Perkin Elmer FTIR 1650 spec-
trophotometer (USA).

2.3. Preparation of NCC/QDs nanocomposite

The water-soluble CdS QDs was prepared using 3-mercaptopro-
pionic acid as the capping agent according to the previous reported
method with slight modification [21]. Typically, 0.5 mmol of CdCl, and
0.5 mmol of 3-MPA was dissolved in 250 mL of deionized water. The
pH 6.0 was adjusted by the addition of 0.1 M of NaOH solution into the
solution under constant stirring. The solution was deaerated with N,
gas for 1h and then 0.5 mmol of Na,S-9H,0 was injected into the so-
lution under N, environment and the solution gradually turned yel-
lowish. Finally, the mixture solution was left overnight with continuous
stirring at room temperature.

Surface functionalization of nanocrystalline cellulose (NCC) with
cetyltrimethylammonium bromide (CTAB) was conducted with slight
modification based on previously reported work [20,25] as follow: NCC
suspension (1%, w/v) was prepared by dissolving 0.5 g NCC powder in
50 mL deionized water followed by sonication for 30 min. Then, the pH
of NCC suspension was adjusted to 10 using 0.1 M of NaOH solution.
The NCC suspension then was added dropwise in the desired amount of
CTAB solution, and the foamy mixture was kept at 60 °C for 3h. The
heat was turned off and the reaction was left stirring at room tem-
perature overnight. The suspension was then centrifuged for 10 min at
4000 rpm to remove any possible excess of CTAB that unabsorbed on
the NCC. The NCC pelleted was re-dispersed in deionized water and
ready to be used.

2.4. Preparation of CTAB-NCC/QDs/Tyrosinase modified SPCE

For the preparation of CTAB-NCC/QDs nanocomposite, CTAB-NCC
suspension was added to CdS QDs solution with ratio of 1 to 1 (v/v) and
the mixture was vortexed for 5min until a homogeneous suspension
was obtained. Then, 7 ul of CTAB-NCC/QDs mixture was drop casted
onto the surface of working electrode of SPCE and kept at room tem-
perature for drying purposes. The prepared CTAB-NCC/QDs modified
SPCE was then washed with deionized to remove any unbound nano-
composite and kept in desiccated for further use.

For preparation of biosensor, firstly, 10.0 mg of tyrosinase (Tyr) was
dissolved in 1.0 ml of 0.1 M phosphate buffer solution (PBS). Then, 3 ul
of Tyr was deposited onto modified CTAB-NCC/QDs and kept at 4 °C for
drying process. Finally, CTAB-NCC/QDs/Tyr modified SPCE was thor-
oughly washed with PBS to remove any unbound Tyr on the surface of
SPCE and stored at 4 °C prior to use.

2.5. Electrochemical characterization
The electrochemical characterization of bare SPCE, SPCE modified

with NCC, CTAB-NCC and CTAB-NCC/QDs were investigated by using
cyclic voltammetry (CV) in the potential window of —0.8 to 0.6 V at the
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scan rate of 100 mV/s. The stepwise modification of the electrode has
been verified by electrochemical impedance spectroscopy (EIS). Both
EIS and CV analysis was performed in 50 mM [Fe(CN)g]®~ containing
0.1 M KCI. Finally, the determination of phenols was carried out using
differential pulse voltammetry (DPV) in the potential range of —0.3 to
0.0V in PBS (pH 7.0) under the following protocol [22]: the response of
the biosensor, i.e. the differential voltammetric response of one array
from the device was recorded after injecting analyte aliquot. Several
analyte aliquots were injected to the electrochemical cell in order to
span a wide concentration range. All the analytical performance figures
of merit were assessed on the basis of three replicate measurements and
error bars are shown in the figures.

