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ABSTRACT

The modification of polysulfone (PSF) with multi-walled carbon nano-
tubes (MWCNT) is presented as a platform for the development of a
tyrosinase biosensor. PSF, dissolved in dichloromethane, was depos-
ited on a glassy carbon electrode (GCE), after which MWCNT func-
tionalized in nitric acid, was drop coated on the PSF layer. Tyrosinase
enzyme (TyOx), crosslinked with glutaraldehyde, was subsequently
deposited on the MWCNT/PSF/GCE transducer to constitute the tyro-
sinase biosensor. The MWCNT/PSF/GCE (sensor) and TyOx/MWCNT/
PSF/GCE (biosensor) were characterized using cyclic voltammetry
and electrochemical impedance spectroscopy. Scanning electron
microscopy was used to study the morphological changes after each
modification step. Cyclic voltammetry measurements confirmed that
MWCNT/PSF/GCE was a better platform for the direct detection of
tyrosine than MWOCNT/GCE or PSF/GCE. A well-defined analytical
peak at 0.79V with respect to Ag/AgCl was observed that was clearly
distinguishable from the background current. The tyrosinase biosen-
sor showed a very low limit of detection (0.3nM) and a very high
sensitivity (1.988pA pM~'cm™?) towards tyrosine detection com-

pared to comparable devices reported in the literature.
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Melanoma is a type of skin cancer which is formed from pigment-containing cells in
the skin called melanocytes (Ly, Yoo, and Lee 2012). Melanocytes produce the dark pig-
ment called melanin. Melanin is a pigment derived from the amino acid tyrosine
responsible for the skin and hair color in living organisms and plays an important role
in protecting the skin against ultraviolet light induced damage (Ly, Yoo, and Lee 2012;

Lupu et al. 2013; Revin and John 2013).

Tyrosinase mRNA is an important biomarker for melanoma and a key factor in melano-
genesis. Tyrosinase catalyzes the rate-limiting step in melanogensis via hydroxylation of
tyrosine to 3,4-dihydroxy-L-phenylalanine (.-DOPA) and subsequent oxidation to
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dopaquinone (Revin and John 2013). During melanin biosynthesis, 1-tyrosine is the start-
ing material converted to L-DOPA and the ratio of these two compounds is an important
indicator for the development of melanoma (Lupu et al. 2013; Revin and John 2013).

Tyrosinase is an enzyme made up of two histidine-coordinated copper atoms. The
copper atoms are coordinated to the protein by six histidine residues in a paired helical
bundle (Lupu et al. 2013). In the presence of oxygen, tyrosinase catalyzes two different
enzymatic reactions: firstly the ortho-hydroxylation of monophenols to o-diphenols and
secondly the oxidation of o-diphenols to o-quinones (Akyilmaz, Yorganci, and Asav
2010; Litescu, Eremia, and Radu 2010). Tyrosinase has been used widely in biosensor
assembly for the determination of phenolic compounds.

Wang et al. (2008) developed a biosensor for the detection of catechol using a glassy
carbon electrode (GCE) modified with tyrosinase-Fe;O4 magnetic nanoparticles-chitosan
nanobiocomposite film (S. Wang et al. 2008). In another study (Y. Wang et al. 2010), a
Fe;0,-chitosan nanocomposite was employed for the amperometric detection of dopa-
mine through the biocatalytically liberated dopaquinone at —0.25V with respect to satu-
rated calomel electrode (Sanz et al. 2005; Wang et al. 2010; Karim and Jin 2013). Sanz
et al. (2005), designed a tyrosinase biosensor based on the immobilization of the
enzyme on a GCE modified with electrodeposited gold nanoparticles for determining
phenolic compounds. The biosensor exhibited a rapid response to the changes in the
substrate concentration for all of the phenolic compounds characterized that included
phenol, catechol, caffeic acid, chlorogenic acid, and gallic acid (Sanz et al. 2005).

