Electrochimica Acta 362 (2020) 137094

Contents lists available at ScienceDirect 2
Electrochimica Acta
journal homepage: www.elsevier.com/locate/electacta )
Research Article
Simultaneous voltammetric detection of six biomolecules using a N
nanocomposite of titanium dioxide nanorods with multi-walled

carbon nanotubes

Bhargav R. Patel, Saim Imran, Wanying Ye, Hanyi Weng, Meissam Noroozifar,

Kagan Kerman*

Department of Physical and Environmental Sciences, University of Toronto Scarborough, 1265 Military Trail, Toronto, ON, M1C 1A4, Canada

ARTICLE INFO ABSTRACT

Article history:

Received 25 June 2020

Revised 13 August 2020

Accepted 9 September 2020
Available online 14 September 2020

In this proof-of-concept study, a novel nanocomposite of titanium dioxide nanorods with multi-walled
carbon nanotubes (TiO,NRs-MWCNTs) was synthesized using a solvo-thermal method and character-
ized by transmission electron microscopy (TEM) and Fourier-transform infrared spectroscopy (FTIR). The
nanocomposite of TiO,NRs-MWCNTs was utilized to modify the surface of a glassy carbon electrode (GCE)
using 1.5% (v/v) Nafion™ solution for a proof-of-concept study to detect uric acid (UA), xanthine (XA),
theophylline (TP) and theobromine (TB) in the presence of ascorbic acid (AA) and dopamine (DA). Simul-
taneous detection of these six biomolecules was performed using differential pulse voltammetry (DPV)
in a wide potential window from -0.3 V to -1.6 V (vs. Ag/AgCl) at pH 4.0. The TiO,NRs-MWCNTs/GCE
showed strong, stable and six simultaneous well-separated anodic peaks at 0.13, 0.35, 0.50, 0.85, 1.10 and
1.28 V for AA, DA, UA, XA, TP and TB, respectively. The calibration curves showed linearity to 191.0, 147.0,
537.0, 586.0, 893.0, 1653.0 pM with detection limits of 0.51, 0.06, 0.05, 0.09, 0.56 and 0.75 pM for AA, DA,
UA, XA, TP and TB, respectively. The electrochemical performance of the TiO,NRs-MWCNTs/GCE displayed
good reproducibility for simultaneous determination of six analytes. Finally, our preliminary results sug-
gested that the TiO,NRs-MWCNTs/GCE can provide a promising platform for rapid quantitative detection
of AA, DA, UA, XA, TP and TB in quality control studies of real samples such as pharmaceuticals and food
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1. Introduction

Simultaneous detection using electrochemical sensors are
emerging as a powerful technique for quality control assays, mass
production and on-field rapid tests for environmental studies due
to their high accuracy, selectivity, reproducibility, low cost and
simple operation [1]. Hence, they have been widely employed in
quantitative measurement of the biomolecules and drugs in in-
dustrial settings [2]. The sensitive and rapid quantitative detection
of these biomolecules also benefits pathological research, clinical
diagnosis and pharmaceutical quality control [3-5]. Ascorbic acid
(AA) and dopamine (DA) are related to cognitive wellness, while
uric acid (UA), xanthine (XA), theophylline (TP), and theobromine
(TB) are products in the purine metabolism pathway; hence all
the mentioned compounds represent important roles in the body.
Lack of AA increases the risk of scurvy [6], while DA is a cate-
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cholamine neurotransmitter found in the central nervous system.
It is involved in the regulation of voluntary movement and reward
value [7,8]. Past research has shown that inadequate dopamine lev-
els can cause Parkinson’s diseases and attention-deficit hyperac-
tivity disorder (ADHD) [9-11]. Purines are a class of heterocyclic
aromatic organic compounds including UA, XA, TP, and TB that
contain a pyrimidine ring fused with the imidazole ring struc-
ture [12]. TB and TP are neuro-stimulants, which can be formed
from xanthine (XA) as the precursor (Scheme 1) [13,14]. High UA
concentration in urine is reported to be a sign of hyperuricemia
which is known to progress into gout [15]. Scheme 1 illustrates
how the purine compounds such as TB, TP, and XA can be pro-
duced from degradation of the precursor molecule, xanthosine, a
xanthine-based nucleoside, through different metabolic pathways.
It also shows that UA is the final oxidized product of the hypoth-
esized purine catabolism pathway [16]. Depending on which en-
zyme is used, either nucleosidase or 7-methylxanthosine synthase
with S-adenosyl-L-methionine (SAM), the formation of XA or 7-
methylxanthine can occur, respectively (Scheme 1). Furthermore,
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methylation with SAM reduction to S-adenosyl-L-homocysteine
(SAH) can produce TP or TB, respectively [17]. TB and TP can be
converted back to XA upon the action of N-demethylase in the
liver, while XA can then be oxidized to UA by xanthine oxidase
[18,19]. Since, these biomolecules usually co-exist in real-life sam-
ples, such as urine, simultaneous detection can be of paramount
significance. Therefore, it is physiologically relevant and essential
to perform the simultaneous determinations of these compounds
with high sensitivity and selectivity.

