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ARTICLE INFO ABSTRACT

An ultrasensitive label-free electrochemical immunosensor using MoS,/NiCo heterostructures as an efficient
signal enhancer was proposed for sensitive detection of procalcitonin. The MoS,/NiCo heterostructures were
synthesized by thermally depositing MoS, on NiCo MOFs nanocubes, which were then functionalized with in situ
grown palladium nanoparticles (Pd NPs) for electrochemically catalyze the reduction of hydrogen peroxide. The
presence of MoS,/NiCo heterostructures greatly enhanced the electrocatalytic activity of Pd NPs, thus the Pd
NPs@MoS,/NiCo modified electrode showed amplified response to hydrogen peroxide. The large specific sur-
face of Pd NPs@MoS,/NiCo greatly improved the loading of antibody for preparation of immunosensor. Upon
the incubation of the immunosensor with target procalcitonin, the electron transfer impendence increased, and
thus the chronoamperometric response decreased, leading to a highly sensitive immunosensing method for
detection of procalcitonin. The proposed method showed a linear range of 0.001-50 ng/mL with a detection
limit of 0.36 pg/mL (S/N = 3). It possessed excellent accuracy and good practicality for diagnostics of PCT
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related diseases, and could be extended for development of other immunosensors for biomarkers detection.

1. Introduction

Sepsis refers to a systemic inflammatory response syndrome caused
by maladjusted responses to infection [1,2], which has become the
dominant reason of mortality for those seriously diseases [3]. Pro-
calcitonin (PCT), the peptide precursor of the hormones [4], is a key
biomarker in the diagnosis and detection of bacterial inflammation,
which can reduce the misuse of antibiotic in serious patients [5].
Nowadays, with the rapid development of analytical and detection
technologies, numerous efforts have been dedicated to the detection of
PCT, including enzyme-linked immunosorbent assay (ELISA) [6], time-
resolved digital immunoassay [7], microfluidic technology [8] and
electrochemical biosensors [9]. Among these methods, electrochemical
immunosensors based on distinctive antigen-antibody interaction [10]
have received remarkable attention due to its low sample consumption,
short analysis time and high sensitivity [11]. Considering that the
sensitive detection of PCT in human serum is still a significant subject,

effective efforts are still urgently demanded to be devoted into fabri-
cating a highly efficient label-free electrochemical immunosensor for
PCT detection with high sensitivity.

Metal-organic frameworks (MOFs), as emerging porous organic-in-
organic hybrids, have drawn considerable attention with widespread
applications in catalysis, drug delivery [12] and chemical sensors [13].
Typically, different functions of MOFs can be achieved through the
incorporation of Fe, Co and Ni-based transition metal salts. Further-
more, MOFs are often utilized as precursors or templates for the
synthesis of carbon-based materials, sulfides and phosphides due to
their unique structural and electrochemical properties [14,15]. In view
of the integrity crystal structures, uniform cubic morphologies, low
agglomeration and high surface area of NiCo MOFs, this work prepared
the molybdenum disulfide (MoS,)/NiCo heterostructures to enhance
the catalytic activity of palladium nanoparticles (Pd NPs) toward the
reduction of hydrogen peroxide (H,O,) for the construction of highly
sensitive immunosensors.
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MoS, with excellent electronic properties and unique structures has
been extensively studied in electrochemical filed as the typical re-
presentative of transition metal dichalcogenides [16,17]. The similarity
between the sulfur edge of the MoS, structure and Pt-group catalysts in
the free energy of atomic hydrogen bonding makes MoS, an ideal
candidate for the Pt-group catalysts synthesis [18]. Furthermore, MoS,
nanosheets exhibit high catalytic capacity toward H,O, reduction [19].
Previous work demonstrated that the exchange current density of MoS,
can be increased by incorporating transition metal atoms [20]. Crys-
talline analysis of MoS, nanosheets and cubic NiCo MOFs demonstrated
the well-matched lattice spacing between the (220) lattice of NiCo
MOFs and (104) lattice of MoS, [21,22], which might be beneficial to
the fabrication of MoS,/NiCo heterostructures [23]. Moreover, MoS,/
NiCo heterostructures possess large specific surface to facilitate the
provision of more active sites. Therefore, the in situ growth of Pd NPs
on the surface of MoS,/NiCo heterostructures can not only enhance the
catalytic performance, but also bind tightly antibody via strong Pd-N
interaction.

