Biosensors and Bioelectronics 105 (2018) 226-235

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Novel tungsten phosphide embedded nitrogen-doped carbon nanotubes: A | R

Check for

portable and renewable monitoring platform for anticancer drug in whole %2
blood

Haifeng Zhou®, Guoxia Ran?, Jean-Francois Masson”, Chan Wang?®, Yuan Zhao®, Qijun Song

a,x

2 Key Laboratory of Synthetic and Biological Colloids, Ministry of Education, School of Chemical and Material Engineering, Jiangnan University, Wuxi, Jiangsu 214122,
China
bDepartmemt of Chemistry, Université de Montréal, C.P. 6128 Succ. Centre-Ville, Montreal, Quebec, Canada H3C 3J7

ARTICLE INFO ABSTRACT

Biosensors based on converting the concentration of analytes in complex samples into single electrochemical
signals are attractive candidates as low cost, high-throughput, portable and renewable sensor platforms. Here,
we describe a simple but practical analytical device for sensing an anticancer drug in whole blood, using the
detection of methotrexate (MTX) as a model system. In this biosensor, a novel carbon-based composite, tungsten
phosphide embedded nitrogen-doped carbon nanotubes (WP/N-CNT), was fixed to the electrode surface that
supported redox cycling. The electronic transmission channel in nitrogen doped carbon nanotubes (N-CNT) and
the synergistic effect of uniform distribution tungsten phosphide (WP) ensured that the electrode materials have
outstanding electrical conductivity and catalytic performance. Meanwhile, the surface electronic structure also
endows its surprisingly reproducible performance. To demonstrate portable operation for MTX sensing, screen
printing electrodes (SPE) was modified with WP/N-CNT. The sensor exhibited low detection limits (45 nM), wide
detection range (0.01-540 uM), good selectivity and long-term stability for the determination of MTX. In ad-
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dition, the technique was successfully applied for the determination of MTX in whole blood.

1. Introduction

The rapid development of highly electrocatalytic materials that are
able to meet on-site fast response monitoring and inexpensive detection
costs have prompted researchers to improve or redesign biosensors
(Kimmel et al., 2012; Turner, 2013). For example, the field of clinical
diagnostics and treatment especially requires sensors for monitoring
drug levels in patients (McKeating et al., 2016). Hence, there is an ur-
gent need to obtain accurate test results in a short time for a large
number of samples to assist the doctor to decide on the course of
medical treatments (Ronkainen et al., 2010). In addition, in vivo and
real-time monitoring of anticancer drug concentration in plasma of
patients will improve treatments, provided the availability of sensors.
More importantly, frequent monitoring can avoid toxic effects and da-
mage to organs (Cohen, 2000). Developing sensors for drug monitoring
is important in the sensing community.

Methotrexate (MTX) is used worldwide in the treatment of a number
of cancers and belongs to the class of antifolates. In addition, it is also
frequently used to treat some autoimmune diseases, such as rheumatoid
arthritis, psoriasis and lupus, because it has effective anti-inflammatory
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and immunosuppressive properties (Asadian et al., 2017). However,
excessive use of MTX in clinical treatment can cause serious toxic side
effects such as lung and liver disease, ulcerative stomatitis and low
white blood cell counts (Rozenszajn and Radnay, 1974). Therefore,
monitoring the concentration of MTX in blood is necessary in order to
create an optimized dosage and thereby minimize the toxicity.
Current MTX detection methods focus on the use of modern in-
struments such as high performance liquid chromatography (HPLC),
(Merés et al., 2005) fluorimetry, (Chen et al., 2007) UV-vis spectro-
photometry, (Sastry and Lingeswara Rao, 1996) electrospray ionization
tandem mass spectrometry (ESI-MS), (Barbieri et al., 2006) surface
plasmon resonance (SPR) sensing (Zhao et al., 2015) and capillary
electrophoresis (CE) (Szakacs and Noszal, 2006). These techniques have
the advantages of sensitivity and accuracy, meanwhile, they share some
common drawbacks, such as high cost and tedious sample preparation
method, which make them not suitable for continuous monitoring. In
this regard, electrochemical methods with respect to their advantages
such as simplicity, sensitivity, accuracy and ease of on-site applications
have received considerable attention in recent years (Asadian et al.,
2017). However, to the best of our knowledge, most of the research is
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focused on the development of high-performance electrode materials or
the improvement of the electrochemical sensors property. There is still
a need for the miniaturization of MTX sensors for portable, reusable,
and point-of-care testing.