2.6. Comparison of the biosensor and HPLC analysis of spiked real sample

The response of the developed biosensor towards various con-
centration of phenol was compared with high-performance liquid
chromatography (HPLC) method. HPLC (Agilent 1200 series) with
UV-Vis detector (wavelength = 270 nm) was used for the chromato-
graphic analysis of phenol in lake water sample. Aliquot amount of lake
water sample spiked with phenol was filtered using Nylon membrane
filter (0.45 pm pore, 13 mm). A 50 pL of injection loop was utilized to
deliver 10 uL of filtrated aliquot samples into an Agilent Eclipse re-
versed phase C;g column (150 mm X 4.6 mm, particle size 5pm). The
mixture of 0.1% acetic acid solution and methanol (70:30, v/v) was
used as the mobile phase. The separation was performed at room
temperature with a flow rate and volume injection of 1.0 mL/min and
10 pL, respectively.

3. Results and discussion
3.1. Characterization of the prepared CTAB-NCC/QDs

Fig. 1 illustrates the absorption and emission spectra of MPA capped
CdS QDs was observed in the wavelength range of 300-800 nm. As can
be seen, the absorption spectra with shoulder centered at approxi-
mately 395nm (curve a) and fluorescence emission peak at 520 nm
(curve b) were observed. The sharp peak exhibit by fluorescence
emission spectra indicates the prepared MPA capped CdS QDs are
nearly homogeneous and monodisperse [23].

The surface morphologies of NCC, QDs, CTAB-NCC, and CTAB-
NCC/QDs nanocomposite were also characterized using TEM and
FESEM to reveal size, homogeneity of the composite, the presence of
voids, the dispersion level of the nanoparticles within the continuous
matrix, the presence of aggregates and the possible orientation of na-
noparticles [24]. The TEM images of NCC and CTAB-NCC show ag-
glomerated whiskers-like structure and the NCC was not affected by the
modification. The size ranging approximately 4-10 nm in diameter and
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Fig. 1. The spectra of (a) UV-Vis and (b) fluorescence of the synthesized MPA
capped CdS QDs.

39

Materials Science & Engineering C 99 (2019) 37-46

corresponding length of about 50-100 nm [25] (Fig. 2a, b). For MPA-
QDs, the particle is spherical shape, dispersed in size ranging from 2 to
6 nm. This result is in good agreement with previous literature [17,25]
(Fig. 2¢).

The FESEM reveals the micrographs of CTAB-NCC (Fig. 2d) and
CTAB-NCC/QDs (Fig. 2e) nanostructured film analysis at 100 K mag-
nification at room temperature. The CTAB-NCC film exhibited a
homogenous, uniform and dense fibrous structures aggregated over the
surface of SPCE. This observation is in agreement with previous re-
ported work where well distributed of NCC/polypyrrole on SPE was
obtained [16]. For CTAB-NCC/QDs nanocomposite film (Fig. 2e), CdS
QDs was appeared like tiny white dots which is similar observation with
previous reported work [17].

EDX of selected area was utilized for elemental analysis of CTAB-
NCC and CTAB-NCC/QDs nanocomposite film. The EDX patterns with
elemental composition illustrated in Fig. 2 (f and g). For CTAB-NCC/
QDs nanocomposite films (Fig. 2g), the presence of respective elemental
of C, O, S and Cd, indicating the CdS QDs was successfully decorated
into the CTAB-NCC films.

FTIR analysis was attempted to characterize the surface modifica-
tion interaction by comparing the spectra of (a) NCC (b) CTAB-NCC,
and (c) CTAB-NCC/QDs (Fig. 3). All spectra have the same backbone
only slightly change in the absorption bands was observed. The ab-
sorption peaks between 3650 and 3200 cm ™! are mainly assignable to
intra- and intermolecular O—H and CH,—OH stretching vibrations [26].
The spectral band at 2900 cm ™! can be seen in all samples, and it is
more intense in CTAB-NCC (curve b) and CTAB-NCC/QDs (curve c¢) due
to the C—H stretching from the long alkyl chain of CTAB [27]. This
demonstrates that CTAB successfully doped onto the NCC. The new
formation of a peak at 1480 cm ™! was observed in CTAB-NCC (curve
b). Based on previous literature, the peak is due to the C—H bending of
cationic substituent of CTAB [28]. The C—O stretching and C=0 was
located at 1030 cm ™! and 1647 cm ™ ?, respectively. The band becomes
smaller and slightly shifted in both CTAB-NCC and CTAB-NCC/QDs.
This observation suggests that there is an electrostatic interaction be-
tween the NCC with CTAB and QDs because they possess opposite
charges [29].