Here, the designed Pd NPs@MoS,/NiCo heterostructures efficiently
increased the surface area for loading of antibody, and showed strong
electrocatalytic ability for the reduction of H;O,, which remarkably
improved the sensitivity of the immunosensor for detection of the an-
tibody-related target. Using PCT as the target analyte, the developed
amperometric immunoassay method exhibited good linearity over the
PCT concentration from 0.001 to 50 ng/mL with a detection limit of
0.36 pg/mL (S/N = 3). The excellent performance of the immunosensor
for sample detection and its simple preparation indicated its potential
application in diagnostics of PCT related diseases. The proposed im-
munosensing strategy could be extended to the development of other
immunosensors for biomarkers detection.

2. Experimental section
2.1. Materials and apparatus

PCT antibody and antigen were purchased from GenScript Biotech
Corporation (Nanjing, China). Bovine serum albumin (BSA, 96-99 %)
was gotten from Sigma reagent Co., Ltd. (St. Louis, MO, USA). All
electrochemical tests were carried on CHI760E electrochemical work-
station (Shanghai Chenhua Instrument Co., Ltd. China) conducted by a
conventional three-electrode system with a modified glassy carbon
electrode (GCE) as working, a saturated calomel electrode (SCE) as
reference and a platinum electrode as counter electrodes. The details of
other materials and apparatus were provided in Supplementary
Material (SM).

2.2. Synthesis of Pd NPs@MoS,/NiCo heterostructures

The preparation of Pd NPs@MoS,/NiCo heterostructures was shown
in Scheme 1A. Uniform NiCo MOFs nanocubes were firstly prepared by
mixing 20 mL solution containing 0.174 g Ni(NO3),6H,0 and 0.263 g
Ce¢HsNaz0,-2H,0 in 20 mL solution of 6.65 mg/mL K3[Co(CN)e] under
stirring for 5 min [24]. After the mixture was aged in the dark for 21 h,
the product was filtered, washed with water and alcohol and dried at
70 °C overnight to obtain NiCo MOFs nanocubes. The MoS,/NiCo het-
erostructures were then synthesized according to the former work [24]
with a little modification. 10 mg of (NH4)>MoS,; and 30 mg of NiCo
MOFs nanocubes were resolved in 30 mL of DMF under ultrasonication
for 25 min. The DMF solution was transferred into a 50 mL Teflon-lined
stainless steel autoclave to heat at 210 °C for 20 h. After cooled down,
the mixture was centrifuged at 9000 rmp for 6 min to obtain the pre-
cipitation, which was washed with ethanol and water for five times and
then dried at 70 °C overnight. MoS, was also synthesized as control in
the same procedure in the absence of NiCo MOFs nanocubes.
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Scheme 1. (A) Illustration of the fabrication of Pd NPs@MoS,/NiCo hetero-
structures and (B) the preparation of immunosensor as well as chron-
oamperometric detection of PCT.

2.0mg of MoS,/NiCo heterostructures was dispersed in 8 mL of
aqueous solution containing 0.146 g of CTAB under ultrasonication.
After centrifuged at 9000 rmp for 8 min and washed with water to re-
move extra CTAB, the heterostructures were redispersed in 10 mL of
water, and mixed with 10 mL of H,PdCl, with ultrasonication. 0.176 g
of AA was then quickly added in the mixture to shake for 35 min. After
the reaction mixture was put in dark for 6 h, the precipitation was fil-
tered, washed with water and alcohol several times, and dried at 70 °C
to obtain Pd NPs@MoS,/NiCo heterostructures. Palladium nano-
particles functionalized NiCo MOFs (Pd NPs@NiCo) and palladium
nanoparticles functionalized MoS, (Pd NPs@MoS,) were also synthe-
sized in the same procedure without the existence of MoS, or NiCo
MOFs.