Tungsten phosphide (WP, and WP) and its composite materials, an
important family of catalysts, are beneficial for hydroprocessing cata-
lysts (Clark et al., 2002; Li et al., 2017) and hydrogen evolution reaction
(HER) (McEnaney et al., 2014; Xing et al., 2014). Obviously, WP, and
WP have such a wide range of applications mainly due to their high
electrical conductivity (Xing et al., 2014). In addition, support materials
exhibit great influence on the cost, performance, and durability of
electrocatalysts (Shao et al., 2009). Micro-nanostructured carbon ma-
terials, such as carbon black (Shu and Oyama, 2005), nitrogen-doped
carbon matrix (Pu et al., 2016), and carbon cloth (Pu et al., 2014)
among others, are important classes of novel support materials for WP
mainly because their superior conductivity can significantly promote
electrocatalytic performance. Furthermore, carbon nanotubes (CNT)
and nitrogen-doped carbon nanotubes (N-CNT) are extremely im-
portant carbon-based supporting materials. Their unique structural,
electrical, and mechanical properties were employed as novel compo-
site materials with superior performance (Collins et al., 1997; Kang
et al., 2009). Unfortunately, high-performance electrode materials that
reasonably combine these two excellent species, WP and N-CNT, have
not yet been reported. Meanwhile, these unique electron conduction
rates and high electrocatalytic activity using for electrochemical sensors
have also not been reported. Therefore, exploring the simple and reli-
able method of preparation WP modified N-CNT (WP/N-CNT) and de-
veloping high-performance electrochemical sensors based on this ma-
terial is of great significance.

Here, a facile method to fabricate WP embedded nitrogen-doped
carbon nanotubes via a two-step reaction was designed, and we report a
sensor suited for on-site detection for the anticancer drug MTX. The
uniform distribution of WP and the synergistic effect of N-CNT as
electronic transmission channel ensured that the proposed sensor had
superior sensing performance with a short response time, wide detec-
tion range, low detection limits, satisfactory selectivity and reproduci-
bility for detection of MTX in whole blood. Finally, good performance
and ease of use were obtained with the combination of WP/N-CNT with
SPE, demonstrating its applicability to analyze small sample volumes
and point-of-care testing (Fig. 1a).

2. Experimental section
2.1. Materials and Chemicals

Dopamine hydrochloride, multi-walled carbon nanotubes (CNT),
tris(hydroxymethyl)aminomethane (Tris), ethanol, sodium hypopho-
sphite, and tungsten chloride were purchased from Aladdin (Shanghai,
China). Nitric acid (65%), Na,HPO,, and NaH,PO, were purchased
from Sinopharm Chemistry Reagent Co., Ltd. (Shanghai, China). Nafion
(5%) and methotrexate were obtained from Sigma-Aldrich. All of the
chemicals were analytical grade and used directly without further
purification. Human blood was provided by the Affiliated Hospital of
Jiangnan University and the 4th People's Hospital of Wuxi (Jiangsu,
China). A SPE consisting of a carbon working electrode, a carbon
counter electrode, and an Ag/AgCl reference electrode (Zensor R&D,
Taiwan) was used for designing of portable electrochemical sensors.
The deionized water was purified by a Millipore-Q system (Millipore
Co., USA) and used for all aqueous solution preparation. As the sup-
porting electrolyte, phosphate buffer (PB, 0.1 M) solution was prepared
with NaH,PO, and Na,HPO,.