Carbon nanotubes (CNT) have attracted huge interest in various applications of
engineering and technology due to their unique chemical, mechanical and electronic
properties. The high conductivity, electrocatalytic and electrochemical properties of
CNT have made them very attractive components of electrochemical sensors and bio-
sensors (Samuel, Pumera, and Esteve 2007; Karim and Jin 2013). However, there are
two major factors limiting the effectiveness of CNT.

Firstly, the dispersion of nanotubes is not always uniform. Due to their chemical
structure and surface area, individual CNT form strong Van der Waals bonds with
neighboring CNTs, which result in agglomeration of CNTs in various matrices.
Secondly, interfacial bonding between CNT and polymer molecules due to the inert
nature of the nanotubes prevent their uniform dispersion (Kim et al. 2002; Samuel,
Pumera, and Esteve 2007).

The modification of the surface of carbon nanotubes by covalent or non-covalent
functionalization is a possible solution for these problems (Karim and Jin 2013). Non-
covalent surface modification is relatively common, where polymer chains are wrapped
around the nanotubes or different surfactant molecules are adsorbed or physically
bound to the CNT surface (Connell et al. 2001). Non-covalent functionalization of
nanotubes based on colloid stabilization principles has been reported (Connell et al.
2001; Ke et al. 2007; Carvalho, Gouveia-Caridade, and Brett 2010).

For example, purified single-walled carbon nanotubes were mixed with charged ZrO,
nanoparticle aqueous solutions and sonicated (Connell et al. 2001). The suspensions
were allowed to stand for a few days to remove unstable large bundles of nanotubes.
The remaining suspension of nanotubes with nanoparticles was observed to be transpar-
ent and very stable for long periods of time.
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In covalent surface modification, polymer chains can be grafted on the surface of
the nanotubes. Covalent functionalization of CNT is essential when the load transfer
properties are important. Chemical functionalization of nanotubes offers the advan-
tage of strengthening the composite by filling defects in the wall structure.

Chitosan, a low molecular weight green polymer, was covalently bound to the side-
walls of multi-walled carbon nanotubes (MWCNT) through nucleophilic substitution
reaction (Ke et al. 2007; Carvalho, Gouveia-Caridade, and Brett 2010; Kaushik et al.
2012; Dyachkova et al. 2013). The amino acid and primary hydroxyl groups of chitosan
were identified to be the main contributors to the formation of MWCNT-chitosan
structures. These groups react with COCI groups generated on the CNT surfaces by
acid treatment (Koziol, Boskovic, and Yahya 2010; Kaushik et al. 2012; Dyachkova
et al. 2013).

Polysulfone (PSF) is a polymer with poor conductivity, but is widely used in mem-
brane technology due to its solubility properties and its high thermal, chemical and
mechanical resistance. The modification of these polymers is a challenge in polymer
and membrane technologies. PSF is widely used in the manufacture of medical devices,
membrane filtration systems, gas separation membranes and in energy storage devices
(Park et al. 2006; Muya et al. 2014; Phelane et al. 2014).

Qiu et al. (2009) reported on blends of PSF and functionalized MWCNT dissolved in
dimethylformamide which were used to prepare ultrafiltration membranes by a classical
phase-inversion method (Qiu et al. 2009). The results showed that the quantity of func-
tionalized MWCNTs was an important factor influencing the morphology and perme-
ation properties of the blended membranes (Koziol, Boskovic, and Yahya 2010; Kaushik
et al. 2012; Dyachkova et al. 2013). Park and coworkers, synthesized amphiphilic graft
copolymers having PSF backbones and poly(ethylene glycol) (PEG) side chains (Park
et al. 2006). The resulting PSF-graft-poly(ethylene glycol) (PSF-g-PEG) materials were
hydrophilic but water insoluble. These properties make them suitable candidates for
biomaterial coatings, such as for PSF-g-PEG modified membranes (Park et al. 2006; Qiu
et al. 2009; Koziol, Boskovic, and Yahya 2010; Kaushik et al. 2012).

