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Abstract: Procalcitonin (PCT) protein has recently been identified as a clinical marker for bacterial
infections based on its better sepsis sensitivity. Thus, an increased level of PCT could be linked
with disease diagnosis and therapeutics. In this study, we describe the construction of the
photoelectrochemical (PEC) PCT immunosensing platform based on it situ grown photo-active
CuWO4 nanospheres over reduced graphene oxide layers (CuWO4@rGO). The in situ growth
strategy enabled the formation of small nanospheres (diameter of 200 nm), primarily composed
of tiny self-assembled CuWO4 nanoparticles (2–5 nm). The synergic coupling of CuWO4 with
rGO layers constructed an excellent photo-active heterojunction for photoelectrochemical (PEC)
sensing. The platform was then considered for electrocatalytic (EC) mechanism-based detection of
PCT, where inhibition of the photocatalytic oxidation signal of ascorbic acid (AA), subsequent to the
antibody–antigen interaction, was recorded as the primary signal response. This inhibition detection
approach enabled sensitive detection of PCT in a concentration range of 10 pg·mL−1 to 50 ng.mL−1

with signal sensitivity achievable up to 0.15 pg·mL−1. The proposed PEC hybrid (CuWO4@rGO)
could further be engineered to detect other clinically important species.

Keywords: CuWO4 nanostructures; procalcitonin; graphene oxide; immunosensor

1. Introduction

The recent up-gradation in photoelectrochemical (PEC) sensors based on their synergic combination
with advanced nanomaterial has proven effective in achieving robust signal sensitivities for
low-concentration clinical species. In particular, the detection of cancer biomarkers, whose precise
detection at a low concentration is crucial for timely diagnosis and therapeutics [1,2]. Despite the rapid
progress in PEC engineering, the fast charge-carrier recombination and limited immobilization area,
particularly in the case of bio immunosensors, are major challenges that restrict the construction of an
efficient PEC biosensor [3]. In this context, various combinations of materials, including metal–organic
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frameworks (MOFs), semiconductor/carbon composites, transition metal dichalcogenides, and their
hybrids, have been proposed to advance the PEC sensors performance [4–6]. Here, the use of
hierarchical structures, complex morphologies of nanomaterials have shown relatively superior
performance compared with their traditional counterparts. Particular, in terms of electro-catalytic
activity, the complex morphologies are known to exhibit superior performances owing to the mishmash
of free surface energy, the charge density concentrated at the corners of the complex morphology,
and the larger total surface area [7–11]. On the other hand, the use of heterojunction is also a
promising approach to acquire a high throughput signal. However, The improved efficiencies of
these heterojunctions, are often associated with procedural complexity, high fabrication cost, and
biocompatibility issues, which restrict their practical use in developing a single PEC platform capable
of detecting clinically-important molecules [12–14].Here, the combination of highly photo-active
nanostructures with a conductive substrate such as graphene, to support fast-charge transportation and
greater immobilization of bio-reagents could be a viable option [15–18]. Among the many metal oxides
and tungstates, copper tungstate (CuWO4) based on its suitable band-gap, high redox activity, and
excellent catalytic properties is widely known for its use in photo-catalysis, water-splitting reaction, and
fuel cell reactions. However, the use of CuWO4 as a photo-active transducer in PEC immunosensing
still remains at an early stage [19]. Although CuWO4, compared with other tungsten materials,
is more resilient to the photo-corrosion, and with its inherent capability to harvest visible light and
chemical stability, it has the potential to be utilized as a photo-electrode. However, the relatively
slow charge-carrier separation/mobility and their recombination limit the photocatalytic efficiency
of CuWO4 [20]. In addition to high photo-activity, designing a nanoscale morphology that could
support greater immobilization and maintain a good redox activity to generate a boosted signal
response is yet another challenge when designing efficient PEC biosensor [21]. In regard to clinical
biomolecules, procalcitonin (PCT) is an essential clinical biomarker primarily used for the diagnosis
of bacterial infections. Rapid and selective detection of PCT from human serum samples would
be beneficial for an early diagnosis, thereby decreasing the overall response time for the treatment.
Contrary to the conventional approaches such as radioimmunoassay [4], colorimetric immunoassay [5],
and enzyme-linked immunosorbent assay [6], the electrochemical approach designed for the detection
of such molecules offers the advantage of high sensitivity, rapid detection time, and the capability to
be transformed into a miniaturized device for field portability [7,8]. As the concentration of PCT in
normal blood is less than 0.1 ng mL−1 [3], a highly sensitive electrochemical system is required for its
accurate detection.