2.2. Fabrication of WP/N-CNT modified GCE and SPE

Prior to modification, the bare GCE was successively polished to a
mirror finish with 1, 0.3, and 0.05 um alumina slurry, then sonicated
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successively with anhydrous alcohol and double-distilled deionized
water, and dried with a N, stream. An amount of 2mg WP/N-CNT
(Detailed synthesis process can be seen in Supporting Information) was
dispersed in a solution containing 100 uL. water, 100 uL ethanol, and
0.05wt% nafion. Then, the as-prepared WP/N-CNT solution
(0.01 mgmL~?, 10 uL) was cast onto the pretreated bare GCE or SPE
surface and dried at room temperature. The electrode was noted as WP/
N-CNT/GCE or WP/N-CNT/SPE.

2.3. Electrochemical measurement

Differential pulse voltammetry (DPV), cyclic voltammetry (CV) and
chronoamperometric (CA) experiments were performed with an
Electrochemical Analyzer (Model: 120C, S/N: uEA120C10001,
Homiangz LLC) at room temperature. The GCE or modified GCE, pla-
tinum wire, and Ag/AgCl (KCl saturated) were served as working,
counter and reference electrodes, respectively. For other experiments, a
SPE was fixed on the electrode holder, and 25-30 pL of the sample was
deposited on the surface of the three electrodes for detection. The DPV,
and CV measurements were conducted in a PB solution (0.1 M, pH
4.0-9.0), and the voltage scanned from 0.4 to 1.0 V.

3. Results and discussion
3.1. Characterization of WP/N-CNT

The structure of the WP/N-CNT samples were observed with SEM.
As shown in Fig. 1b, the CNT was coated with polydopamine (PDA),
which is used as a unique supporting material for the adsorption and
reduction of tungsten ions, while maintaining good dispersion of CNT.
Then, high magnification SEM images further revealed that the surface
of the WP/N-CNT was very rough and the diameter increased sig-
nificantly (Fig. 1c). The TEM images of WP/N-CNT are shown in Fig. 1d
and e. The multilayer structures was clearly observed, which proved
that the PDA layer, approximately 12.18 nm, was successfully coated on
the surface of the CNT. Meanwhile, tungsten trioxide was self-reduced
and oxidized by the PDA layer. The formation of tungsten phosphide
embedded nitrogen doped carbon was then realized through the high
temperature calcination and phosphating treatment. Fig. 1f shows the
TEM and corresponding EDX elemental mapping images, further in-
dicating both P, W, N, C and O elements are uniformly distributed
throughout the whole nanotubes. All these observations provide strong
evidence to support the successful chemical conversion of CNT-PDA-
WO; into WP/N-CNT after phosphating reaction. Especially, in-situ
nitrogen doped carbon nanotubes (N-CNT) as an excellent electron
transport channel greatly improved the electrochemical performance of
electrode materials (Hueso et al., 2007). The introduction of WP on the
surface layer could further enhance electrical conductivity and elec-
trocatalytic properties.

The X-ray diffraction (XRD) patterns for CNT-PDA-WO3 and WP/N-
CNT were shown in Fig. 2a. As can be seen, the CNT-PDA-WO3; shows
the characteristic diffraction peaks of hexagonal-phase WOz (JCPDS
No. 01-0486). After phosphating, the XRD pattern of WP/N-CNT could
be clearly distinguished from the starting material as a series of dif-
fraction peaks appeared as (110), (111), (121), (221) and (311) for WP,
as well as diffraction peaks ascribed to (001), (200), (202), (002),
(110), (201) and (311) for WP, according to PDF card (JCPDS No. 01-
089-4778 and 01-076-2365). The diffraction peaks were sharp and in-
tense, indicating that the WP/N-CNT was obtained with high purity and
good crystallinity, which was also in agreement with the results of TEM
and corresponding EDX elemental mapping. The morphological and
structural characterization of the WP/N-CNT prompted us to make a
structural model to reveal electrochemical properties derived from the
structure and constituent. As shown in Fig. 2b, two characteristic peaks
(D and G peaks) of graphitized carbon (1346 and 1575 cm ™) were
observed in the Raman spectrum of WP/N-CNT (Ip/Ig 0.91) and
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Fig. 1. (a) Schematic illustration of portable and renewable monitoring platform for anticancer drug (b, ¢) SEM images of the WP/N-CNT. (d, e) TEM image of the WP/N-CNT. (f) TEM

EDX elemental mapping of C, N, P, W and O for the WP/N-CNT.