2.3. Construction of the immunosensor

The label-free sensing platform was prepared with stepwise as-
sembly as shown in Scheme 1B. First of all, the bare GCE was polished
with aluminum oxide powder and washed with water. The solution of
Pd NPs@MoS,/NiCo heterostructures (2.0 mg/mL, 6.0 uL) was then
dropped onto the electrode and dried at room temperature. Next,
chitosan solution (0.1 wt%, 4.0 uL) was added on the surface to im-
mobilize the heterostructures on electrode. After drying, PCT antibody
(10 ug/mL, 6.0 uL) was incubated on the GCE at 4°C for 1h. After-
wards, BSA (1 wt%, 3.0 uL) was added on the surface to block the
nonspecific binding sites. The obtained immunosensor was stored at
4 °C for the following experiments.

2.4. Electrochemical measurements

The steady chronoamperometric response i, of the immunosensor
was firstly measured in PBS (0.07 mol/L, pH 7.38) at -0.1 V upon ad-
dition of 5.0 mmol/L H50,. After 6.0 pL of PCT sample was dropped on
immunosensor to incubate for 1 h, the chronoamperometric response i
was recorded in PBS (0.07 mol/L, pH 7.38) at -0.1 V upon addition of
5.0 mmol/L H,0, after the background current reached steady.

3. Results and discussion
3.1. Characterization of structure and morphology
Scanning electron microscope (SEM), transmission electron mi-

croscope (TEM) and X-ray diffraction (XRD) are powerful tools to
prove the heterostructures. The obtained NiCo MOFs showed a shape
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Fig. 1. (A) SEM and (B) TEM images of NiCo MOFs. SEM images of (C) MoS,/NiCo and (D) Pd NPs@MoS,/NiCo. (E) TEM image of Pd NPs@MoS,/NiCo. (F) HRTEM

image of MoS,/NiCo.

of nanocube (Fig. 1A) with a size about 250 nm (Fig. 1B). After the
MoS, nanosheets were thermally grown on NiCo MOFs, the product
maintained the cubic structure and the size increased to about 260 nm
(Fig. 1C). Furthermore, the surface of NiCo MOFs exhibited the ul-
trathin MoS, nanosheets, which led to obvious surface defects made
the surface more rough. The reduction deposition of Pd NPs on the
surface of MoS,/NiCo heterostructures further increased the size to
270 nm (Fig. 1D), which showed the presence of Pd NPs on the cubic
heterostructures (Fig. 1E). The MoS,/NiCo heterostructures demon-
strated the 0.235nm lattice spacing of NiCo MOFs (220) and
0.212 nm lattice spacing of the MoS, (104) (Fig. 1F), indicating the
well-matched lattice. Similarly, the element composition of the Pd
NPs@MoS,/NiCo heterostructures was confirmed by elemental
mapping (Fig. S1), which indicated the even distribution of the Mo, S,
Pd, Ni and Co elements and adequately demonstrated the formation
of Pd NPs@MoS,/NiCo heterostructures.

As control, Pd NPs@NiCo and Pd NPs@MoS, were also synthesized.
Their SEM images shown the attachment of Pd NPs on the surface of
NiCo MOFs and MoS, upon the in situ growth at room temperature (Fig.
S2). The XRD patterns of NiCo MOFs and MoS,/NiCo further verified
their crystal structures (Fig. S3). The XRD spectrum of NiCo MOFs
matched well with pure cubic Niz[Co(CN)¢l, (JCPDS no. 89-3738),
while the peaks of MoS,/NiCo located between the diffraction peaks of
MoS, (JCPDS no. 17-0744) and cubic Niz[Co(CN)g]>.

In order to demonstrate the high specific surface of MoS,/NiCo
heterostructures, the nitrogen absorption-desorption isotherm was
measured (Fig. 2A), which showed a calculated specific surface area of
approximate 57.08 m?/g. The relatively large specific surface area in-
creased the active sites and provided favorable conditions for the
loading of antibody.