In this work, we describe the construction of an efficient PEC immunosensing platform for
sensitive detection of the PCT biomarker. The platform is based on the hybrids of photo-active CuWO4

nanosphere and reduced graphene oxide layers (rGO). Here, CuWO4 nanospheres were directly grown
(in situ) over rGO layers, constructing a highly efficient photo-active heterojunction with minimum
charge-carrier recombination and high photocatalytic activity. Taking advantage of this synergic
combination, an electrocatalytic (EC)-mechanism based PEC sensor was constructed, where inhibition
in the measured photoresponse of ascorbic acid (AA), subsequent to the protein–antigen interaction,
was found to be linear against the added concentration of the PCT biomarker. This detection strategy
produced a robust signal response for PCT in the concentration range of 10 pg.mL−1 to 50 ng.mL−1,
with signal sensitivity achievable up to 0.15 pg·mL−1. The described strategy in combination with the
proposed electrode design could be configured with a variety of functionalities and receptor moieties
for selective and sensitive detection of other clinically significant biomolecules.

2. Materials and Methods

The chemical and reagents were used as supplied. Sodium tungstate dihydrate, copper chloride,
ethanol, and sodium citrate were obtained from Sigma-Aldrich (Darmstadt, Germany). The PCT
antibodies, antigen, and bovine serum albumin (BSA) were supplied from Ye Xiang Bio. Co. Ltd.
(Hangzhou, China). Sodium hydroxide (NaOH), phosphate-buffered saline (PBS; pH 7.0), and HCl
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(0.1 M) were from Thermo Fisher Scientific. Ascorbic acid and cocamidopropyl betaine (CAPB)
was purchased from Sigma Aldrich (Darmstadt, Germany). The electrochemical experiments were
performed using the CHI760D electrochemical workstation of Chenhua Co., Ltd. (Shanghai, China),
equipped with a PLS-SXE 300 xenon lamp serving as a light source for PEC analysis. To avoid cell heating,
the distance between the lamp and photo-cell was maintained at 12 cm. The morphological evaluation
was obtained using field emission scanning electron microscopy (FE SEM) analysis (Oberkochen, Zeiss
Sigma). X-ray powder diffraction (XRD) was performed with a D8 Advance X-ray diffractometer
(Bruker AXS, Bremen, Germany). X-ray photoelectron spectroscopy (XPS; Scienta ESCA200) and
raman spectroscopy (WITech alpha300) were carried for the phase confirmation analysis. In this study,
a modified glassy carbon electrode (GCE), a saturated calomel electrode (SCE), and a platinum wire
electrode (PE) were used as working, reference, and counter electrodes, respectively.

2.1. In Situ Growth of CuWO4 Nanospheres over Graphene Oxide (rGO)

Initially, reduced graphene oxide (rGO) flakes were synthesized using a well-known modified
Hummers method [15]. The obtained rGO flakes were then dispersed (0.1 mg) in an aqueous solution
of 0.1 M CuCl2.2H2O (50 mL) previously containing (0.1 M) of CAPB, used as a template. The mixture
was then gradually introduced with 0.1 M of Na2WO4.2H2O under constant stirring condition.
The suspension was later transferred to a Teflon lined autoclave and subjected to heat treatment at
90◦ for 12 h, to facilitate the growth of CuWO4 nuclei. The final precipitates were thoroughly washed
and dried at 60◦ before utilizing them for the construction of PEC platform. The formed hybrid
nanostructures are designated as CuWO4@rGO throughout the manuscript.

2.2. Developing a PEC Immunosensing Platform

Figure 1 shows the stepwise process adopted for developing an immunosensing platform
using CuWO4@rGO hybrids. The surface of the GCE was initially polished with alumina powders
(0.03 and 0.05 µm, respectively) and then washed with de-ionized water. First, a transducing platform
was constructed by depositing dispersion (0.1 mg/5 mL methanol) of CuWO4@rGO hybrid over the
pre-polished GCE surface. This layer was then allowed to dry under the nitrogenous atmosphere.
To integrate the bio-recognition element, the electrode was then incubated with 5 µL of optimum
1.0 µ gmL−1 capture antibodies of PCT (Ab1-PCT) and then by 2 µL of 1% BSA to block the available
active sites, followed by gently rinse before usage (Figure S1a). This electrode was designated as
Ab1/CuWO4@rGO-GCE and stored at 4 ◦C before using it for immunosensing. To detect the PCT
antigen, the Ab1/CuWO4@rGO-GCE was incubated with different concentration of PCT in the range of
10 pg·mL−1 to 50 ng·mL−1 separately.
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Figure 1. A generalized scheme, portraying in situ growth of CuWO4 nanospheres over reduced
graphene oxide (rGO) flakes and the hybrids use in photoelectrochemical (PEC) electro-catalytic
immunosensing of procalcitonin (PCT) biomarker where signal inhibition is the consequence of the
antibody–antigen reaction occurring at the surface of CuWO4@rGO hybrids. CAPB, cocamidopropyl
betaine, GCE, glassy carbon electrode.
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2.3. PCT Detection from Simulated Blood Plasma