CNT-PDA-WO3 (Ip/Ig = 1.12). The ratio of intensities (the D and G
bands) increased during the reduction and functionalization
(Stankovich et al., 2007). Otherwise, the results demonstrated that la-
bile oxygen-containing functional groups were pyrolysized with the
increase of the carbonization temperature. Furthermore, the intensity
and position of the second-order Raman band (2D) were an indicator to
distinguish the number of layers of graphene and discriminate between
electron and hole doping (Das et al., 2008; Graf et al., 2006; Jiao et al.,
2009). As shown in Fig. 2b, it was observed that the 2D peak intensity
was significantly increased and the positional decrease was shifted,
which was due to the conversion of the PDA layer to the graphitized
layer after high temperature calcination and increasing electron con-
centration in the system (Das et al., 2008). Thus, the use of WP/N-CNT
as the electrochemical sensor material could exhibit multi-active sites,
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outstanding electrical conductivity and catalytic activity and specific
response to the target analyte.

X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray
spectroscopy (EDS) results indicated that the WP/N-CNT were com-
posed of C (90.2%), O (3.6%), N (0.7%), P (0.5%), and W (5.0%)
(Fig. 1c-f and Fig. S1 a-c). Fig. 2d shows the W 4 f binding energy curves
of WP/N-CNT. The three components including WC, W 4 fs,,, and W
4f,,5 were derived by decomposing W 4f peaks. The W 4fs,» peak at
around 35.8 eV corresponds to W3 in WP, while the W 4f,,, peak at
around 37.9 eV corresponds to the W®™ species (such as WO3) (Wang
et al., 2016b). Because the precursor of WP/N-CNT samples forms W°
through the self-reduction of the PDA layer, and it is easy to react with
the oxygen in the air. So, the existence of the peaks corresponding to
tungsten oxide in the spectra was not surprising. The WC species



H. Zhou et al.

*(112)
(001)

Intensity (a.u.)

Biosensors and Bioelectronics 105 (2018) 226-235

| CNT-PDA-WO,
— weNONT |
2D

—— CNT-PDA-WO,
WP/N-CNT

Intensity (a.u.)

2500 2550 2600 2650 270|0 2750 2800
Raman shift (em")

Intensity (a.u.)

1,/1,~0.91

I/1.=1.12

" 10 20 30 40 50 60 70 1000 1200 1400 1600 1800
2 Theta (degree) Raman shift (cm")
W 4f s d
A
37.9 ¢V
W 4f..
g & 303 eV
z z W, we
£ £
] =
2 ]
= =
//
1000 800 600 400 200 0 28 30 32 34 36 38 40 42 44
Binding Energy (eV) Binding Energy (eV)
1334 eV Z 2
P2p % " I —— W/N-CNT f
R € " e o WP/N-CNT
3 33
’; ;;: [\. " '\:
g g
g 130.8 eV %
E P2p, » P" and WF 5
= =
126 128 130 132 134 136 138 30 35 40 45
Binding Energy (eV) Binding Energy (eV)

Fig. 2. (a) XRD patterns for CNT-PDA-WO3 and WP/N-CNT-700. (b) Raman spectra for CNT-PDA-WO3; and WP/N-CNT. Inset: 2D-band spectrum of the CNT-PDA-WO3 and WP/N-CNT. (c-
e) XPS total spectrum and XPS spectra in the W and P regions of WP/N-CNT. (f) W 4 f of W/N-CNT versus WP/N-CNT.