However, the challenge of simultaneous detection is the fusion
of electrooxidation peaks of different biomolecules due to the ox-
idative potentials of them being close to each other, which re-
sults in a single indistinguishable peak. Subsequently, nanocom-
posite modified electrodes have been used to produce better sepa-
ration and resolution of oxidation peaks during simultaneous de-
tection of up to six different redox-active compounds [20-25].
AA, DA, UA and XA have been simultaneously detected by mul-
tiple electrodes. Ganesh et al. [20] successfully developed epigal-
locatechin gallate-modified graphite paste electrode for simultane-
ous detection of AA, DA and UA. Shastan et al. [21] detected four
compounds AA, DA, UA and Trp (Trptophan) simultaneously by
buckyball-modified carbon-ceramic microelectrodes (CCMEs). Jesny
and Kumar [22] used modified GCE with an electropolymerized
layer of para-amino benzene sulfonic acid to achieve simultane-
ous detection of XA, TP, and caffeine (CA). Furthermore, Hossieny
and Yassien [23] also fabricated a nano-boron doped ceria modi-
fied glassy carbon paste electrode to detect AA, DA, UA and XA,
simultaneously. However, only a very few studies have been re-
ported about the simultaneous electrochemical detection of more
than four redox-active biomolecules. Recently, Wang et al., [24] de-
veloped chemical vapor deposition (CVD) graphene-based electro-
chemical sensor for simultaneous detection of five biomolecules
(AA, DA, UA, Trp, and NO,~). In addition, Li et al. [25] used
ferricyanide-doped chitosan and multi-walled carbon nanotubes
(MWCNTs) nanocomposite-modified graphite paste electrode for
simultaneous detection of AA, DA, UA, Trp, XA and CA. To the
best of our knowledge, the work of Li et al. [25] has been the
only reported study so far to achieve the simultaneous detection
of six redox-active biomolecules with well-separated and well-
defined oxidation peaks. In this study, TB and TP were detected us-
ing voltammetry, whereas these biomolecules would generally re-
quire bench-top HPLC and UV array systems for quantitative anal-
ysis [26,27]. To the best of our knowledge, despite having simi-
lar structures and co-existing in real samples, simultaneous elec-
trochemical detection of both TB and TP has been reported by
Spitaru et al. [28]. Recently, Svorc et al. [29], used miniaturized
boron-doped diamond electrodes for voltammetric detection of TB
in chocolate products. Moreover, TP has been electrochemically de-
tected in the presence of XA and CA by Jesny and Girish [22].
Therefore, this work would be only the second one to achieve si-
multaneous detection of six biomolecules and the first one which
can simultaneously detect AA, DA, UA, XA, TP and TB.

The glassy carbon electrode (GCE) surface can be modified by
casting of novel nanocomposite materials to improve the over-
all selectivity and sensitivity of the electrode to target analytes
[30]. Furthermore, GCE presents great electrocatalysis value due to
low reactivity, high temperature tolerance, strong hardness, imper-
meability and high electrical conductivity [31]. A nanocomposite
of titanium dioxide nanorods (TiO,NRs) and multi-walled carbon
nanotubes (MWCNTs) was used to modify the surface of a GCE
(TiO,NRs-MWCNTs/GCE). TiO,-based nanomaterials present great
potential for use in electrochemical detection of biomolecules due
to its stability, non-toxicity, and biocompatibility [32]. Also, their
mesoporous internal structure gives promising electron-accepting
property that enables TiO, to collect electrons produced by oxi-
dation of biomolecules during electrochemical measurements [32].
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TiO, nanomaterials have been routinely used in electrode sur-
face modifications, as they present large surface area and en-
hanced electrocatalytic properties, while requiring only mild tem-
perature conditions for synthesis [33]. Among the previously syn-
thesized TiO,-based nanomaterials, TiO,NRs have been character-
ized to show properties of one-dimensional nanostructures with
large surface-to-volume area as excellent electron transfer medi-
ators [34,35]. MWCNTs are also widely used in the synthesis of
nanocomposites due their high chemical stability, electrical con-
ductivity and large surface area [36]. Previous studies [25,37] have
shown that the electrode modification with MWCNTs can largely
increase electron and proton transferring rate, giving rise to bet-
ter peak separation, and improved electrode sensitivity than other
modified electrodes. Nafion (NF) is a polymer extensively used
in sensors due to its electrocatalytic properties [38], as it pro-
vides a connection for proton transfer from its sulfonic groups
to the perfluorinated hydrophobic backbone [39]. Therefore, NF
was used for binding the TiO,NRs-MWCNTs nanocomposite onto
the activated surface of GCE. Furthermore, researchers have found
that GCE modified with both nanomaterials and NF has a better
electrochemical performance than GCE modified with solely nano-
materials [40]. In this study, the TiO;NRs-MWCNTs nanocompos-
ite was synthesized by a solvo-thermal method, which employed
an ultrasonic bath to pre-disperse the solid-liquid matrix instead
of stirring the matrix during overnight autoclaving. A solution of
TiO,NRs and MWCNTs underwent a solvo-thermal treatment form-
ing the TiO,NRs-MWCNTs as a nanocomposite. Finally, a mixture
of TiO,NRs-MWCNTs with NF, as the binding agent, was used
for preparation of nanocomposite modified GCEs. The TiO,NRs-
MWCNTs/GCE was used for the simultaneous electrochemical mea-
surements using DPV. To the best of our knowledge, there is no
study that has reported a nanocomposite-based electrochemical
sensor capable of simultaneously detecting TB and TP in the pres-
ence of AA, DA, XA and UA. In addition, recovery tests of the
six analytes were completed using real samples of cocoa products
and physiologically relevant matrices such as urine samples. The
TiO,NRs-MWCNTs/GCE presented enhanced stability, reproducibil-
ity, selectivity and sensitivity during detection of all six analytes.

2. Experimental
2.1. Materials

L-Ascorbic acid (AA, > 99% crystalline), dopamine hydrochlo-
ride (DA, > 98%), uric acid (UA, > 99% crystalline), xanthine (XA,
> 99%), anhydrous theophylline (TP, > 99% powder), theobromine
(TB, > 98%), multi-walled carbon nanotubes (MWCNTs, OD of 20-
30 nm with a wall thickness of 1-2 nm and length ranging from
0.5 to 2 pm with purity of > 95%), and TiO, nanoparticles (21 nm
with purity > 99.5%) and Nafion-117 were purchased from Sigma-
Aldrich (Oakville, ON).