Here is reported the modification of PSF with MWCNTs for the design of a novel tyro-
sinase biosensor and its application to the quantitative detection of tyrosine in aqueous
systems. The transducer was composed of PSF polymer modified with MWCNTs drop-
coated on a GCE. The PSF casting suspension was prepared by dissolving PSF in dichloro-
methane. Bamboo-shaped MWCNTSs were functionalized using HNOj;. The sensor sys-
tems were characterized using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Scanning electron microscopy (SEM) was used to study the morph-
ology changes as a function of the layer by layer modification of the GCE surface.

Experimental
Chemicals and reagents

All chemicals were of analytical reagent grade and used as received without any further
purification. Tyrosinase (from mushrooms), tyrosine, glutaraldehyde (GA) and PSF
beads were purchased from Sigma-Aldrich. Multiwalled carbon nanotubes were pur-
chased from NanoLab, USA, with 95% purity, 30 £ 10 nm diameter and 1-5 um length.
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Instrumentation and methods

Preliminary voltammetric studies were carried out using an Ivium CompactStat poten-
tiostat (Ivium Technologies, Utrecht, Netherlands). Further measurements were carried
out using a PalmSens potentiostat from Palm Instruments BV, Netherlands, operated
using PS 4.4 software.

Electrochemical impedance spectroscopy (EIS) was performed using a Solartron 1250
Frequency Response Analyzer coupled to a Solartron 1286 Electrochemical Interface
(Solartron Analytical, UK) controlled by Zplot software. A sinusoidal voltage perturb-
ation of amplitude 10mV rms was applied at frequencies ranging from 65kHz to
10 mHz with 10 frequency steps per decade. The impedance data was modeled as simple
Randles equivalent electrical circuits using ZView Software (Scribner Associates, USA).
Some EIS measurements were carried out using IM6ex ZAHNER Elektrik instrument
driven by Thales Software. However the experimental parameters of amplitude, fre-
quency range and frequency response was kept the same for all impedance experiments.

A three-electrode system was used for all electrochemical experiments. The working
electrode was an unmodified or modified GCE (area 0.071 cm?) with a platinum wire as
the counter electrode and Ag/AgCl (3M NaCl) as reference electrode.

Scanning electron microscopy (SEM) measurements were carried out using a LEO
1450 instrument. Enhanced images were obtained using a Zeiss Auriga (FEGSEM) field
emission gun scanning electron microscope. Samples were coated with conductive car-
bon to enhance charge dissipation and improve imaging of the prepared materials.

Preparation of PSF

The preparation of a 0.05g mL~' PSF suspension was achieved by dissolving 0.5g of
PSF in 10 mL dichloromethane at room temperature and sonicating until a clear homo-
genous casting suspension was obtained.

Functionalization of MWCNT

The functionalization was done similarly to previous reports (Carvalho, Gouveia-
Caridade, and Brett 2010; Peca, Bertotti, and Brett 2011). A mass of 0.1 g MWCNT was
stirred into 10 mL of 3 M nitric acid (HNO3) solution overnight. The solid product was
filtered and washed with distilled water several times until the filtrate solution was neu-
tral (pH 7). The resultant MWCNT were dried in an oven at 70 °C for 24 h.

From these functionalized MWCNTs, a 1% suspension of MWCNT was prepared by
dispersing an appropriate mass of MWCNT in dimethylformamide.

Preparation of PSF/MWCNTs composite

10 uL of the PSF suspension was drop coated on a GC working electrode followed by
two additions of 10 pL of MWCNT solution to produce a MWCNT/PSF/GCE sensor
for electrochemical evaluation.



ANALYTICAL LETTERS ‘ 5

Fabrication of the TyOx/MWCNT/PSF/GCE

The tyrosinase biosensor was prepared by drop coating tyrosinase on the prepared
MWCNT/PSF/GCE sensor platform and crosslinking with GA (Scheme 1).

Results and discussion
Scanning electron microscopy characterization

SEM was used to evaluate changes in the morphology of the electrode interface after
each modification step (Figure 1).

The SEM image of PSF showed uniform morphology and well-defined hemispherical
shaped pores, with pore size from 1 to 6 um (Figure la). The MWCNTs, displayed in
Figure 1b, showed the expected fibrous morphology of nanotubes with evidence of clus-
tering and agglomeration. CNTs are held together by strong Van der Waals bonds
between neighboring CNT, resulting in the formation of large aggregates (Dyachkova
et al. 2013; Bidsorkhi et al., 2016).