formed in this process should play a certain role in enhancing the ad-
hesion between WP and the carbon substrate (Oyama et al., 2002).
However, diffraction peaks of WC were not significantly observed in the
XRD spectra, suggesting that the content of WC species was negligible
in WP/N-CNT composites. Except for tungsten oxide and WC, other W
species were not found in the XPS spectra, suggesting that most W was
reacted with P to generate WP (Duan et al., 2016). The high-resolution
P 2p region (Fig. 2e) showed two peaks at 133.4 eV and 130.8 eV, re-
flecting the binding energy of P°* and P?~, respectively, along with
one peak at 129.1 eV (Pu et al., 2014). The typical peak of P°>* species
(P50s) could be observed in WP/N-CNT, indicating that phosphorus
oxides originating from the oxidation process inevitably exist on the
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composite surface.

The presence of W®* and P®~ species confirmed the successful
synthesis of WP in the carbon skeleton, which could act as the active
sites for the electrocatalytic reaction. Specifically, methotrexate belongs
to pteridine groups, and the amino group at the C2 position on the
pyrimidine ring is electroactive (Gao et al., 2007; Gorren et al., 2001).
Thus, an intermediate of positive nitrogen free radical could be formed
under the action of the active site of the electrode material. And the free
radical could undergo polymerization and form insoluble products that
deposit on the electrode surface, which agrees with the phenomena of
recorded voltammetric behaviors (Scheme S1) (Gao et al., 2007). In
addition, XPS spectrum of N 1s peaks disclosed that the amino-type
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nitrogen from PDA was completely transformed into pyridinic N
(398.8 eV), pyrrolic N (400.3 eV), graphitic N (401.4 eV), and oxidized
N (402.4 eV) in WP/N-CNT (Fig. S1a). This indicated that the nitrogen
atoms were doped in the carbon nanotubes, which ensured that the
electrode material had excellent conductivity. As can be seen in Fig.
S1b, three components at around 284.3, 286.1, and 288.5 eV in the C
1s spectra correspond to the C-C, C-N/C=N and O=C-O, respectively.
Formation of graphitic carbon in WP/N-CNT is important for enhancing
the electrical conductivity, which is expected to improve the perfor-
mance of the sensor. Furthermore, four different peaks could be ob-
served from the O 1s spectra (Fig. S1c), which correspond to the phy-
sically absorbed O or carbonates (530.8 €V), O-P (531.4 eV), C-O-C/C-
O-H/C-OH (533.1 eV), and W-O (535.7 eV). As shown in Fig. 2f, com-
pared with CNT-PDA-WO3;, the W 4f peaks of WP/N-CNT were shifted
to a higher binding energy, confirming that the oxidation state was
increased. This could be explained from the formation of metal phos-
phides (Jin et al., 2016).

3.2. Electrochemical behavior of WP/N-CNT

The CV and electrochemical impedance spectra (EIS) of the mod-
ified electrodes were acquired with the redox probe 5.0 mM Fe(CN)¢> ™/
*~ containing 0.1 M KCl (Fig. 3a and b). By fitting the data with Ran-
dles equivalent circuit (Fig. 3b-I), the electron transfer resistance of the
probe was 51.2, 34.5, 13.3, 11.8 and 8.2 Q at the CNT-PDA-WO3/GCE,
W/N-CNT-700/GCE, GCE, WP/N-CNT-800/GCE and WP/N-CNT-700/
GCE, respectively. For the WP/N-CNT-700/GCE, the Nyquist plot ap-
peared to have a small diameter, demonstrating relatively lower
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electron transfer resistance of the probe. This observation demonstrated
the advantage of phosphating and the appropriate calcination tem-
perature to improve the electrochemical performance.