2.2. Instruments

All electrochemical measurements were performed using pAu-
tolab PGSTAT 128 N (Metrohm-EcoChemie, Utrecht, The Nether-
lands) potentiostat/galvanostat, that was controlled by NOVA™
2.1 (Metrohm-EcoChemie, Utrecht, The Netherlands) software con-
nected to a three-electrode cell. The TiO,NRs-MWCNTs/GCE was
utilized as the working electrode, while platinum wire acted as the
auxiliary electrode, and a saturated Ag/AgCl electrode was the ref-
erence electrode. All measurements were conducted at room tem-
perature. The DPV potential window was optimized and set from
—0.3 to 1.6 V at a step potential of 5 mV and modulation am-
plitude of 0.025 V with a modulation time of 0.05 s as well as
an interval time of 0.5 s. The morphology of the nanocomposites
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was characterized through TEM using Hitachi H-7500 transmission
electron microscope (Hitachi, Japan). Bruker alpha-P FT-IR spec-
trometer (Billerica, MA) having deuterated lanthanum o« alanine
doped triglycine sulfate (DLaTGS) detector was used to obtain the
FT-IR spectra. Powdered MWCNTSs, TiO,NPs, TiO,NRs, and TiO,NRs-
MWCNTs nanocomposite were placed on the crystal to generate
the FT-IR spectrum. FT-IR spectra were obtained at a resolution of
2 cm~! at a scan rate of 16, between 4000 cm~! to 360 cm~!. FT-
IR spectra were baseline corrected and smoothened once with an
average of 17 data points. Opus 6.5® software was used to perform
all the FT-IR spectral data analysis.

2.3. Preparation of reagents

The stock solutions (5.0 mL) of 0.1 M AA and DA were prepared
directly using sterile 18.2 pQ ultra-pure water obtained from Cas-
cada LS water purification system (Pall Co., Mississauga, ON). In
addition, the stock solutions (5.0 mL) of 0.01 M UA, XA, TP, and
TB were also prepared using ultra-pure water and the pH was ad-
justed with 15 uL of 10 M NaOH. Furthermore, 0.2 M phosphate
electrolyte solution was prepared from H3PO4 (14.8 M), and the
desired pH range (pH 2.0-5.0) was adjusted using 10 M NaOH,
while the buffer solutions with higher pH range were prepared by
equimolar mixing of K;HPO4 with KH,PO4 solutions, then the de-
sired pH range (pH 6.0-8.0) was adjusted using 4.0 M HCl solution.

2.4. Synthesis of TiO,NRs and TiO,NRs-MWCNTs

TiO,NRs-MWCNTs were prepared by mixing 200 mg TiO,
nanoparticles and 50 mg MWCNTs with 10.0 mL of concentrated
NaOH solution in a scintillation vial. The mixture was placed in
an ultrasonic bath for 30 min at 60°C and was then transferred to
a Teflon-lined stainless-steel autoclave container and kept at 130°C
for 24 h. The resulting nanocomposite was washed with 1.0 L ultra-
pure water and neutralized to pH 7.0 with 0.1 M HCI, followed
by a thorough washing with 0.5 L ultra-pure water. Finally, the
nanocomposite was dried at 80°C for 24 h. TiO,NRs were similarly
prepared with the exception that initially step did not include the
addition of 50 mg MWCNTSs.

2.5. Preparation of the modified GCEs with TiO,NRs-MWCNTSs

The surface of GCE was cleaned by polishing with micro-polish
Gamma Alumina powder for 15 mins and activated in 0.5 M
H,S04 using cyclic voltammetry (CV). A desired amount (5 mg) of
TiO,NRs-MWCNTs nanocomposite was mixed with an aliquot (100
pL) of 1.5% (v/v) Nafion™ solution in a scintillation vial, which
was then dispersed for 30 mins in an ultrasonic bath at 60 °C. An
aliquot (2 pL) of the resulting solution was drop-cast on the acti-
vated GCE surface and left to dry under IR radiation for 30 min. For
the purpose of electrochemical performance comparison studies to
check the effectiveness of the modified electrodes, TiO,NRs/GCE
and MWCNTs/GCE were also prepared with the same methods de-
scribed above and compared with each other as well as with the
bare GCE surfaces.

2.5. Preparation of real samples

Urine samples were collected from a healthy individual and
used following the ethical guidelines. All procedures using real
samples were approved for the project no. 950-231116 by the Re-
search Ethics Committee of the University of Toronto and were in
accordance with the guidelines and codes established by the Inter-
agency Advisory Panel on Research Ethics (PRE). An aliquot (1 mL)
of urine solution was added to a scintillation vial and diluted five-
fold using 0.2 M PBS (pH 4.0). The diluted urine samples were then
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mixed with known concentrations of AA, DA, XA, TP and TB using
the standard addition method to prepare the spiked urine sample
solutions. A commercially available chocolate powder was used to
prepare a stock concentration of 0.133 g/mL in distilled water. The
solution was heated while stirring continuously on a hotplate for
24 h. After cooling down, the solution was diluted five-fold using
0.2 M PBS (pH 4.0) followed by the standard addition of six target
biomolecules as described above.

3. Results and discussion
3.1. Characterization of the nanocomposite

Particle morphology for TiO,NPs, TiO,NRs and TiO, NRs-
MWCNTs are shown as TEM images in Fig. 1. The rod-like struc-
tures of TiO,NRs (as shown in Fig. 1b) indicated the success-
ful formation of TiO,NRs from the initial sphere-like structures
of TiO,NPs observed in Fig. 1a. Additionally, the TEM images of
TiO,NRs-MWCNTs in Fig. 1c and 1d showed the combination of the
MWCNTs with the TiO,NRs.