To ensure the analytical workability of the designed PEC sensors, the detection of PCT was also
performed in simulated blood plasma (SBP). To simulate the real plasma-like characteristics, abundant
proteins such as 40 mg of albumin, 10 mg of immunoglobulins, and 2.5 gm of fibrinogen were diluted
in 10 mL of PBS solution (pH 7.0) to mimic their average plasma concentration. The SBP was then used
in the quantification of different PCT concentrations in the range of 5 to 25 ng·mL−1 using designed
PEC biosensors. To further validate the performance, the spiked samples were also quantified using
the standard ELISA technique.

3. Results and Discussions

3.1. Characterization of CuWO4@rGO Hybrid

Figure 2a–f shows the SEM micrographs obtained for pristine rGO, CuWO4, and the in situ grown
CuWO4@rGO hybrids. The rGO flakes with a crumpled layer-like morphology could be seen in
Figure 2a. Contrary to rGO, the pristine CuWO4 possessed a distinctive spherical shape. The CuWO4

spheres were primarily composed of tiny nano-boulders, which in presence of CAPB, self-assembled
into 3D nanospheres (Figure 2d–f). The average size of the spheres was within the range of 190 to
220 nm, where the average size of the boulders was determined to be in the range of 10 to 25 nm.
The formed morphology could be attributed to the growth controlling and directing capabilities of
cocamidopropylbetaine (CAPB) surfactant. The in situ growth of CuWO4 nanospheres over rGO flakes
could be observed in Figure 2c–f. A significant portion of the flakes could be seen occupied by CuWO4

nanospheres, where a high-resolution scan, shown in Figure 2f, confirms the growth of nanospheres
along the edges of the flakes. Unlike conventional hybrids, where aggregation usually results in a
complete mishmash of the particles. The nanospheres, in this case, have maintained their structural
integrity without any structural collapse. Such structural features are highly beneficial in achieving
enhanced electro-catalytic redox characteristics based on their exposed active sites and higher surface
area. In addition, the nanospheres could be seen to be connected at the edge of rGO flakes, which is
beneficial in achieving faster charge-transportation at the electrode interface. Figure 3a shows the XRD
pattern of CuWO4@rGO hybrids, in reference to its compositional counterparts.
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Figure 2. Scanning electron microscopy (SEM) images for (a) rGO flakes; (b) pristine CuWO4 nanospheres;
(c–e) CuWO4@rGO hybrids; and (f) high-resolution capture of the section showing interface formation
between nanospheres and rGO edges.

The XRD pattern for rGO, CuWO4, and its hybrid is shown in Figure 3a. In resemblance to the
rGO with a representative 10.3◦, the XRD pattern for CuWO4@rGO hybrids also consist of this peak
with a slightly declined intensity. The characteristic peaks for CuWO4 were observed at 15.1◦, 19.2◦,
23.8◦, 24.9◦, 29.2◦, 31.6◦, 36.7◦, and 43.8◦, indexed to the (010), (001), (110), (0 11), (111), (111), (200), and
(121) planes of CuWO4 triclinic phase, respectively, as standardized against (JCPDS No 80-1918) [22].
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The formation of the hybrid was further confirmed from Raman analysis. The corresponding spectra
(Figure 3b) consists of the typical CuWO4 peaks along with prominent D and G bands at 1350 and
1605 cm−1, respectively [23]. The sharp peak around 900 cm−1 is attributed to the W–O vibration from
the tungstate of CuWO4. The compositional purity of the hybrid was assessed from XPS analysis.
The high-resolution de-convoluted profiles for the major components are shown in Figure 4a–d. The Cu
2p spectrum consists of two major peaks at 932.8 and 952.9 eV attributed to the core Cu2+ of the
CuWO4@rGO hybrid. The presence of the satellite peak confirms the presence of copper as in Cu
(II) form, whereas the intense binding energy of Cu 2p3/2 suggests that the Cu2+ ions are surrounded
by W–O from WO4