The electrochemistry of MTX in PB (pH 6.0) was thereafter in-
vestigated at a bare GCE, CNT-PDA-WO3/GCE, W/N-CNT-700/GCE,
WP/N-CNT-800/GCE and WP/N-CNT-700/GCE. The WP/N-CNT-700/
GCE showed superior electrocatalytic activity toward the MTX, as a
significant increase in oxidation current was observed (Fig. 3c). When
compared to WP/N-CNT-700/GCE, the CNT-PDA-WO3/GCE and W/N-
CNT-700/GCE showed weak Faradaic responses for MTX at the poten-
tial range from 0.4 to 1.0V (Fig. 3d). These results demonstrated the
superior performance of WP/N-CNT-700/GCE, suggesting an electro-
active interface with high electrochemical activity was obtained
through the WP modification. Thus, the WP/N-CNT-700 was selected as
the best electrode material for the preparation of the sensor for sub-
sequent experiments. On the other hand, the above results also sug-
gested that a potential range of 0.4-1.0 V was appropriate for the DPV
method.

3.3. Effect of scan rate and pH on the electrocatalytic oxidation of MTX

To understand the charge transfer characteristics of MTX on mod-
ified electrodes, we respectively recorded CVs of MTX on WP/N-CNT/
GCE in PB (pH 6.0) at various scan rates (v). From the CVs as displayed
in Fig. 4a, the oxidation of MTX was completely irreversible. The oxi-
dation peak current (I,,) for MTX was directly proportional to the scan
rate in the studied ranges (Fig. 4b). The result indicated that the elec-
trode reaction of MTX on WP/N-CNT/GCE is an adsorption-controlled
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Fig. 3. (a) (b) CV and EIS plots of 5.0 mM [Fe(CN)¢]*>”# containing 0.1 M KCl recorded with different electrodes, Inset: Randle's equivalent circuit model for the impedance data. (c) CVs
of WP/N-CNT/GCE in PB containing 20 and 100 uM MTX. (d) CVs of CNT-PDA-WO3/GCE, W/N-CNT-700/GCE, and WP/N-CNT-700/GCE in PB.
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Fig. 4. (a) CVs of 0.1 mM MTX at WP/N-CNT/GCE at different scan rates from 0.01 Vs~ 1t0 0.5 Vs~ . (b) Variation of the peak currents versus scan rate (v). (c) The relationships of peak
potentials (Ep) versus In v. (d) The peak currents of MTX (0.1 mM) in PB solution with WP/N-CNT/GCE at different pH value, and variation of the peak potentials versus pH. (e) CA of WP/
N-CNT/GCE in PB upon adding increasing amounts of MTX at 0.77 V. (f) Plots of I.,./I;, versus t'/2 at different MTX concentrations.

processes, which demonstrated that the current waves were due to the
oxidation of the adsorbed MTX.

For an adsorption-controlled and totally irreversible electrode pro-
cess, the peak potential (E,,) is related to the scan rate (v) by the

equation.
RTk; RT
In| —= |+ | — |lnv
anF anF

From the relationship of E,,, versus v as shown in Fig. S2, the value
of E% is estimated to be 0.81 V via extension of the curve to v = 0. Then,
from the plot of Ep, versus In v as displayed in Fig. 4c. Thus, according
to slope and intercept of regression equation, the values of the transfer
coefficient (a) and standard electron transfer rate constant (k;) were
calculated to be 0.43 and 0.938 s, respectively. This k, value is twice

RT

E,,=E" —
pa (can

that of MWCNTSs-DHP based sensor (0.46 s~ 1), suggesting that the MTX
have fast electron transfer kinetics on the developed sensing interface
(Oliveira et al., 2013).

The electrochemical behavior of MTX is directly influenced by the
pH of the supporting electrolyte, which will certainly affect the ad-
sorption rates of MTX on the catalyst surface and, thus, the oxidation
currents. To investigate the effect of the pH on the electro-oxidation of
MTX at the WP/N-CNT modified electrode, CVs of 50 uM MTX were
recorded at different pH values in the range of 4.0-9.0 (Fig. 4d). It was
found that with the increase of pH value of the supporting electrolyte,
the peak potential shifted negatively, suggesting the participation of
protons in the oxidation reaction.