The FTIR spectrum of MWCNTs showed peaks at 1544, 1951,
2118, 2328 and 2665 cm~! indicates C = C stretching, O-H de-
formation vibrations, C = O stretching, C-OH stretching and C-H
stretching, respectively [41,42]. The peaks at 437 and 734 cm™!
in FTIR spectrum of TiO,NPs are the contributions of the anatase
phase of TiO,NPs as reported by Karakitsou & Verykios [43,44]. In
the FTIR spectrum of TiO,NRs, the intense broad peak at 3251 was
characteristic of the O-H stretching vibrations, the band around
1633 cm~! represented the deformative vibration of Ti-OH stretch-
ing mode, and the band around 930 cm~! indicated the stretch-
ing vibration of short Ti-O bonds incorporating non-bridging oxy-
gen. The weak peak at 694 cm~! was again a contribution of
the anatase phase of TiO, while the sharp and intense peak at
445 cm~! represented Ti-O bending mode [35,45]. Finally, for the
TiO,NRs-MWCNTs, the characteristic sharp peak of Ti-O bending
mode was split into two peaks at 444 and 415 cm™!, in addition,
peaks at 939, 2117, and the broad peak at 3211 cm~! were indica-
tive of the stretching vibration of short Ti-O bonds incorporating
non-bridging oxygen, C = O stretching, and O-H stretching vibra-
tions, respectively.

3.2. Comparison of the electrochemical behavior of GCE,
MWCNTs/GCE, TiO;NRs/GCE and TiO,NRs-MWCNTs/GCE

The electrochemical responses of the modified electrodes and
the bare GCE were studied in a mixture of AA, DA, UA, XA, TP,
and TB. As shown in Fig. 2, the bare GCE was able to detect only
UA, TP and TB with the oxidation peak potentials at 0.50, 1.13
and 1.31 V, however, the oxidation peaks were low and broad,
which suggested slow electron transfer kinetics. In addition, both
MW(CNTs/GCE and TiO,NRs/GCE showed very broad and low oxi-
dation peaks for all six biomolecules at specified concentrations.
However, under the same experimental conditions, DPV of the
TiO,NRs-MWCNTs/GCE provided the detection of all six analytes
and showed substantial increase in the anodic peak current at 0.13,
0.35, 0.50, 0.85, 1.10 and 1.28 V, for AA, DA, UA, XA, TP and TB, re-
spectively. Moreover, with TiO,NRs-MWCNTs/GCE displayed well-
defined oxidation peaks, demonstrating the remarkable sensitivity
of this novel sensor.

3.3. Redox-active surface area of TiO,NRs-MWCNTs/GCE

The redox-active surface area (A) was calculated using the
TiO,NRs-MWCNTs/GCE and bare GCE. All the measurements were
performed using CV between potentials of —0.2 to 0.8 V at vary-
ing scan rates. The anodic peak current (Ipq) from the respective
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Fig. 1. TEM images of (a) TiO,NPs, (b) TiO;NRs, (c) TiO,NRs-MWCNTs (low magnification) and (d) ¢ with higher magnification. Scale bars indicate 0.2 pm for (a), (b), (d),
and 0.5 pm for (c). e) FTIR of MWCNTSs, TiO,NPs, TiO,NRs, and TiO,NRs-MWCNTs nanocomposite.

CVs were obtained in the presence of 1 mM of [Fe(CN)s]3~/4~ in
0.1 M KCl as the supporting electrolyte (Fig. S3) and were plot-
ted against the square root of scan rate (v). The linear relation-
ship between the increasing Iyq vs v12 indicated the presence of a
diffusion-controlled process. Furthermore, in a reversible process,
the Randles-Sevcik equation can be used as follows [46]:

Ipa = (2.69 x 10°)n*/>D'2CAV' /2 (1)

where Iy, refers to the anodic peak current, n is the elec-
tron transfer number, A is the active surface area of the elec-
trode, D is the diffusion coefficient, C is the concentration of
[Fe(CN)s]>~/*- and v is the scan rate. For [Fe(CN)g]>~/*~, n = 1
and D = 76 x 1076 cm s — !; the active surface areas of the
electrodes were calculated using the slope of the Il,a—v”2 plot. For

the bare GCE and TiO,NRs-MWCNTs/GCE, the active surface ar-
eas were calculated to be 0.05 and 0.31 cm?2, respectively. In or-
der to better assess the effect of nanocomposite modification on
the redox-active surface area, an estimation of the roughness fac-
tor (f;) was performed. The roughness factors of the bare GCE and
TiO,NRs-MWCNTs/GCE were determined on the basis of the cur-
rent of [Fe(CN)g]3~/4~ redox as a reversible process (Fig. S3). The
measurements were carried out by means of CV in the same so-
lution. Based on Randles-Sevcik equation for the reversible pro-
cesses, all parameters are similar except active surface areas, A;
and A,, for bare GCE and TiO,NRs-MWCNTs/GCE, respectively. Also,
under the same conditions, I; and I, were peak currents of
the unmodified and modified electrodes, respectively. The %
equal to 2—% and describes the redox-active surfaces by rough-

is
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Fig. 2. DPV at the surface of i) TiO,NRs-MWCNTs/GCE (red curve), ii) TiO,NRs/GCE, iii)) MWCNTs/GCE and iv) bare GCE, tested in a mixture of AA (97.0 uM), DA (2.5 uM),
UA (2.5 uM), XA (5.0 uM), TP (20.0 uM), and TB (35.0 M) in 0.2 M PBS at pH 4.0. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

A2 _ Ip2

ness factor (fr = 45 = lpl) [47,48]. As a result, an average f;
was estimated at 6.2 + 0.05, which indicated that the modifi-
cation of GCE with the TiO,NRs-MWCNTs nanocomposite signifi-
cantly increased the redox-active surface area. An EIS study was
also performed to determine the capacitance of nanocomposite-
modified GCEs. Fig. S3d represents the Nyquist plots of the bare
GCE and TiO,NRs-MWCNTs/GCE. The Nyquist plots showed that
the charge-transfer resistance (R¢) values of GCE and TiO,NRs-
MWCNTs/GCE were 993.7 + 2.1 and 352.5 + 1.9 Q, respectively.
Upon fitting the Nyquist plots with the modified Randles equiv-
alent circuit shown in the inset of Fig. S3d, the R¢; of TiO,NRs-
MWCNTs/GCE was determined to be lower than that of the bare
GCE. An estimated exchange current (Iy) can be used for compar-
ison of the catalytic activity. The exchange current was calculated
using Iy = 2T~ where R T, n and F are gas constant, absolute
temperature, number of transferred electrons (n = 1) and Faraday
constant, respectively. Based on this equation, the I values for the
bare GCE and TiO,NRs-MWCNTs/GCE were calculated as 2.6 + 0.10
and 7.3 + 0.14 mA, respectively.