The surface charge of the nanoparticles was also assessed using the
Malvern Zetasizer. The unmodified NCC with surface charge potential
value of —40.55 + 5.06 mV was observed. This is because the NCC
was obtained via acid hydrolysis using sulfuric acid. The NCC functio-
nalized CTAB shows surface charge potential of +33.27 = 1.50mV.

Meanwhile, the surface charge value of MPA-QDs is
—35.63 * 4.01 mV. This magnitude of potential indicates that both
nanoparticles have stable suspension as both of the values lie outside
—30mV to +30.50 mV range represents good suspension stability.

Remarkably, both CTAB-NCC and MPA-QDs carried opposite sur-
face charge, thus, when CTAB-NCC decorated with MPA-QDs electro-
static interaction between a positively charged of CTAB-NCC and ne-
gatively charged of MPA-QDs is occurred. It is expected that the
interaction between opposite charge materials form strong electrostatic
force and attached to each other produced the formation of CTAB-NCC/
QDs nanocomposite. This nanocomposite serves as a stable platform for
enzyme immobilization without the loss of protein structure or activity,
which corresponds to previous work using negatively charged surface
of TiO, and positively charged surface of lysine and/or arginine [30].

3.2. Electrochemical characterization of CTAB-NCC/QDs modified SPCE

Cyclic voltammetry (CV) was utilized to investigate the interface
kinetics on the surface of bare SPCE and SPCE modified with NCC,
CTAB-NCC, CTAB-NCC/QDs using potassium ferrocyanide solution to
observe amount of charge passed during CV cycle [31]. Fig. 4 illu-
strated the voltammogram of bare SPCE (curve a) (the value of
I,a = 104.58 yA and I, = —141.14 pA) and NCC (curve b) (with anodic
peak current I,, =106.80puA and cathodic peak current
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Fig. 2. The TEM images for (a) NCC, (b) CTAB-NCC, and (c) MPA-QDs, the FESEM micrograph of (d) CTAB-NCC nanostructured film, (¢) CTAB-NCC/QDs nano-
composite film, and EDX analysis of (f) CTAB-NCC nanostructured film, (g) CTAB-NCC/QDs nanocomposite film.

I, = —146.94 yA) have no significant change in the peak currents. The
NCC is hydrophilic in nature [32] due to the presence of hydroxyl group
on its surface. This behavior makes it easily dissolve in aqueous solution
and could probably detach from the surface of electrode.

Hence, NCC requires surface modification in order to alter its hy-
drophilicity to form slightly hydrophobic, concomitantly serves as a
promising matrix for attaching metallic nanoparticles for further ap-
plications [33]. Surface modification of NCC by using surfactant offers
facile and promising technique to alter the surface chemistry and tailor
colloidal stability in many applications. Modification of NCC employing
CTAB has been studied previously; the prepared CTAB-NCC capable of
coupled hydrophobic anti-cancer drugs into the matrix and delivered a
controlled drug release [19]. In other study, it was also discovered the
use of CTAB-NCC to facilitate metal nanoparticle into the matrix [32].

In Fig. 4, CTAB-NCC (curve c) (the value of I,, = 113.95uA and
I, = —204.10 pA) and CTAB-NCC/QDs modified SPCE (curve d) (the
value of I,; = 165.90yA and I, = —248.66 A, shows higher peak
current response compared to bare SPCE (curve a). It is clearly
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illustrated that higher current response is associated with higher surface
area and good conductivity of the CTAB-NCC/QDs modified SPCE. The
peak-to-peak separation, AE, for bare, NCC, CTAB-NCC, and CTAB-
NCC/QDs modified SPCE were gradually decreased following the order
from 54.90 mV to 40.70 mV demonstrated a fast and reversible electron
transfer process [17].

Electrochemical impedance spectroscopy (EIS) is a simple and sen-
sitive analysis to study the change of electrode interface and complex
electrical resistance of a system. The electrochemical impedance spec-
troscopic data of Tyr/CTAB-NCC/QDs was fitted using simple equal
circuit, which shown in Fig. 5 (inset), which comparable to another
report [34]. In this circuit, R,, Z,,, CPE, and R,, represent solution re-
sistance; Warburg impedance, constant phase element, and charge
transfer resistance, respectively.