The X-ray photoelectron spectroscopy (XPS) can provide further
information about the surface composition and chemical bonding
state. The presence of charge increased the binding energy, so the

whole spectrum was corrected by C 1s binding energy (284.5 eV). The
XPS survey spectrum of MoS,/NiCo heterostructures demonstrated
the high-resolution spectrum of Ni, Co, Mo and S elements (Fig. 2B).
In the high resolution of Ni 2p spectrum (Fig. 2C), the fitting peaks at
856.1 eV and 873.7 eV were corresponding to Ni 2p3,» and Ni 2p; /5
spin orbits, respectively. Moreover, the other two peaks at 862.3 eV
and 879.8 eV were regarded as shake-up satellites of Ni 2p3,» and Ni
2p1 2 [25], respectively. These results confirmed that nickel ions were
mainly existed in the form of Ni** in the heterostructures. In the
high-resolution XPS of Co 2p, four peaks ranging from 771.3 eV to
812.3 eV were observed (Fig. 2D). The peaks at 781.5eV and 797.1 eV
were assigned to Co 2p3,5 and Co 2p; », while the other two peaks at
786.5eV and 803.5eV belonged to shake-up satellites. The Mo 3d
spectra revealed a mixture of Mo oxidation states (Fig. 2E). The
binding energy at 235.2 eV could be related to Mo"" 3ds,,, demon-
strating the existence of amorphous MoS; [26]. The MoV 3ds,, and
MoV 3ds,, at 232.2eV and 229.3 eV with the separation energy ap-
proach to 2.9 eV resulted from Mo®* ions [27]. The fitting peaks at
231.8eV and 228.6 eV pointed to Mo" 3ds,, and Mo" 3ds,, spin
orbits. Deserved to mentioned, the peak at 226.9eV indexed as
bridging disulfides (S527) [28]. The parameters of S,2~ were thor-
oughly proved in the S 2p spectra (Fig. 2F). The single doublet at
161.8 eV proved that the S element existed as apical S~ and the peak
at 162.8 eV should be attributed to the S 2p;,, orbitals [29]. The
spectra became broaden at high binding energies, which could be
ascribed to the formation of a small amount of NiS during the reaction
progress, and NiS had conductivity at room temperature [30]. Fur-
thermore, a significant peak at 168.4 eV could be on account of the
oxidation reaction of metal sulfide on the surface [31]. In conclusion,
the morphologic structures observed in SEM, TEM and XRD mea-
surements and the surface compositions and binding energies sug-
gested that the Pd NPs@MoS,/NiCo heterostructures were well syn-
thesized.
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Fig. 2. (A) Nitrogen absorption-desorption isotherm of MoS,/NiCo. (B) XPS survey spectrum of MoS,/NiCo. High resolution spectra of (C) Ni 2p, (D) Co 2p, (E) Mo

3d and (F) S 2p.

3.2. Amplified amperometric response of the modified electrodes

Electrochemical characteristics of Pd NPs@MoS,/NiCo hetero-
structures were performed with chronoamperometry and cyclic vol-
tammetry (CV). As control, NiCo MOFs nanocubes, MoS,/NiCo het-
erostructures, Pd NPs@NiCo, Pd NPs@MoS, and Pd NPs@MoS,/NiCo
heterostructures with the same amount (2.0 mg/mL, 6.0uL) were
coated on bare GCEs, respectively. The chronoamperometric curves
were firstly recorded at the applied potential of -0.1 V in PBS (0.07 mol/
L, pH 7.38) upon three additions of 0.015 mol/L H,0, after the back-
ground reached steady. As shown in Fig. 3A, the response of NiCo MOFs
modified GCE was almost zero (curve a), suggesting that NiCo MOFs
could not catalyze the H,0, reduction. However, the MoS,/NiCo het-
erostructures and Pd NPs@NiCo modified GCEs showed weak current
response upon three addition of 0.015 mol/L H,O, (curves b and c),
indicating their catalytic activity towards H,O, reduction. Compared
with Pd NPs@MoS, modified GCE, their catalytic activity were much
weaker, and Pd NPs@MoS, modified GCE showed obviously enhanced
amperometric response (curve d), indicating the synergy of Pd NPs and
MoS, nanosheets toward the electrocatalytic reduction of H,O,. Inter-
estingly, the response of Pd NPs@MoS,/NiCo heterostructures modified