3.4. Simultaneous and individual determinations of six biomolecules

The electrochemical detection of six biomolecules was achieved
by conducting simultaneous and individual DPV measurements us-
ing the TiO,NRs-MWCNTs/GCE. The electrooxidation peak poten-
tials of AA, DA, UA, XA, TP and TB were found to be at 0.13,
0.35, 0.50, 0.85, 1.10 and 1.28 V, respectively. The separation be-
tween each anodic peak were significant enough to provide the
simultaneous detection of six biomolecules in a mixed solution
(Fig. 3-red curve). Importantly, the oxidation peak potentials of AA
(Fig. 3-brown line), DA (Fig. 3-black line), UA (Fig. 3-green line), XA
(Fig. 3-pink line), TP (Fig. 3-purple line) and TB (Fig. 3-blue line)
observed in individual test were detected at similar anodic peaks
under same conditions.

3.5. pH effect and the hypothesized electrooxidation mechanisms of
six biomolecules

We hypothesized that the acidity of electrolyte affected the an-
odic peak potentials of biomolecules significantly, since the pro-
tons took part in the surface reactions. The pH effect was studied

in the pH range from 2.0 to 8.0 using the TiO, —MWCNTs/GCE. The
results in Fig. 4a indicated that as pH increased from pH 2.0 to
8.0, the peak potentials of AA, DA, UA, XA, TP, and TB moved to-
wards less positive values. When the anodic peak potential vs. pH
was plotted in Fig. 4b, the slopes of AA, DA, UA, XA, and TP were
0.0482, 0.0521, 0.0591, 0.0571, 0.0493 V/pH, respectively. These val-
ues were close to Nernstian slope of 0.059 V/pH and this indicated
an equal proton-electron (i.e. two-proton and two-electron) trans-
fer mechanism for the oxidation of these compounds, which was
in good agreement with the literature [25,27,28,49,50]. The anodic
peak potential shift with increasing pH for AA, DA, UA, XA, TP, and
TB displayed a linear trend as shown in the Eqs. (2)-7:

Ep(AA) = —(0.0482 + 0.012)x + (0.3392 + 0.017) (R* = 0.9910)
(2)

Ep(DA) = —(0.0521 + 0.009)x + (0.5327 + 0.010) (R* = 0.9962)
(3)

Ep(UA) = —(0.0591 & 0.013)x + (0.7010 + 0.013) (R* = 0.9962)
(4)

Ep(XA) = —(0.0571 + 0.023)x + (1.0576 + 0.021) (R* = 0.9907)
(5)

Ep(TP) = —(0.0493 + 0.014)x + (1.3088 + 0.032)(R* = 0.9962)
(6)

Ep(TB) = —(0.0216 + 0.011)x + (1.4374 + 0.035) (R* = 0.9962)
(7)

As shown in Fig. 4a, pH 4.0 displayed higher anodic peak cur-
rent signals and the best peak separations, therefore, it was se-
lected as the optimal pH for further studies.

The hypothesized mechanisms are shown in Eqs. (8)-13 for AA,
DA, UA, XA, TP, and TB respectively. However, TB seemed to be
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Fig. 3. DPV of the background (blank 0.2 M PBS, yellow line), individual solutions of AA (97.0 uM, brown line), DA (2.5 uM, black line), UA (5.0 uM, green line), XA (7.5
uM, pink line), TP (20.0 M, purple line), TB (35.0 uM, blue line), and for mixture of all of them (red line) in 0.2 M PBS (pH 4.0). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) DPV of TiO,NRs-MWCNTs/GCE recorded in the presence of AA (125.0 pM), DA (12.0 pM), UA (17.0 pM), XA (17.0 M), TP (58.0 pM), and TB (160.0 pM) simulta-
neously in 0.2 M PBS at pH 2.0, 3.0, 4.0, 5.0 6.0, 7.0 and 8.0. (b) Linear regression plots of anodic peak potential vs. pH for six biomolecules.

an exception as it displayed a slope of 0.0216 V/pH, which sug- showing that TB did not follow the direct relationship between
gested that the electrooxidation mechanism included a ratio of 1 pH and proton involvement as observed with AA, DA, UA, XA, or
proton to 3 electrons during the redox process. This initially refutes TP [22,25,28,29,51]. Moreover, it was reported to follow a similar
the expected result for a mildly acidic buffer (0.2 M PBS, pH 4), mechanism as caffeine, where the oxidation would take place over
however, compared to previous literature, there is strong evidence two steps with the first being the rate determining step [28,52,53].
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3.6. Calibration

DPV measurements were performed to explore the relationship
between the anodic peak currents and concentrations of AA, DA,
UA, XA, TP and TB. The measurements continued until the satura-
tion was reached, and the peaks began to fuse with each other
or did not increase as the concentrations increased. The results
of the concentration-dependence study for simultaneous detection
are shown in the Fig. 5, as six well-distinguished anodic peaks.