The MWCNT/PSF composite layer (Figure 1c), showed spheres of different sizes,
which were interpreted as the combined morphology features of the individual compo-
nents. The pores observed in the SEM image of PSF alone disappeared after modifica-
tion with CNTs due to a filler effect of the CNTs inserted into the polysulphone matrix.
Additionally, the MWCNTSs showed a very even distribution within the polymer due to
the lyophilic properties of the CNTs. The carboxylic groups of the CNTSs increase their

2, N

PSF MWCNT
PSF/GCE MWCNT/PSF/GCE
GCE
Tvrosinase l'r:I._NH2
o
3
Gluteraldehyde
—NH J —_NH,
——NH = —NH,
= o
. - v hl 3
TyrOS/MWCNT/PSF/GCE S TyrOxMWCNT/PSF/IGCE
with Glutaraldehyde o
5

Scheme 1. Schematic diagram of the tyrosinase biosensor preparation.
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2pm EHT = 20.00 KV Signal A= SE1 Dete 24 Nov 2015
H WD= 8mm Mag= 1000 KX Time :8:58:32

1 pm EHT = 20.00 kv Signal & = SE1 Date :24 Nov 2015 =z
I WD= 10mm Mag = 4000 K X Time :10:26:27
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H WD= Smm Mag = 2000 KX Time :10:44:35

Figure 1. Morphological images for the: (a) polysulfone, (b) multi-walled carbon nanotubes and (c)
MWCNT/PSF composite on a high resolution scanning electron microscope at 20 kV.
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interactions with the polar solvent and possibly with dissolved PSF (Singjai, Changsarn,
and Thongtem 2007; Bidsorkhi et al., 2016).

Cyclic voltammetric characterization of the prepared composite material

Cyclic voltammetry was used to characterize the GCE electrode modified with PSF and
MWCNTs, as well as the layer-by-layer deposited MWCNT/PSE/GCE electrode. All
electrochemistry experiments were performed in 10mL of 0.1 M phosphate buffer (PBS
at pH 7.0) at scan rates ranging from 10 to 200mV s ' in the potential range from 0 to
1000 mV with respect to Ag/AgCl. The oxidation of L-tyrosinase was recorded following
the addition of 10 uL aliquots of 0.1 M r-tyrosine to the electrochemical cell.

The cyclic voltammograms obtained at the three electrodes (Figure 2) clearly high-
light the contribution of MWCNTs in facilitating the oxidation of L-tyrosine. The peak
potential for L-tyrosine oxidation at PSF/GCE was observed at 0.79V with respect to
Ag/AgCl, whereas MWCNT/GCE and MWCNT/PSF/GCE provided oxidation potentials
of 0.70 and 0.67V, respectively. The L-tyrosine peak observed at the MWCNT modified
electrodes also showed better resolution of the oxidation peak and the highest oxidation
currents of the three evaluated electrodes.

The oxidation of L-tyrosine was observed as a single peak with no evidence of a
coupled reduction peak, indicating that the redox behavior of L-tyrosine is irreversible.
The cyclic voltammetry of MWCNT/PSF/GCE showed that incorporating the MWCNT's
into the PSF matrix results in a well-defined peak for r-tyrosine at 0.67 V. This peak
was used as the analytical peak for reporting the oxidation of r-tyrosine.

The approximate surface concentrations of the three modified electrodes were deter-
mined from the plot of peak current with respect to scan rate using the Brown Anson
model:

1/ ——PSF/GCE
7 ——MWCNT/GCE
1| ——MWCNT/PSF/GCE|

j!pAcm'2

00 02 04 06 08 1.0
E/V vs. Ag/AgCI

Figure 2. Cyclic voltammograms of 0.1 M L-tyrosine oxidation in 0.1 M phosphate buffer at pH 7.0
measured at the (black) PSF/GCE, (red) MWCNT/GCE and (blue) MWCNT/PSF/GCE at 50 mV s .