−2 ions. The W4f spectrum exhibits two major peaks at 37.1 eV and 34.8 eV,
indicating the presence of tungsten as in the W6+ state. The O1s spectrum is resolved into three peaks
(531.6, 530.1, and 529.3 eV) related to surface adsorbed hydroxide, Cu–O, and W–O bonds. The C1s
spectrum confirms the presence of carbon (284.2 eV), epoxy carbon (285.2 eV), and carboxyl (286.1 eV)
species from the rGO counterpart of the CuWO4@rGO hybrid [24]. The XPS analysis in support of
XRD and Raman confirms the successful formation and compositional purity of CuWO4@rGO hybrids.Sensors 2020, 19, x FOR PEER REVIEW 5 of 11 
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3.2. Photoelectrochemical Performance of CuWO4@rGO Hybrids

To evaluate the electro-catalytic performance of CuWO4@rGO hybrids, CV measurements were
recorded using 0.1 mM of ascorbic acid (AA). Figure 5a shows the measured CV curves, where the
CuWO4@rGO hybrid exhibits a relatively higher current response at lower potential value compared
with its pristine counterparts. The obtained response of CuWO4@rGO hybrid against AA was further
recorded with different scan rates in the range of 5 to 50 mVs−1. As seen (Figure 5c), the anodic peak
could still maintain peak-shape characteristics at higher scan rates, reflecting the electrochemically
reversible charge-transfer process of the diffused redox species, that is, AA. The observed linearity
between measured current response and the square root of the scan rate (inset of Figure 5c) further
defines this interfacial redox process to be diffusion-limited. To ensure maximum signal throughput, the
pH of AA was optimized. Figure S1b indicates that the maximum current output was achieved when
AA was maintained at pH 7. The photocatalytic activity of CuWO4@rGO hybrid was also evaluated
under the illumination condition (Figure 5b). As evident, CuWO4@rGO hybrid exhibits significantly
high photocurrent response (∆I = 20 µA) under light. This increased current response could be
explained using the EC-mechanism. In this case, the scavenger (AA), could readily oxidize over the
surface of the CuWO4@rGO hybrid under the illumination condition, consuming the photo-generated
holes, while at the same time promoting the electron transfer to the conduction band of CuWO4,
and subsequently to the rGO layer. Here, rGO serves as a charge collector, facilitating the interfacial
charge-transfer process.Sensors 2020, 19, x FOR PEER REVIEW 7 of 11 
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Figure 5. (a) CV behaviour of the CuWO4@rGO in reference to pristine CuWO4; (b) electro-catalytic
oxidation of ascorbic acid (AA) (0.1 mM) using CuWO4@rGO/GCE both under illumination and no
illumination conditions; (c) peak current variation against scan rate in range of 50 to 100 mVs−1 with
inset depicting linearity between current response and square root of scan rate; (d) photo-response of
CuWO4@rGO/GCE and Ab1/CuWO4@rGO/GCE with 30 s cut-off cycle for 150 s.