electrode to H,O, further increased (curve e), indicating the out-
standing catalytic activity of Pd NPs@MoS,/NiCo, which could be at-
tributed to the large specific surface area of MoS,/NiCo hetero-
structures for providing more active sites and the synergistic effects
between various metal sulfide phases (NiS,, CoS,, NiMoS,and CoMoS)
and MoS, [32-34]. The amplified amperometric response demonstrated
the feasibility to use the designed nanomaterial for preparation of
highly sensitive immunosensors.

According to the previous reports [35,36], the electrocatalytic re-
duction mechanism of H,O, at Pd NPs@MoS,/NiCo heterostructures
modified electrode could be summarized as follows:

H,0, + e~ — OH,q + OH™ @
OH,q + e~ — OH™ @)
20H” + 2H* — 2H,0 ()]

Here, the adsorption of OH;q on the surface active sites of the
synthesized heterostructures played an important role in the reduction
progress. Thus the CV curve of Pd NPs@MoS,/NiCo modified electrode
in PBS solution (0.07 mol/L, pH 7.38) containing 5.0 mmol/L H50,
showed good response (Fig. 3B).
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3.3. Characterization of the immunosensor

A.C. impedance was used to evaluate the change of electron transfer
rate during preparation of electrochemical immunosensors [37]. The
Nyquist plot contains two parts: the linear portion at low frequencies is
related to the diffusion-controlled electrochemical behavior, while the
semicircle portion at high frequencies reflects the electron transfer rate
or electron transfer resistance (Re) [38]. The experiments were per-
formed in 0.10 mol/L KCl solution containing 5.0 mmol/L [Fe(CN)g1® ™/
4~, and the frequency range was 10" Hz - 10° Hz. As shown in Fig. 3C,
the bare GCE exhibited a small R, (curve a). After Pd NPs@MoS,/NiCo
was coated on GCE, the Nyquist plot appeared an almost straight line
(curve b), revealing that Pd NPs@MoS,/NiCo owned great electron
transfer ability. After anti-PCT antibody (Ab), BSA and PCT were as-
sembled on the Pd NPs@MoS,/NiCo modified GCE in sequence, the
resistance increased gradually (curves c—e), which were caused by the
nonconductive properties of biomolecule as the blocking layer. The
cyclic voltammograms in 0.10 mol/L KCl solution containing 5.0 mmol/
L [Fe(CN)¢]®~ shown similar results (Fig. 3D). The redox peaks at Pd
NPs@MoS,/NiCo heterostructures modified electrode showed the
maximum values. These phenomenon confirmed the successful con-
struction of immunosensor for PCT.

3.4. Optimization of experimental conditions

The effects of pH value of PBS for electrochemical detection and
concentration of Pd NPs@MoS,/NiCo heterostructures used for im-
munosensor preparation on amperometric response were examined to
obtain the optimal conditions. The pH value mainly affected the cata-
lytic properties towards H,O, reduction and altered the activity of
proteins. The maximum response of the proposed immunosensor oc-
curred at pH 7.38 (Fig. S4A), which was chosen for the whole experi-
ments.

The amount of Pd NPs@MoS,/NiCo heterostructures coated on
electrode surface affected both the immobilization of Ab and the elec-
trocatalytic process towards H,O5 reduction. With the increasing con-
centration of Pd NPs@MoS,/NiCo heterostructures, the response of the
immunosensor to PCT increased and then decreased at 2.0 mg/mL (Fig.
S4B). The decreased response could be attributed to the hindered
electron transfer due to the increasing film thickness. Therefore, 6.0 pL
of 2.0 mg/mL of Pd NPs@MoS,/NiCo heterostructures was chosen for
immunosensor preparation.