Fig. 5 shows Nyquist plot of the different modified SPCE composed
of a semicircle portion and linear portion. The semicircular curve at
higher frequencies demonstrates the charge-transfer-limited process;
meanwhile the linear line demonstrates the diffusion-limited process.
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Fig. 4. CVs for (a) bare, (b) NCC, (c) CTAB-NCC and (d) CTAB-NCC/QDs
modified SPCE in 5 mM K3Fe(CN)g/0.1 M KCl with scan rate of 100 mV/s.

Basically, the semicircle diameter corresponds to the charge-transfer
resistance (R.) [35]. The bare SPCE and NCC modified SPCE shows a
larger - diameter semicircle with the R, value of 20,200 Q and
20,300 Q, respectively. It is observed that there were no significant
changes that can be found in the value of R, of bare and NCC modified
SPCE. It could probably due to the NCC detached from the SPCE surface
as cellulose is very hydrophilic easily dissolved in the aqueous solution.
Thus, surface modification of NCC is required for the biosensor appli-
cations [16].

After the surface modification of the NCC with cationic surfactant
(CTAB-NCC), the R, (181 (2) is obviously decreased due to improve-
ment of conductivity properties of the modified SPCE [31]. Thus, the
CTAB-NCC modified SPCE allowed greater permeation for the [Fe
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(CN)6]3~ redox probe. Subsequently, the CTAB-NCC/QDs modified
SPCE shows slightly lower R, value of 173 Q. This may be ascribed to
the fact that the CTAB-NCC/QDs nanocomposite films are conductive,
and verified that QDs could facilitate the electron transfer [36].

For CTAB-NCC/QDs/Tyr, the R was slightly increased with the
value of 244 Q. The increase in resistance of CTAB-NCC/QDs/Tyr
modified SPCE indicates that the interface is blocked by Tyr which
forming an electron transfer barrier. This observation confirming the
successful immobilization of Tyr onto the surface of modified SPCE
[37]. Therefore, the improved properties are observed in both of CTAB-
NCC and CTAB-NCC/QDs modified SPCE.

3.3. Reaction mechanism of the biosensor

Voltammetric behavior of phenols was further studied using dif-
ferential pulse voltammetry (DPV) within potential range of —0.3V to
0.0V. Fig. 6a displays the typical differential pulse voltammogram
(DPV) of phenol in phosphate buffer solution towards SPCE modified
with Tyr/NCC, Tyr/CTAB-NCC and Tyr/CTAB-NCC/QDs, respectively.
Upon addition of a successive aliquot of phenol into the phosphate
buffer solution, slight reduction peak current was obtained with SPCE
modified Tyr/NCC and moderate response with SPCE modified Tyr/
CTAB-NCC.

As can be seen Fig. 6b, SPCE modified with Tyr/CTAB-NCC/QDs
exhibited higher current response compared to Tyr/NCC and Tyr/
CTAB-NCC, which indicated that the CTAB-NCC/QDs nanocomposite
plays a significant role in the improvement of enzyme immobilization
and facilitates the direct electron transfer between the substrate mole-
cules and the modified electrode surface.

Tyrosinase (polyphenol oxidase) is a blue copper protein with 2
copper atoms in the active center), catalyzed the oxidation and hy-
droxylation of polyphenols. In the present work, tyrosinase (Tyr) has
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been used as a typical model for the detection of phenols based on Tyr/ phenol to the corresponding o-quinones through its active center and
CTAB-NCC/QDs biosensor. The enzymatic reaction of electrochemical the oxygen is then reduced to water. Subsequently, the o-quinone
Tyr-biosensor is shown in Schematic 1. generated by the previous enzymatic reaction was further reduced to

In the presence of oxygen molecule, Tyr catalyzes the oxidation of catechol at the surface of the electrode, giving rise to an electrocatalytic
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Schematic 1. Schematic representation on the construction of CTAB-NCC/QDs/Tyr/SPCE biosensor.

current response [38]. Based on the mechanism, electrochemical tyr-
osinase biosensor can be utilized as a feasible device for the detection of
phenol.