Furthermore, by raising the pH values from 4.0 to 6.0, the oxidation
peak current of MTX gradually increased and reached maximum at pH
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6.0. Further increase of the pH to 9.0 caused the peak height to de-
crease. Hence, PB of pH 6.0 was chosen as the optimum supporting
electrolyte and used for all further experiments.

3.4. WP/N-CNT electrocatalytic oxidation for MTX

We have further investigated the electrochemical kinetic and elec-
trocatalytic parameter of WP/N-CNT toward MTX using CA. Fig. 4e
shows the CA response of 0.1 M PB pH 6.0 in the absence and presence
of increasing concentrations of MTX at WP/N-CNT/GCE (constant po-
tential 0.77 V). At intermediate time points, the current was dominated
by the rate of the electron transfer toward the electrocatalytic oxidation
of MTX. Thus, the catalytic rate constant (K.,) can be calculated ac-
cording to the following equation:

ﬂ = (ﬂKcalCOt)l/2
I
where I, and I, are the currents of WP/N-CNT/GCE in presence and
absence of MTX, respectively, and K., is the catalytic rate constant.
Clearly, the I.,/I; versus t'/? relation is linear (Fig. 4f). From the slopes
of Ip/I-t'/?, the average value of K., is calculated to be 1.45 X 10°
M~! s~!, which is larger than the previously reported valuable elec-
trode materials (Guo et al., 2011; Phal et al., 2017), confirming that the
WP/N-CNT has a greater electrocatalytic activity for the oxidation of
MTX.

3.5. Determination of MTX at WP/N-CNT/SPE

Based on the facile preparation of WP/N-CNT, excellent con-
ductivity, unique electrocatalytic activity and high response to the
MTX, we thus proposed a strategy to develop it as a portable monitoring
platform that could be used for point-of-care testing with smaller
sample size, as shown in Fig. 5a and b.

Under the optimal experimental conditions, DPV and CA of WP/N-
CNT/SPE in 0.1 M PB (pH 6.0) containing different concentrations of
MTX were recorded. The oxidation currents increased proportionally to
the concentration of MTX (Fig. 5c). The calibration curve of the oxi-
dation peak currents versus concentrations of MTX was linear (Fig. 5d).
Then, based on signal-to-noise (S/N = 3) characteristic, the limit of
detection (LOD) was estimated to be 45 nM, which is similar to a limit
of detection of 28 nM found with SPR sensing (Zhao et al., 2015).

CA technology possesses the advantages of real-time monitoring and
higher sensitivity than other techniques for quantitative analysis be-
cause it is achieved by applying an optimized applied potential (E,)
(Wang et al., 2016a). Therefore, in this work, the applied potential of
the biosensor for the detection of MTX was also optimized. Fig. 5Se
presents a typical real-time amperometric I-t curve using WP/N-CNT/
SPE with subsequent injection of various concentrations of MTX into PB
solution under optimized applied potential (0.77 V). The corresponding
calibration curve of catalytic current (I) versus MTX concentration (C)
was then extracted. From the curves, three linear ranges were obtained
over MTX concentration ranging from 0.01 pM to 250 uM (Fig. 5f).

In addition, the limit of detection (LOD) corresponding to three
times the relative standard deviation (RSD) of the average blank value
(LOD = 3 x RSD/Slope) was estimated to be 45nM. The analytical
performance of our sensor was comparable or better than those re-
ported at other modified electrodes, and the results were listed in Table
S1.

3.6. Interference studies

Selectivity is an important factor in evaluating the performance of
electrochemical sensors. In this study, the effect of the possible inter-
fering species on the detection of MTX was investigated by adding
potentially interfering species into PB containing 20 uM MTX. As shown
in Fig. 6a, the results illustrated that the common inorganic ions, such
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as K™, Na*, Ca®*, Mg?*, Zn?", Fe?*, Fe**, CI', NO*, and SO,%” in
100-fold excess, did not significantly affect the response of the sensor
(signal change below 5%). In addition, some biological molecules, such
as glycine (Gly), cysteine (Cys), lysine (Lys), tryptophan (Trp), urea
acid (UA), citric acid (CA), ascorbic acid (AA), dopamine (DA) (in 20-
fold excess), glucose (in 50-fold excess) also had negligible interference
on the determination of MTX (Fig. 6b). All these results suggested that
the sensor has a satisfactory stability and high selectivity for determi-
nation of MTX.