For each biomolecule, the anodic peak currents were sub-
tracted by the background current (measured in blank PBS) of
GCE-TiO,NRs-MWCNTs to calculate Al and AI (pA) was plotted
against the concentration (uM) of the biomolecules. The plot of
anodic peak current vs the increasing concentrations of AA, DA,
UA, XA, TP and TB are shown in Fig. 6. All six calibration curves
showed two segments of linear relationship, with a slope for low
concentrations and a slope for higher concentrations. This was at-
tributed to the difference in the availability of redox-active area on
the electrode surface. We hypothesized that a large redox-active
area was accessible on the electrode surface at lower concentra-
tions of the biomolecules. However, at higher concentrations of the
biomolecules, the accessible redox-active areas were rapidly satu-
rated, and this resulted in the reduced sensitivity of the slope in
the second linear segments for all six biomolecules [21,25,54].
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The limit of determination (LOD) of the six biomolecules was
calculated using the equation: LOD = 3 x Spgu/m, where Spank
represents the standard deviation of background signals (n = 10)
of the TiO,NRs-MWCNTs/GCE, and m is the slope of the calibration
curve from the first segment. The theoretical LOD for AA, DA, UA,
XA, TP and TB were calculated to be 0.51, 0.06, 0.05, 0.09, 0.56
and 0.75 pM, respectively. The unique redox properties and the
high electron transfer kinetics due to the increased surface area
obtained from the TiO,NRs-MWCNTs nanocomposite enabled the
enhanced analytical performance of the sensor According to the
prior literature, the pK, values of DA, UA, AA, XA, TP and TB are
8.86, 5.8, 4.19, 7.4, 8.8, 10.0, respectively [55-58]. In an environ-
ment where pH is lower than pK; values of the biomolecules, the
biomolecules will be in their protonated form, therefore, at the
pH 4.0, DA, UA, AA, XA, TP, and TB will mostly exist as cations
[55,59]. This facilitates the electrostatic interactions of the cationic
forms of DA, UA and AA with the negatively charged sulfonic acid
(SO37) functional groups of Nafion and COO~ groups of MWCNTs
at pH 4.0, which is consistent with previous literature [60,61]. In
addition, according to Cheng et al. [61], specifically for DA, the

OH /
N
N
H

| OH

presence of phenyl groups enables the - interactions with
MWCNTs, which would assist in the peak separation between AA,
DA, and UA. Finally, the presence of TiO,NRs-MWCNTs nanocom-
posite provides excellent electrocatalytic activity which also facil-
itates the detection of DA, UA and XA. However, DA forms an
electro-polymerised film due to electrooxidation at the electrode
surface that leads to electrode fouling or poisoning [62,63]. This
is commonly observed due the requirement of high overpoten-
tial [61,64]. Moreover, indistinguishable and overlapping oxidation
peaks for target analytes can be observed in the absence of mod-
ifications at the electrode surfaces [65,66]. Past studies have in-
dicated that one of the ways to overcome electrode fouling from
a biological substrate is by modifying the surfaces using chem-
ical compounds (i.e. polyethylene glycol, PEG) and nanocompos-
ites [62]. Kumar et al. [64] have demonstrated that the pres-
ence of nano-TiO, in the nanocomposite played an important
role in improving the antifouling properties. Therefore, modifying
the surfaces using Nafion, MWCNTs and TiO,NRs significantly im-
proved the selectivity and electrocatalytic properties of the sen-
sors [64,67-70]. A comparison of our nanocomposite-modified sen-
sor with the ones in literature is shown in Table 1. Based on
the comparison shown in the table, the TiO,NRs-MWCNTs/GCE
showed a relatively larger linear dynamic range especially for AA,
XA, TP and TB, while it also had comparable or better LOD for all
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Fig. 5. DPV measurements for the simultaneous detection of AA, DA, UA, XA, TP, and TB at varying concentrations using the TiO;NRs-MWCNTs/GCE in 0.2 M PBS (pH 4.0).
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Fig. 6. The plots for the concentration dependence of increasing anodic peak current signals for (a) AA, (b) DA, (c) UA, (d) XA, (e) TP, and (f) TB with the linear range marked
in blue and orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

six biomolecules. Moreover, TiO,NRs-MWCNTSs/GCE is the second
modified electrode that is reported to simultaneously detect up to
six biomolecules, to the best of our knowledge.

3.7. Interference

AA, DA, UA, XA, TP and TB can coexist at varying concentra-
tions in real-life samples. Hence the interference study of each
biomolecule is important to determine whether the biomolecules
can disrupt the simultaneous detection of other species in the
same solution. In all experiments conducted, the concentration of
one species was gradually increased while the others were kept at
a constant concentration in the solution throughout the study. Fig.
S1a-f shows the results of interference studies performed for each
of the six biomolecules. As shown in Fig. S1a, the peak current of
AA increased linearly with increasing concentrations, however, the

oxidation peak currents of DA, UA, XA, TP and TB remained con-
stant. Similarly, Fig. S1(b-f) shows the DPV signals corresponding
to the oxidation of DA, UA, XA, TP, and TB, respectively, which in-
creased linearly in response to the increasing concentration, while
the anodic peak currents for all other biomolecules remained rel-
atively constant. This indicated that the oxidation of AA, DA, UA,
XA, TP, and TB at TiO,NRs—MWCNTs/GCE took place independently
and did not cause any interference.

3.8. Chronoamperometry

To determine the diffusion coefficient (D) of the six
biomolecules, chronoamperometric measurements were conducted
using TiO,NRs-MWCNTs/GCE by applying a constant potential of
0.13, 0.33, 0.47, 0.83, 1.12, and 1.36 V for AA, DA, UA, XA, TP, and
TB, respectively. As shown in Fig. S2(a-f), chronoamperograms
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Table 1

Analytical performance comparison between the reported modified electrochemical sensors and the TiO,NRs-MWCNTs/GCE sen-

sor in this work.

Analyte Electrode LOD (uM) Linear range (uM) Ref

AA FCdCH-MWCNTs 5.26 10.0-2056.8 [25]
AgNPs-rGO/GCE 9.6 10-800 [71]
[Ni(phen); ]+ /SWCNTs/GCE 12.0 30-1546 [72]
TiO,NRs-MWCNTSs/GCE 0.51 1.5-51.0, 51.0-191.0 This work

DA FCACH-MW(CNTs 0.0011 0.99-94.1 [25]
AgNPs-rGO/GCE 5.4 10-800 [71]
[Ni(phen),]** [SWCNTs/GCE 1.0 1-780 [72]
TiO>NRs-MWCNTs/GCE 0.06 0.45-30.0, 30.0-147.0 This work

UA pPABSA/GCE 0.1 1-100 [22]
AgNPs-rGO/GCE 8.2 10-800 [71]
[Ni(phen), ]>* [SWCNTs/GCE 0.8 1-1407 [72]
TiO,NRs-MWCNTs/GCE 0.05 0.40-61.0, This work