3.4. Optimization of experimental parameters

In this study, several electroanalytical parameters were thoroughly
investigated such as pH, accumulation potential and time, the amount
of enzyme, respectively. Influence of pH is one of the significant
parameters which related to enzymatic activity and stability of the
biosensor in aqueous solution.

The dependency of cathodic peak current (I,.) was investigated in
phosphate buffer solution over different pH ranging from 6.0 to 9.0
(Fig. S1). At low pH range, cathodic peak current gradually increase
proportionally to increase of enzymatic activity [39]. At higher pH
beyond 7.0, the cathodic peak current decrease most probably due to
loss or inactivation of the enzyme activity [6]. It was found that the
maximum peak achieved at pH 7.0. This result agrees with the optimum
pH range of 5.0 to 8.0 reported for free tyrosinase and indicate that the
immobilization procedure did not alter the tyrosinase activity. Thus,
phosphate buffer solution (PBS) pH7.0 was used for subsequent ex-
periments.

Accumulation potential plays important role in the biosensor re-
sponse, where it contributes to the improvement of sensitivity and se-
lectivity of the biosensor. The influence of accumulation potential on
the voltammetric response of the biosensor towards phenol was in-
vestigated in the potential range of +0.05 to —0.20V in PBS (pH 7.0)
and accumulation time was fixed at 60 s. The most intense response was
obtained at —0.2V. Above potential of —0.20V, the sensor response
starts to decrease. This phenomenon may be due to increase in oxygen
depletion in the vicinity of the Tyr immobilized on the surface of SPCE,
thus reduce the enzymatic rate which is consistent with previous study
[3]. Thus, —0.2V was implied as optimum accumulation potential for
analytical procedures.

The effect of accumulation time on the voltammetric response of the
biosensor was also studied in the time frame of 30 s to 180 s. The results
illustrated that the cathodic peak current increased within increasing
accumulation time up to 60s, before reaching the adsorption equili-
brium [40]. Beyond 60 s, the adsorbed phenol is saturated at the surface
of CTAB-NCC/QDs/Tyr modified SPCE. Hence, the time of 60s is
chosen as the optimum accumulation time.

The amount of enzyme immobilized onto the electrode surface is
crucial to improve the sensitivity of the biosensor. In particular, the

43

electrochemical response of the electrode as a function of amount of
immobilized enzyme was investigated between 2.0 and 20.0 mg/ml. As
represented in Fig. S2, the current response increases with the increase
of Tyr amount, reaching maximum values of 10 mg/ml of immobilized
tyrosinase. Beyond the amount of Tyr of 10 mg/ml, significant decrease
in cathodic peak current which could be attributed to film thickness,
simultaneously increase the interfacial electron transfer resistance, and
decelerate the electron transfer rate [6]. Therefore, 10 mg/ml of tyr-
osinase was employed for the biosensor development.

3.5. Analytical performance of the developed biosensor

The performance of the developed sensor towards different con-
centration of analytes under optimum condition was investigated. In
this study, the developed sensor shows a well-defined cathodic peak in
the dynamic range from 5 to 40 uM (Fig. 7). A linear calibration curve
for phenol was obtained with linear regression equations of Ip,
(A) = 0.078x — 1.7104 (R? = 0.9904). Limit of detection (LOD) was
calculated according to 3Sy,/b, where Sy, is the standard deviation of the
blank measurements (n = 3), b is the slope of the calibration curve [2]
and the calculated LOD was found to be at 0.082 pM.

A

oA

- y= 0.078x-1.7104
= R?=0.9904

Peak current (nA)

-1.0 A

0.0 T T T T T T T T
15 20 25 30 35 40
Phenol concentration (uM)
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Fig. 7. Calibration curve of the developed sensor towards different concentra-
tions of phenol.