The increased photocurrent, in this case, confirms the oxidation of AA as a favourable process for
the designed electrode, and thus AA could be anticipated as a potential redox mediator in the PEC
immunosensor designed for the PCT biomarker. The current versus time measurements were carried to
confirm the immobilization of biorecognition elements (PCT antibodies (Ab1)) over CuWO4@rGO/GCE
(Figure 5d). The measurements were recorded in 0.1 mM AA with 0.1 M PBS (pH 7) with 30 s
light on/off cycles for about 150 s. Here, Ab1/CuWO4@rGO/GCE exhibited a relatively lower current
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response compared with its protein-free counter-part. This decline is the consequence of active site
blockage subsequent to the immobilization of insulating species (Ab1). Figure 6a shows the variation of
photocurrent response with different concentrations of PCT standards. The measurements were carried
under constant illumination, with a fixed potential of 0.15 V, 0.1 mM of AA as a mediator, and 0.1 M
PBS (pH 7.0) as an electrolyte. This decline of the photoresponse with increasing concentration of PCT
is the result of the immuno-complex formed between the PCT antibody–antigen at the CuWO4@rGO
interface. In this case, the difference of photocurrent recorded before and after incubating the electrode
with a specific concentration of PCT was taken as the primary signal. Figure 6b shows the corresponding
calibration for the Ab1/CuWO4@rGO/GCE against the log concentration of PCT in the concentration
range of 50 ng·mL−1 to 10 pg·mL−1. The detection limit of the devised PEC sensor was estimated to be
0.15 pg·mL−1 of PCT (3x S/N). The selectivity of the designed immunosensing platform was evaluated
against different biomarkers including prostate-specific antigen (PSA), carcinoembryonic antigen
(CEA), and neuron-specific enolase (NSA). The measurements were carried using the same conditions
as mentioned in Section 2.2. The negligible current variation in the presence of interferents supports
the robust immunoreactivity of the devised sensor towards the PCT antigen. The photo-response of
six independently fabricated electrodes was also measured to evaluate signal reliability of the sensor.
Figure 6d shows the normalized response Ab1/CuWO4@rGO/GCE against standard 10 ng·mL−1 of PCT,
with 0.1 mM AA, in a 0.1 M PBS electrolyte. As expected, a negligible current variation was observed,
which anticipates high signal reliability each time a new CuWO4@rGO/GCE is fabricated. The shelf-life
of the devised sensor was evaluated for a period of seven days with measurements recorded at an
interval of one day (Figure S1c). As evident, the photocurrent response of Ab1/CuWO4@rGO/GCE
during the storage period does not change significantly, justifying the sensor’s capability to endure
a longer service life. The practical workability of the designed PEC biosensor was evaluated by
sensing PEC biomarkers from simulated blood plasma. The simulated blood plasma (SBP) comprised
of human albumin solution, immunoglobulins, and fibrinogen maintained at their typical human
blood plasma levels. The SBP was spiked with 5, 15, 20, and 25 ng·mL−1 of PCT and applied to
ab1/CuWO4@rGO/GCE for detection. Figure S1d compares the obtained values with those determined
using the ELISA technique. The close proximity between the measured values evidently supports
the capability of the designed sensor to selectivity detect PCT without any effect from the complex
biological medium, ensuring its workability in real-blood applications. Table 1 compares the analytical
capability of the devised sensors with other electrochemical driven sensors previously reported for the
quantification of PCT. As evident, the designed sensors offers competitive performance with additional
merit of sophisticated integration within portable PEC devices, designed particularly for point-of-care
clinical applications.

Table 1. Comparison of devised sensors with previously reported electrochemical sensors designed for
the quantification of procalcitonin (PCT).

Materials Limit of Detection
(LOD) (pg·mL−1)

Linear Range Reference

Au@Ag heterojunction with CeO2-CuO 0.17 0.5 pg·mL−1 to 50 ng·mL−1 [25]

SWCNHs–HPtNPs/PAMAM hybrids 1.74 10 pg·mL−1 to 20 ng·mL−1 [26]

SWCNHs/ HPtCs hybrid 0.43 1.00 pg·mL−1 to 20 ng·mL−1 [27]

layer coated GC/ MWCNTs/CS/GA hybrid 0.5 0.01 to 350 ng·mL−1 [5]

PTC-DEPA/KCC-1 NCs 0.017 0.05 pg mL−1 to 10 ng mL−1 [1]

CuWO4@rGO 0.15 10 pg·mL−1 to 50 ng·mL−1 This work

SWCNHs, single-walled carbon nanohorns; HPTCs, hollow Pt chains; PAMAM, Poly(amidoamine); GC,
graphene; MWCNT, multi-walled carbon nanotubes; CS, chitosan; GA, glutaraldehyde; rGO, reduced graphene
oxide; PTC-DEPA/KCC-1, perylene-3,4,9,10-tetracarboxylic acid-N,N-Diisopropylethylenediamine/mesoporous
fibrous silica.
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Figure 6. (a) Photo-current responses of Ab1/CuWO4@rGO/GCE against the different concentration of
PCT in the range of 50 ng·mL−1 to 10 pg·mL−1; (b) the corresponding inhibition calibration plot; (c)
the immunoreactivity of CuWO4@rGO towards PCT in the presence of different biomarkers; (d) the
measured signal reproducibility for six similarly fabricated CuWO4@rGO electrodes against 10 ng·mL−1

of PCT, with 0.1 mM AA, in 0.1 M phosphate-buffered saline (PBS) electrolyte. PSA, prostate-specific
antigen; CEA, carcinoembryonic antigen; NSA, neuron-specific enolase (NSA).