61.0-537.0

XA pPABSA/GCE 0.4 0.5-100 [22]
FCACH-MW(CNTs/GPE 0.0073 1-191.27 [25]
BDDE - 1-100 [28]
GCE/Nf-{RuDMSO-CI-H20}-MME 235 50-500 [73]
TiONRs-MWCNTs/GCE 0.09 0.5-97.0, 97.0-586.0 This work

TP pPABSA/GCE 7.0 1- 100 [22]
BDDE - 1-400 [28]
ED-GO/GCE 0.1 0.8- 60 [74]
TiO>NRs-MWCNTs/GCE 0.56 1.0-203.0, 203.0-893.0 This work

TB BDDE - 1-400 (28]
BDDE 0.42 0.99-54.5 [29]
TiONRs-MWCNTs/GCE 0.75 1.5-368.0, This work

368.0-1653.0

Abbreviations: FCACH: Ferricyanide-doped chitosan;; AgNPs: Silver nanoparticles; rGO: Reduced graphene oxide; [Ni(phen),|?*:

Nickel(II)-bis(1,10-phenanthroline); SWCNTs:

Single-walled carbon nanotubes; pPABSA:

poly (para-amino benzene sulfonic

acid); BDDE: Boron-doped diamond electrode; ED-GO: Electrodeposited graphene oxide.

display the current response for an electrochemical reaction which
is under diffusion control as described by Cottrell’s equation

(Eq. (14)) [75]:

I = nFACD'2q—1/2¢-1/2

(14)
where, n represents the number of electrons transferred, F repre-
sents Faraday’s constant (96,485 C mol~1), A represents the work-
ing electrode’s surface area, C is the analyte concentration (mol
cm~3), and D is the diffusion coefficient. For a diffusion-controlled

process, the plot of I vs. t = /2 would be linear and the slope
(nFAD'2Cymr —1/2) from the best-fit of the linear regions can be
used to calculate D for AA, DA, UA, XA, TP and TB. D values were
calculated to be (6.33 + 0.10)x 1076, (797 =+ 0.21)x 1076,
(2.65 £ 0.17) x 1077, (124 + 0.12) x 107, (5.60 + 0.19) x 10~8,
and (2.97 + 0.15) x 10-8cm? s — ! for AA, DA, UA, XA, TP and TB,
respectively. Furthermore, several studies in the literature have re-
ported D values of AA, DA, UA, XA, and TP. Table S1 displays the
comparison of the D values calculated in this study with the pre-
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viously reported values. To the best of our knowledge, an electro-
chemical method has been used for the first time in this report to
determine the experimental value of D for TB.

3.9. Repeatability and stability

The stability and repeatability of TiO,NRs-MWCNTs/GCE was
tested by performing multiple DPV measurements (n = 10) for si-
multaneous detection of AA (727 uM), DA (34 uM), UA (24 uM),
XA (24 puM), TP (58 uM) and TB (97 uM). The results (Fig. S4)
indicated that the standard deviations resulting from the anodic
peak currents of six biomolecules were calculated to be 3.22% (AA),
2.54% (DA), 2.82% (UA), 5.19% (XA), 3.99% (TP), and 4.74% (TB). Fur-
thermore, the stability of the TiO,NRs-MWCNTs/GCE was exam-
ined by measuring the DPV signals for simultaneous detection of
AA, DA, UA, XA, TP, and TB for a period of 1 month in 0.2 M
PBS (pH 4.0). DPV measurements were performed using the same
concentration of the six biomolecules. The stability of TiO,NRs-
MWCNTs/GCE was highlighted by the retained peak current (Alp,)
values for AA, DA, UA, XA, TP, and TB at 97.23, 95.38, 93.55, 98.99,
94.17, and 95.46%, respectively. These results indicated an excellent
stability and repeatability of the TiO,NRs-MWCNTs/GCE for simul-
taneous detection of six target biomolecules.

3.10. Scan rate

Linear sweep voltammetry (LSV) measurements were per-
formed at varying scan rates using the TiO,NRs-MWCNTs/GCE in
a mixture of all six target biomolecules. The dependence of the
peak current with different scan rates was used to determine if
the electrochemical processes at the surface of the modified elec-
trodes were diffusion- or adsorption-controlled [25,76]. Fig. S5 in-
dicates that the anodic peak current was directly proportional to
the square root of the scan rate for all six biomolecules, suggest-
ing a diffusion-controlled process was occurring at the surface of
the TiO,NRs-MWCNTs/GCE. As shown in Fig. S5a, it was observed
for each of the target biomolecule that the anodic peak current in-
creased and the oxidation peak potential shifted to more positive
values with increasing scan rates during the LSV measurements.
In addition, a plot of logarithm of anodic peak current (Ipa) ver-
sus logarithm of scan rate (v) was analyzed to confirm whether
the electrode process was diffusion- or adsorption-controlled (Fig.
S5c). Prior literature studies have indicated that the electrocataly-
sis of the biomolecules at the electrode surface was significantly
impacted with the slope value of log (Ipa) vs. log (v) [77]. The
slope value closer to 0.5 indicated that the electrode reaction is
diffusion-controlled, while the slope value closer to 1.0 indicated
an adsorption-controlled process [77-80]. The relationship for log
(Ip) vs. log (v) was found to be linear with a slope of 0.46, 0.51,
0.49, 0.52, 0.52, and 0.57 for AA, DA, UA, XA, TP and TB, respec-
tively that was near to the theoretical value of 0.5 indicating a
diffusion-controlled process [77-80].