Experimental conditions: 10 uM phenol in 0.1 M of PBS (pH 7.0). Accumulation
potential ranging from —0.20 V, accumulation time = 60s, Tyr conc. = 10 mg/
ml. The error bars indicate the standard error (s) for triplicate measurements
(n = 3) with same biosensor.
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Table 1

Response characteristics of CTAB-NCC/QDs/Tyr modified SPCE to various phenolic compounds.
Phenolic compounds Linear range (uM) Detection limit (uM) Sensitivity (uA/uM) Correlation coefficient K (UM)
Phenol 5.0-40.0 0.082 0.078 0.994 3.26
Catechol 1.0-25.0 0.125 0.017 0.995 1.23
o-Cresol 2.0-10.0 0.007 0.273 0.986 11.14
4-Chlorophenol 5.0-25.0 0.021 0.102 0.928 11.47

Table 2
The influence of potential interferents on DPVs response of phenol detection.

Interference Concentration Signal change  Relative error
(uM) (nA) (%)
Organic Glucose 10 0.011 3.06
Ascorbic acid 10 0.017 4.86
Uric acid 10 0.015 4.30
Caffeine 10 0.013 3.70
Inorganic cu?* 100 0.013 2.31
Fe?* 100 0.004 1.48
Zn** 100 0.011 3.73
Mg>* 100 0.003 3.38

The performance of the enzyme electrode towards other phenols
such as catechol, m-cresol and 4-chlorophenol were also investigated
using DPV under optimum experimental condition. The detection
characteristic of the biosensor for different phenols, including linearity
range, correlation coefficient, sensitivity, and detection limits was ta-
bulated in Table 1. The enzymatic biosensor gave the linearity range of
5.0-40.0yM  (0.47-3.76 mg/L) (R*>=0.994), 1.0 to 25.0uM
(0.11-2.75mg/L) (R®>=0.995), 2.0 to 10.0uM (0.22-1.08 mg/L)
(R* = 0.986), 5.0 to 25.0 uM (0.64-3.21 mg/L) (R* = 0.928), and LOD
of 0.082puM (0.0077 mg/L), 0.125puM (0.0138 mg/L), 0.007 uM
(0.0008 mg/L), 0.021 uM (0.0026 mg/L) for phenol, catechol, o-cresol
and 4-chlorophenol, respectively. Moreover, the sensitivity of SPCE/
CTAB-NCC/QDs/Tyr following the order of o-cresol > 4-chlor-
ophenol > phenol > catechol. The response characteristic observed
from different types of phenols most prominently depends on the Tyr
catalytic selectivity for different compounds [11].

The kinetic behavior of the enzyme electrode was also studied in
this work. The apparent Michaelis-Menten constant, K,, indicates the
enzyme-substrate kinetics for the enzyme electrode; the smaller the K,
value, the greater the affinity for the substrate. By using Lineweaver-
Burk plot, the K, values obtained were 3.26, 1.23, 11.14 and 11.47 for
phenol, catechol, o-cresol, and 4-chlorophenol, respectively. The result
shows that the CTAB-NCC/QDs lead to the high affinity of the enzyme
following the order of catechol, phenol, o-cresol and 4-chlorophenol.
The low K,, values resulting high entrapped Tyr onto the matrix of
CTAB-NCC/QDs nanocomposites, thus provide high affinity to phenols
[3].

Reproducibility study of CTAB-NCC/QDs/Tyr modified SPCE were
evaluated at phenol concentration of 10 uM in phosphate buffer solu-
tion (pH7.0) and the relative standard deviation (RSD) of 2.69%
(n = 5) was obtained. The repeatability of the developed biosensor was
also examined and the RSD was found to be 6.75% (n = 5), signifying
the fouling of the surface of SPCE due to the formation of non-con-
ducting oxidation products of phenol or change in the morphology of
the surface of SPCE [8].

The long-term stability of the biosensor stored at 4 °C was evaluated
periodically within 5weeks. The response of CTAB-NCC/QDs/Tyr
modified SPCE was remains unchanged during the first two weeks of
storage and retained approximately 75% of its original response after
5weeks of storage. As a nanomaterial, cytotoxicity of CdS QDs may
influence the stability of the biological material (enzyme) used in this
study and effect to the environment. In this work, low amount of CdS
QDs used in the immobilization matrix would probably reduce the
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cytotoxicity of the QDs. Li et al. [41] had reported the CdS QDs with
MPS-replaced plus silica capping showed less cytotoxicity than those
with MPA-capping and MPS-replaced capping. Thus, it is also expected
MPA capped CdS QDs functionalized with CTAB-NCC exhibited less
cytotoxicity compared to CdS QDs.