3.5. Performance of the proposed immunosensor

The proposed label-free immunosensor was applied to detect PCT
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concentration through chronoamperometry. With the increasing PCT
concentration from O to 100 ng/mL (where 0 ng/mL was a blank), the
chronoamperometric response of the PCT incubated immunosensor to
5.0 mmol/L H50, in 10mL PBS (0.07 mol/L, pH 7.38) decreased
(Fig. 4A). This was because more PCT were bound to immunosensor
surface to increase both the electron transfer resistance and the steric
resistance for access of H,O-. The plot of the signal change Ai (Ai = i, -
i) of the immunosensor vs the logarithm of PCT concentration from
0.001 to 50 ng/mL showed good linearity (Fig. 4B). The linear regres-
sion equation was Ai = -117.2 - 34.25 log ¢ (ng/mL) with a correlation
coefficient of 0.9989. The detection limit was calculated at 3 S/N to be
0.36 pg/mL. The high sensitivity of the label-free electrochemical im-
munosensor was ascribed to the amplified signal. Compared with the
reported methods for PCT, the proposed immunosensor showed wider
linear range (Table S1), which came from the large specific surface area
for loading of antibody, which provided more binding sites for re-
cognition of target PCT.

3.6. Reproducibility, selectivity and stability of the immunosensor

The reproducibility of immunosensors is one of the vital indexes for
the widespread application. Five immunosensors were prepared to test
the chronoamperometric response of 1.0 ng/mL of PCT, which showed
the relative standard deviation (RSD) of 1.69 % (Fig. 5A), indicating
that the constructed immunosensor possessed well-deserved reprodu-
cibility.

The specificity is a significant feature for immunosensor. Prostate
specific antigen (PSA), immunoglobulin G (IgG), alpha fetoprotein
(AFP) and carcinoembryonic antigen (CEA) were introduced as diverse
interfering species (50 ng/mL) and mixed with 1.0ng/mL of PCT to
examine the specificity of the constructed immnunosensor. As illu-
strated in Fig. 5B, no obvious variation was caused by these interfering
substances, and the RSD of the obtained signals was less than 5%,
showing superior specificity of the proposed immunosensor.

After the immunosensors were stored at 4°C for different days
(Fig. 5C), they were used for detecting 1.0 ng/mL PCT. The current
response maintained at 90% after 24 days, revealing that the stability
was acceptable. It speculated that the durable stability was on account
of the favorable biomolecular affinity of Pd NPs@MoS,/NiCo hetero-
structures, ensuring the stability of antibody on the electrode surface.

3.7. Real sample analysis

To prove the reliability of the immunosensor in practical applica-
tion, the recovery experiments were implemented by adding con-
tinuously PCT standard solution to human serum samples. As shown in
Table S2, the recovery rates were changed within a range of 97.9 % ~
103.6 %, and the RSD were from 1.24% to 2.27%, demonstrating that
the constructed immunosensor was adequate for the PCT detection in
serum samples.

4. Conclusion

This work designs Pd NPs@MoS,/NiCo heterostructures for con-
struction of label-free electrochemical immunosensor. The large specific
surface area of MoS,/NiCo heterostructures provides abundant active
sites for deposition of Pd NPs. The coexistence of Pd NPs and MoS,
shows effective synergy on the electrocatalytic reduction of H,O,. The
MoS,/NiCo heterostructures can act as the excellent signal enhancer for
amplified immunosensing. Using PCT as the analyte model, the anti-
PCT antibody can be conveniently adsorbed on Pd NPs@MoS,/NiCo
heterostructures modified electrode via strong Pd-N interaction. The
high loading of antibody provides more binding sites for recognition of
target PCT. The proposed immunosensor shows high sensitivity, low
detection limit, wide detection range, and remarkable reproducibility,
specificity and stability, and has been used for PCT detection in real
serum samples. This amplified immunoassay demonstrates the good
extendability of the heterostructures and the designed label-free im-
munosensing strategy for other biomarkers.
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