4. Conclusions

In this study, we describe a sensitive PEC platform devised for the detection of PCT clinical
biomarkers. The platform comprises of highly photo-active CuWO4, grown in situ over conductive
rGO layers. The CuWO4 with its template-based in situ growth approach adopts the morphology of
3D nanospheres, which are composed of tiny self-assembled nano-boulders with the size range of
2–5 nm. The in situ growth enables excellent interfacial contact between CuWO4 and rGO, allowing
the construction of highly photoactive platform sensitive towards PCT biomolecules. The designed
PEC sensor signal relies on the EC-mechanism, where signal inhibition observed for the photo-catalytic
oxidation of AA, subsequent to the protein-antibody interaction, was taken as the primary PEC response.
This strategy enabled sensitive inhibition signal linearity in the concentration range of 10 pg·mL−1 to
50 ng·mL−1 with a limit of detection of 0.15 pg.mL−1 for the PCT biomarker. Moreover, the devised
platform, when tested in simulated blood plasma (SBP), demonstrated excellent reliability, anticipating
its future potential in practical clinical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/1/148/
s1, Figure S1: In situ growth of CuWO4 nanospheres over graphene oxide for photoelectrochemical (PEC)
immunosensing of clinical biomarker.

Author Contributions: Conceptualization, R.A.S.; methodology, N.H.K.; software, M.T.; investigation, Z.A.
and R.A.S.; writing—original draft preparation, R.A.S.; writing—review and editing, S.K.; visualization, A.K.;
supervision, M.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

http://www.mdpi.com/1424-8220/20/1/148/s1
http://www.mdpi.com/1424-8220/20/1/148/s1


Sensors 2020, 20, 148 9 of 10

Acknowledgments: This work was supported by the National Natural Science Foundation of China (NSFC,
51572011 and 51802012).

Conflicts of Interest: The authors declare that there is no conflict of interest.

References

1. Chen, P.; Qiao, X.; Liu, J.; Xia, F.; Tian, D.; Zhou, C. A dual-signals response electrochemiluminescence
immunosensor based on PTC-DEPA/KCC-1 NCs for detection of procalcitonin. Sens. Actuators B Chem. 2018,
267, 525–532. [CrossRef]

2. Jimeno, A.; García-Velasco, A.; del Val, O.; González-Billalabeitia, E.; Hernando, S.; Hernández, R.;
Sánchez-Muñoz, A.; López-Martín, A.; Durán, I.; Robles, L. Assessment of procalcitonin as a diagnostic
and prognostic marker in patients with solid tumors and febrile neutropenia. Cancer 2004, 100, 2462–2469.
[CrossRef]

3. Kaur, K.; Mahajan, R.; Tanwar, A. A novel marker procalcitonin may help stem the antibiotic overuse in
emergency setting. Int. J. Appl. Basic Med. Res. 2013, 3, 77. [CrossRef] [PubMed]

4. Fang, Y.; Hu, Q.; Yu, X.; Wang, L. Ultrasensitive electrochemical immunosensor for procalcitonin with signal
enhancement based on zinc nanoparticles functionalized ordered mesoporous carbon-silica nanocomposites.
Sens. Actuators B Chem. 2018, 258, 238–245. [CrossRef]

5. Fang, Y.S.; Wang, H.Y.; Wang, L.S.; Wang, J.F. Electrochemical immunoassay for procalcitonin antigen
detection based on signal amplification strategy of multiple nanocomposites. Biosens. Bioelectron. 2014, 51,
310–316. [CrossRef] [PubMed]

6. Zang, Y.; Lei, J.; Ju, H. Principles and applications of photoelectrochemical sensing strategies based on
biofunctionalized nanostructures. Biosens. Bioelectron. 2017, 96, 8–16. [CrossRef]

7. Soomro, R.A.; Hallam, K.R.; Ibupoto, Z.H.; Tahira, A.; Sherazi, S.T.H.; Memon, S.S.; Willander, M. Amino
acid assisted growth of CuO nanostructures and their potential application in electrochemical sensing of
organophosphate pesticide. Electrochim. Acta 2016, 190, 972–979. [CrossRef]

8. Zhang, T.; Xing, B.; Han, Q.; Lei, Y.; Wu, D.; Ren, X.; Wei, Q. Electrochemical immunosensor for ochratoxin
A detection based on Au octahedron plasmonic colloidosomes. Anal. Chim. Acta 2018, 1032, 114–121.
[CrossRef]