3.6. Interference study and real sample analysis of CTAB-NCC/QDs/Tyr
modified SPCE

The influence of any possible interfering substances on the proposed
biosensor was investigated in order to evaluate the selectivity of the
biosensor towards the substrate. Several organic interference with ten
times concentrations, including glucose, ascorbic acid, uric acid, and
caffeine, while inorganic substances of heavy metal ions with hundred
times concentration, such as Fe>*, Cu®*, Zn®*, and Mg®* were added
separately into 1 pM of phenol solution. As can be seen in Table 2, the
organic and inorganic interference produced less than *+ 5% relative
error on the phenol detection. This result indicates that the proposed
CTAB-NCC/QDs/Tyr modified SPCE exhibit no significant interference
in the presence of the above species, indicating good selectivity to
phenol.

3.7. Comparison of the biosensor and HPLC analysis of spiked real sample

In addition, to evaluate the potential application of the proposed
biosensor in real samples analysis, the performance of the biosensor for
the analysis of water sample spiked with phenol was tested and com-
pared with the HPLC method. The water sample was collected from the
lake near Universiti Putra Malaysia, UPM Serdang, Selangor and was
used for quantitative analysis. For unspiked water sample, no phenol
was observed by the developed method and HPLC technique; verified
that the sample was absent with phenol. Therefore, the standard ad-
dition method was applied to investigate the performance of the pro-
posed biosensor.

The lake water sample was spiked with six different known con-
centrations of phenol in the range of 5uM to 30 uM. The results from
the water samples recovery are summarized in Table 3. The results were
compared with those measured using HPLC method. The results de-
monstrate that the biosensor and HPLC method recovered about
97-104% and 88-91% of the phenol in the water samples, respectively.

Statistical analysis for comparing the two means of the developed
biosensor and HPLC method was also evaluated. Overall the calculated
t-test value of the samples are less than the critical value (t; = 2.78)
which confirm that the developed biosensor and HPLC method display
a good agreement and comparable.

4. Conclusions

In summary, phenol biosensor based on tyrosinase immobilized on
CTAB-NCC/MPA-QDs modified SPCE was successfully designed. The
CTAB-NCC/QDs nanocomposite offered special characteristics of two
components which provide improved conductivity, good biocompat-
ibility, and permeability microenvironment with high affinity entrap-
ment towards enzyme immobilization. The proposed biosensor de-
monstrates good analytical performances with wide detection range of
5-40 uM (0.47-3.76 mg/L), sensitivity of 0.078 pA/uM and detection
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Table 3
A comparison between the developed tyrosinase biosensor and HPLC method.
Water sample Added (uM) The developed method (UM) (n = 3) Recovery (%) HPLC method (uM) (n = 3) Recovery (%) t-Test
Lake water 5.0 4.951 + 0.167 99.03 4.356 = 0.002 87.12 0.31
10.0 10.445 + 0.664 104.35 8.893 + 0.005 88.93 2.02
15.0 15.447 + 1.395 102.90 13.271 + 0.014 87.58 1.35
20.0 20.762 * 1.624 103.79 18.137 + 0.014 90.69 1.40
25.0 25.606 + 1.042 102.39 22.399 *= 0.006 89.60 2.67
30.0 29.157 + 1.077 97.15 26.435 = 0.006 88.12 2.19

Note: The critical value, t, = 2.78 (p = 0.05).

limit of 0.082 uM (0.0077 mg/L), respectively. The biosensor remained
its activity and stability for at least one month, shows good electro-
chemical activity with high sensitivity and selectivity. A comparison
study on analysis of spiked real sample by using the developed sensor
and HPLC method have shown good agreement and comparable. The
designed electrochemical biosensor exhibits excellent features and
could be potentially applied for the determination of phenols in the
environmental samples.
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