8 @ L. PHELANE ET AL.

Table 1. Surface concentrations of PSF/GCE, MWCNT/GCE and MWOCNT/PSF/GCE determined by
Brown Anson treatment of the CV measurements.

Electrode Material Slope (1A cm2/Vs ) R-squared Surface concentration (mol cm™2)
PSF/GCE 1.405 0.999 526 x 107"
MWCNT/GCE 34.318 0.998 1.28 x 1071°
MWCNT/PSF/GCE 37.597 0.998 141 %107 °
n? FPTA v
Ip= —— (1)
4 RT

where n is the number of electrons transferred, F is the Faraday constant (96584 C
mol ™), T* is the surface concentration (mol cm™2), v is the scan rate (V s '), R is gas
constant (8.314] mol™' K™'), and T is absolute temperature (298 K). A, the geometric
surface area of the electrode (0.071cm?), was used in all calculations. Using this
approach, a relative appreciation of the effect of surface modification was developed.

The surface concentration of the electroactive material increased significantly as a
result of the incorporation of MWCNT (Table 1). In a Randles Sev¢ik treatment of the
same measurements, a plot of peak current versus the square root of scan rate was
observed as a linear plot over the range 10-200mV s~ ', indicating that the oxidation of
L-tyrosine at the MWCNT/GCE and MWCNT/PSF/GCE modified electrodes obeyed
diffusion-controlled behavior (Xu and Wang 2005; Ma et al. 2010; Fauziyah et al. 2012;
Wei et al. 2012).

Electrochemical impedance characterization of PSF/GCE, MWCNT/GCE and
MWCNT/PSF/GCE

Electrochemical impedance spectroscopy is a frequency-dependent technique used to
separate charge transfer processes from capacitive processes through equivalent circuit
modeling. Experiments were performed with each modified electrode as the working
electrode fixed at a potential of 0.7V with respect to Ag/AgCl in 0.1 M PBS (Figure 3).

The equivalent circuit used to fit the EIS data was composed of the solution resist-
ance (Ry), in series with a constant phase element (CPE) representing the interfacial
charged double layer in parallel with the charge transfer resistance (R.). An open
Warburg element (W,) was introduced to model the diffusion of analyte across the con-
centration gradient in the cell (Figure 4; Xu and Wang 2005). The charge transfer resist-
ance obtained from equivalent circuit fitting confirmed a dramatic decrease in
magnitude as a direct result of MWCNT incorporation (Figure 5) into the MWCNT/
PSF/GCE and MWCNT/GCE, yielding values of 3.78 and 5.40 kQ, respectively.

The cyclic voltammetry of L-tyrosine showed that MWCNT/PSF/GCE gives the high-
est current observed from the impedance spectra, which was found to be in good agree-
ment with the low R, for tyrosine oxidation.

Quantitative determination of i-tyrosine at MWCNT/PSF/GCE and TyrOx/MWCNT/
PSF/GCE

For the determination of L-tyrosine at the sensor and biosensor platforms, CV was used
to measure the change in current after each addition of L-tyrosine by scanning from 0
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Figure 3. (a) Nyquist and (b) Bode plots for the PSF/GCE, MWCNT/GCE and MWCNT/PSF/GCE electro-

des in 0.1 M phosphate buffer at pH 7.0 using a fixed potential of 0.7V with respect to Ag/AgCl. The
inset is enlargement of the high frequency region of the Nyquist plot.

Rs CPE Wo
—N > > AW e
Rect

Figure 4. Equivalent circuit used to fit all of the impedance measurements comprised of the solution
resistance (Rs), charge transfer resistance (R.), constant phase element (CPE) and Warburg elem-
ent (W,).

to 0.9V at a scan rate of 50mV s~ '. Consecutive additions of L-tyrosine gave final con-
centrations in the cell in the range from 1.96 x 10 ° to 3.94 x 10~ * M.