Moreover, LSV signals indicated that AA, DA, UA, XA, TP and TB
underwent an irreversible electrochemical charge transfer process
[81,82]. For all the six biomolecules, since only the oxidation peak
was observed, a graph showing the dependence of the anodic peak
potential (Epq) and the natural logarithm of the scan rate (Inv) was
plotted. As shown in Fig. S6, the plot followed a linear regression
based on the following equation:

Epe = (0.0424 + 0.002)Inv (mV s7')
+(0.6434 + 0.017) (R* = 0.9966) (15)

For totally irreversible and diffusion-controlled electrode pro-
cesses as observed for the six biomolecules, the dependence of the
Epq versus the Inv can be represented by the following a modified
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Laviron’s equation [83]:

Epq = Eo + (£> In RTIO + (E) Inv

pe =20\ anF anF anF
where Ej is the formal redox potential, R is gas constant, T is tem-
perature, F is Faraday’s constant, k® is the standard heterogeneous
rate constant, « is the electron transfer coefficient, n is the number
of electrons transferred, v is the scan rate. The slope from the plot
of Epq versus Inv was used to determine the value of an. The an
for AA, DA, UA, XA, TP and TB were calculated to be 1.17, 1.08, 1.20,
1.06, 0.98, and 1.14, respectively. Generally, for an irreversible pro-
cess, based on previous studies reported in literature, the « value
is assumed to be 0.5 [81,82]. Therefore, the value of n was calcu-
lated to be 2.34, 2.16, 2.40, 1.96, and 2.28 for AA, DA, UA, XA, TP
and TB, respectively. All the obtained values could be rounded to
2 electrons, which would be in good agreement with the literature
for the estimated number of electrons hypothesized during the ox-
idation of the target biomolecules.

(16)

3.11. Standard heterogeneous rate constant (ks) for the
electrochemical reactions

The standard heterogenous rate constants (ks) of the electro-
chemical oxidation of AA, DA, UA, XA, TP and TB at the surface
of TiO,NRs-MWCNTSs/GCE was determined using CV (Fig. S7) based
on the Velasco equation (Eq. (17)) [84]:

ks = 1.11DV2(E, — Ejp)~/20'/? (17)

where, D is the apparent diffusion coefficient, E, and Epp, are the
anodic peak potential and half-wave anodic peak potential, respec-
tively, and v is the scan rate.

The standard heterogenous rate constant values for the
six biomolecules provided quantitative information about the
electrode-transfer redox reactions for AA, DA, UA, XA, TP and TB
at TiO,NRs-MWCNTs/GCE. The experimental ks values of AA, DA,
UA, XA, TP and TB were determined to be (3.24 + 0.13)x 1073,
(4.89 + 0.23) x 1074, (9.00 + 0.68) x 1073, (7.97 £ 0.50) x 1073,
(148 + 0.11) x 1072, (1.80 + 0.10)x 10~2 cm. s — !, respectively.

3.12. Real sample analysis

The practical applicability of sensor was tested for simultaneous
detection of six target biomolecules in complex matrices such as
human urine and chocolate powder. A urine sample was obtained
from a healthy individual and was used for the simultaneous de-
tection of AA, DA, UA, XA, TP and TB using DPV. The stock urine
sample was diluted five times with 0.2 M PBS (pH 4.0) and a back-
ground DPV measurement was performed. An anodic peak at 0.5 V
indicated the presence of UA in the urine sample. For spiking stud-
ies, the randomized concentrations of AA, DA, UA, XA, TP, and TB
were added to determine the recovery rate of the six biomolecules
as shown in Table 2. Similarly, a stock solution of chocolate pow-
der was prepared and spiked with the known concentrations of six
biomolecules. The background DPV measurements were performed
using the five-fold diluted solution of chocolate powder in 0.2 M
PBS (pH 4.0). The voltammograms did not indicate the presence of
any target analytes in the sample. As described earlier, the known
concentrations of AA, DA, UA, XA, TP, and TB were added to de-
termine the recovery of the six target biomolecules as shown in
Table 2. These results demonstrated the ability of the sensor to de-
tect all six analytes in both matrices, showing potential to use this
electrode in real-life samples.

4. Conclusions

In this proof-of-concept study, a novel nanocomposite of
TiO,NRs-MWCNTs was synthesized using ultrasonication and a
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Table 2

Electrochimica Acta 362 (2020) 137094

The simultaneous detection of AA, DA, UA, XA, TP and TB in human urine and breakfast
essentials powder samples using TiO,NRs-MWCNTs/GCE.

Sample matrix  Analyte  Detected* Spiked Found* Recovery (%)
Human AA - 86.27 83.43 + 3.30 96.71
urine DA - 3.27 3.13 £ 0.42 95.71
UA 13473 £ 3.1 4.42 139.22 £ 340 101.35
XA - 4.85 4.92 + 0.78 101.44
TP - 6.57 6.67 £ 0.71 101.52
TB - 8.75 8.64 + 0.88 98.74
Chocolate AA - 66.68 63.98 + 3.13 95.95
powder DA - 5.17 5.35 £ 0.43 103.45
UA - 3.72 3.86 +£ 0.33 103.73
XA - 4.97 4.81 + 047 96.95
TP - 16.62 15.96+ 0.79 96.03
TB - 13429 13340 £ 430 99.34

* Confidence interval for 95% probability calculated as [X + ””jﬂ' D .ty 005 = 2.92.

hydrothermal procedure. To the best of our knowledge, this
nanocomposite was used for the first time to prepare an electro-
chemical sensor that facilitated the simultaneous detection of six
analytes - AA, DA, UA, XA, TP, and TB. GCE surfaces modified with
TiO,NRs-MWCNTs exhibited an improved electrochemical perfor-
mance in peak separation and current intensity in comparison with
bare GCE, MWCNTSs/GCE, and TiO,NRs/GCE. The optimal pH value
for the sensor was determined to be pH 4.0, which yielded good
detection limits and a wide linear range for all six analytes. More-
over, the application of the TiO,NRs-MWCNTs/GCE was tested in
real-life complex matrices by successfully detecting the six target
analytes in the human urine sample and chocolate powder solu-
tions with acceptable recovery values. With further development,
TiO,NRs-MWCNTs/GCE can become a promising tool for the simul-
taneous detection of redox-active biomolecules in environmental
on-field pre-screening studies and quality control assays in food
industry.
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