3.7. Reusability and stability

Reusability and stability play an important role in the storage and
application of sensors. In the course of the experiment, we confirmed
that the electrodes still maintained with a significant oxidation peak,
and the influence caused by the adsorption of reaction residues on the
electrode surface could be overcome by running CV (7 times) or DPV (6
times) in a fresh PB solution (Fig. 6¢ and d). This is presumably due to
the strong electrocatalytic performance of WP/N-CNT, which depleted
the limited MTX adsorbed on the electrode surface. More importantly,
an intermediate of positive nitrogen free radical belonging to MTX
could undergo polymerization and form insoluble products that deposit
on the electrode surface. However, the product was easily dispersed
into the fresh PB solution, thereby cleaning the electrode surface.
Meanwhile, the reproducibility of WP/N-CNT/SPE was evaluated by
preparing independently five electrodes for the determination of MTX
(Fig. 6e). The electrode was recycled 30 times and still maintained good
performance, with the average standard deviations of current mea-
surements below 5%. This result indicated that the sensor will sig-
nificantly reduce the cost of testing. The stability of the modified
electrode was also investigated. After the modified electrodes were kept
at ambient temperature for 30 days, the peak signal was 97% of the
original value for MTX. Therefore, we can declare that the developed
biosensor has satisfactory stability and reproducibility.

3.8. Real sample analysis

The performance of the proposed sensor was verified with the de-
tection of MTX in clinical samples. WP/N-CNT/SPE was further utilized
to measure MTX in whole blood spiked with MTX. In short, the whole
blood (20 pL) was diluted with 10 pL of PB solution (0.1 M, pH 6.0) and
spiked with a standard solution of MTX, subsequently analyzed with the
WP/N-CNT/SPE. The results are shown in Fig. 6f and Table S2. The
MTX content in whole blood sample was calculated using a regression
equation (Fig. 5d and f). The recoveries were in range of 98.5-100.3%,
suggesting good feasibility and reliability of the proposed electrode for
detection of MTX in whole blood.

4. Conclusion

This work provided a novel portable and reusable analytics platform
based on tungsten phosphide embedded nitrogen-doped carbon nano-
tubes (WP/N-CNT) for electrochemical detection of MTX. The main
conclusions of present work include: (1) A novel electrode material
featured with multi-active sites, excellent electrical conductivity and
electrocatalytic activity was designed and successfully prepared. The
dispersed active sites were effectively connected by the electronic
transmission channel, N-CNT. (2) WP/N-CNT nanocomposites was
successfully synthesized through an environmentally-friendly approach
and used to modify the working electrode. (3) An electrochemical
method that requires small sample volumes and recyclable electrode
was developed, which satisfies the need for point-of-care testing, and
achieves faster, simpler and cheaper detection of MTX. The fabricated
electrochemical sensor showed low detection limits, high sensitivity,
wide linear ranges, good stability and reproducibility. This device
would provide a new platform for low cost, portable, and point-of-care
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Fig. 5. (a) (b) Picture of the portable biosensor system. (Left) Dimensions of electrochemical analyzer: 100 (L) X 64 (W) x 24 (H) mm. Weight: 150 g. (Middle) The SPE is inserted into
the USB port as sensor probe. (Right) The data output system is controlled by laptop. (c) DPVs of WP/N-CNT/SPE in PB containing a mixture of MTX; (d) the relationship of I, versus the
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of WP/N-CNT/SPE in varied concentrations of standard addition of MTX.

testing to cancer treatment. Although anticancer drugs do not enable
real-time and in situ monitoring in vivo, but the present work shows
that the detection of in vitro samples is feasible. Hence it would be
possible to fully resolve such problems by developing of novel micro/
nanoelectrodes in future studies.
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