9. Zhang, T.; Ma, N.; Ali, A.; Wei, Q.; Wu, D.; Ren, X. Electrochemical ultrasensitive detection of cardiac
troponin I using covalent organic frameworks for signal amplification. Biosens. Bioelectron. 2018, 119, 176–181.
[CrossRef]

10. Yang, Z.H.; Zhuo, Y.; Yuan, R.; Chai, Y.Q. An amplified electrochemical immunosensor based on in
situ-produced 1-naphthol as electroactive substance and graphene oxide and Pt nanoparticles functionalized
CeO2 nanocomposites as signal enhancer. Biosens. Bioelectron. 2015, 69, 321–327. [CrossRef]

11. Li, Y.; Zhang, Y.; Li, F.; Feng, J.; Li, M.; Chen, L.; Dong, Y. Ultrasensitive electrochemical immunosensor
for quantitative detection of SCCA using Co3O4@ CeO2-Au@ Pt nanocomposite as enzyme-mimetic labels.
Biosens. Bioelectron. 2017, 92, 33–39. [CrossRef] [PubMed]

12. Köszegi, T. Immunoluminometric detection of human procalcitonin. J. Biochem. Biophys. Methods 2002, 53,
157–164. [CrossRef]

13. Kremmer, E.; Meyer, K.; Grässer, F.A.; Flatley, A.; Kösters, M.; Luppa, P.B.; Krämer, P.M. A new strategy for
the development of monoclonal antibodies for the determination of human procalcitonin in serum samples.
Anal. Bioanal. Chem. 2012, 402, 989–995. [CrossRef] [PubMed]

14. Ren, X.; Zhang, T.; Wu, D.; Yan, T.; Pang, X.; Du, B.; Lou, W.; Wei, Q. Increased electrocatalyzed performance
through high content potassium doped graphene matrix and aptamer tri infinite amplification labels strategy:
Highly sensitive for matrix metalloproteinases-2 detection. Biosens. Bioelectron. 2017, 94, 694–700. [CrossRef]
[PubMed]

15. Soomro, R.A.; Kalwar, N.H.; Avci, A.; Pehlivan, E.; Hallam, K.R.; Willander, M. In-situ growth of NiWO4

saw-blade-like nanostructures and their application in photo-electrochemical (PEC) immunosensor systems
designed for the detection of neuron-specific enolase. Biosens. Bioelectron. 2019, 141, 111331. [CrossRef]
[PubMed]

16. Soomro, R.A.; Sherazi, S.H.; Memon, N.; Shah, M.; Kalwar, N.; Hallam, K.R.; Shah, A. Synthesis of air stable
copper nanoparticles and their use in catalysis. Adv. Mater. Lett. 2014, 5, 191–198. [CrossRef]

http://dx.doi.org/10.1016/j.snb.2018.04.061
http://dx.doi.org/10.1002/cncr.20275
http://dx.doi.org/10.4103/2229-516X.117051
http://www.ncbi.nlm.nih.gov/pubmed/24083140
http://dx.doi.org/10.1016/j.snb.2017.11.062
http://dx.doi.org/10.1016/j.bios.2013.07.035
http://www.ncbi.nlm.nih.gov/pubmed/23978454
http://dx.doi.org/10.1016/j.bios.2017.04.030
http://dx.doi.org/10.1016/j.electacta.2015.12.165
http://dx.doi.org/10.1016/j.aca.2018.05.035
http://dx.doi.org/10.1016/j.bios.2018.08.020
http://dx.doi.org/10.1016/j.bios.2015.01.035
http://dx.doi.org/10.1016/j.bios.2017.01.065
http://www.ncbi.nlm.nih.gov/pubmed/28182976
http://dx.doi.org/10.1016/S0165-022X(02)00104-5
http://dx.doi.org/10.1007/s00216-011-5475-4
http://www.ncbi.nlm.nih.gov/pubmed/22006244
http://dx.doi.org/10.1016/j.bios.2017.03.064
http://www.ncbi.nlm.nih.gov/pubmed/28390321
http://dx.doi.org/10.1016/j.bios.2019.111331
http://www.ncbi.nlm.nih.gov/pubmed/31233985
http://dx.doi.org/10.5185/amlett.2013.8541


Sensors 2020, 20, 148 10 of 10

17. Soomro, R.A.; Ibupoto, Z.H.; Abro, M.I.; Willander, M. Electrochemical sensing of glucose based on novel
hedgehog-like NiO nanostructures. Sens. Actuators B Chem. 2015, 209, 966–974. [CrossRef]