An irreversible anodic peak at 0.7V was observed for the oxidation of L-tyrosine
(Figures 6 and 7) and was used as the analytical peak for the sensor and biosensor from
which the calibration curves were constructed. The peak was assigned to the oxidation
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80+

60

40-

Rct / kQ

20+

0-
PSF MWCNT  MWCNT/PSF

Electrode material

Figure 5. Response of the charge transfer resistance (Rct, kQ) obtained from the equivalent circuit
modeling of impedance measurements for polysulfone (PSF), multiwalled carbon nanotubes (MWCNT)
and the combined (MWCNT/PSF) modified glassy carbon electrode measured at 0.7V versus Ag/AgCl
in 0.1 M PBS at pH 7.0.

0.8+ y = 0,165x + 0,0921
R?=0,9958 o |
q 0-6' "/"/
c 0.4 r"
< [ %
e
T 0.2
0.3+ - - : . o=
00 02 04 06 08 1.0 0.0 0.51.0 1.5 2.0 2.5 3.0 3.5 4.0
E/Vvs. Ag/AgCI [Tyr]/ mM

Figure 6. (a) Cyclic voltammograms for L-tyrosine oxidation at MWCNT/PSF/GCE versus Ag/AgCl at
50mV s~ across the concentration range from 1.96 x 107° to 3.94 x 10™* M in PBS at pH 7 and (b)
corresponding calibration curve for L-tyrosine (n = 3).

of tyrosine to L-Dopa (Fauziyah et al. 2012). The biosensor displayed a lower limit of
detection and higher sensitivity, due to the presence of the enzyme (Table 2). The meas-
urements were repeated three times (n = 3).

The performance of the biosensor was compared with other ir-tyrosine sensors
reported in the literature (Table 3). The limit of detection obtained in this work for r-
tyrosine at the TyrOx/MWCNT/PSF/GCE biosensors was at least 2 orders of magnitude
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Figure 7. (a) Cyclic voltammograms for L-tyrosine oxidation at TyrOx/MWCNT/PSF/GCE versus Ag/AgCl
at 50mV s~" across the concentration range from 1.96 x 107° to 3.94 x 10™* M in PBS at pH 7 and
(b) corresponding calibration curve for t-tyrosine (n =3).

Table 2. Analytical performance of the L-tyrosine sensor and tyrosinase biosensor.

Sensitivity + standard deviation

Electrode material Limit of detection (M) (n=3), (LA pM”)
MWCNT/PSF/GCE 25x107° (sensor) 19.0+0.532
TyOx/MWCNT/PSF/GCE 3.06 x 10~ ' (biosensor) 28.0+0.182

Table 3. Comparison of sensor performance to similar biosensors reported in the literature.

Electrode Material Sensitivity (LA pM~")  Limit of detection (nM) Reference

hemin DNA biosensor 0.48 75 Wei et al. (2012)
Thionine aptasensor 2.62 130 Li et al. (2014)
Tyrosinase polymer biosensor 28 0.30 This work
Tyrosinase, carbon nanotubes biosensor 0.74 620 Apetrei and Apetrei (2013)
Tyrosinase polymer biosensor 4.81 1000 Hnida et al. (2015)

lower than obtained in most other literature reports, and the sensitivity of the biosensor
was at least 2 orders of magnitude higher than the other reported values.

Conclusion

The effects of semiconducting PSF and MWCNT on the oxidation of L-tyrosine were
evaluated by scanning electron microscopy, cyclic voltammetry and EIS.

The SEM imaging of the composite MWCNT/PSF confirmed characteristics of both
PSF and MWCNT when compared to the images of the individual materials. The
MWCNT/PSF/GCE composite shows the highest oxidative currents measured by CV
and the lowest R values, as derived from equivalent circuit modeling of the fixed
potential impedance measurements. The MWCNT/PSF/GCE composite electrode was
used in the design of an electrochemical sensor (MWCNT/PSF/GCE) and biosensor
(TyrOx/MWCNT/PSF/GCE) for the analytical determination of r-tyrosine using cyclic
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voltammetry. The biosensor displayed exceptional performance in terms of limits of
detection and sensitivity towards L-tyrosine compared to recent literature reports for
composite catalytic anodes.
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