18. Soomro, R.A.; Nafady, A.; Ibupoto, Z.H.; Sherazi, S.T.H.; Willander, M.; Abro, M.I. Development of sensitive
non-enzymatic glucose sensor using complex nanostructures of cobalt oxide. Mater. Sci. Semicond. Proc.
2015, 34, 373–381. [CrossRef]

19. Abbas, M.W.; Soomro, R.A.; Kalwar, N.H.; Zahoor, M.; Avci, A.; Pehlivan, E.; Hallam, K.R.; Willander, M.
Carbon quantum dot coated Fe3O4 hybrid composites for sensitive electrochemical detection of uric acid.
Microchem. J. 2019, 146, 517–524. [CrossRef]

20. Shakeel, M.; Zhang, X.; Yasin, G.; Arif, M.; Abbas, Z.; Zaman, U.; Li, B. Fabrication of Amorphous
BiOCl/TiO2-C3N4 Heterostructure for Efficient Water Oxidation. ChemistrySelect 2019, 4, 8277–8282.
[CrossRef]

21. Hou, L.; Zhou, B.; Li, Y.; La, M. Progress in the Photoelectrochemical Biosensors for the Detection of
MicroRNAs: A Review. Int. J. Electrochem. Sci. 2019, 14, 4453–4468. [CrossRef]

22. Wu, Z.; Zhao, Z.; Cheung, G.; Doughty, R.M.; Ballestas-Barrientos, A.R.; Hirmez, B.; Han, R.; Maschmeyer, T.;
Osterloh, F.E. Role of surface states in photocatalytic oxygen evolution with CuWO4 Particles. J. Electrochem.
Soc. 2019, 166, 3014–3019. [CrossRef]

23. Ruiz-Fuertes, J.; Errandonea, D.; Segura, A.; Manjón, F.; Zhu, Z.; Tu, C. Growth, characterization, and
high-pressure optical studies of CuWO4. High Press. Res. 2008, 28, 565–570. [CrossRef]

24. Thiruppathi, M.; Kumar, J.V.; Vahini, M.; Ramalingan, C.; Nagarajan, E. A study on divergent functional
properties of sphere-like CuWO4 anchored on 2D graphene oxide sheets towards the photocatalysis of
ciprofloxacin and electrocatalysis of methanol. J. Mater. Sci. Mater. Electron. 2019, 30, 1–11. [CrossRef]

25. Zhang, T.; Ren, X.; Fan, D.; Kuang, X.; Wang, H.; Wu, D.; Wei, Q. Electrochemical procalcitonin immunoassay
based on Au@Ag heterojunction nanorods as labels and CeO2-CuO nanorods as enhancer. Sens. Actuators B Chem.
2019, 297, 126800. [CrossRef]

26. Liu, F.; Xiang, G.; Chen, X.; Luo, F.; Jiang, D.; Huang, S.; Li, Y.; Pu, X. A novel strategy of procalcitonin
detection based on multi-nanomaterials of single-walled carbon nanohorns–hollow Pt nanospheres/PAMAM
as signal tags. RSC Adv. 2014, 4, 13934–13940. [CrossRef]

27. Liu, F.; Xiang, G.; Yuan, R.; Chen, X.; Luo, F.; Jiang, D.; Huang, S.; Li, Y.; Pu, X. Procalcitonin sensitive detection
based on graphene–gold nanocomposite film sensor platform and single-walled carbon nanohorns/hollow
Pt chains complex as signal tags. Biosens. Bioelectron. 2014, 60, 210–217. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.snb.2014.12.050
http://dx.doi.org/10.1016/j.mssp.2015.02.055
http://dx.doi.org/10.1016/j.microc.2019.01.034
http://dx.doi.org/10.1002/slct.201901703
http://dx.doi.org/10.20964/2019.05.33
http://dx.doi.org/10.1149/2.0021905jes
http://dx.doi.org/10.1080/08957950802446643
http://dx.doi.org/10.1007/s10854-019-01353-6
http://dx.doi.org/10.1016/j.snb.2019.126800
http://dx.doi.org/10.1039/c4ra00169a
http://dx.doi.org/10.1016/j.bios.2014.03.071
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	In Situ Growth of CuWO4 Nanospheres over Graphene Oxide (rGO) 
	Developing a PEC Immunosensing Platform 
	PCT Detection from Simulated Blood Plasma 

	Results and Discussions 
	Characterization of CuWO4@rGO Hybrid 
	Photoelectrochemical Performance of CuWO4@rGO Hybrids 

	Conclusions 
	References

