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A sandwich-type electrochemical immunosensor for prostate-specific antigen (PSA) detection was constructed.
In this sensing platform, palladium nanoparticles (Pd NPs) loaded electroactive amino-zeolitic imidazolate
framework-67 (Pd/NH,-ZIF-67) nanocomposite is utilized as a novel redox mediator. Pd NPs, as the labeling
signal molecule, owns good biocompatibility and excellent catalytic performance. Meanwhile, the electroactive
ZIF-67 with lamellar structures serves not only as a carrier of Pd NPs but also as a synergistic catalyst of pal-

ladium to decompose H,0,. Amperometric method is used to determine the current signal generated on the
electrode surface, which is conducive to achieve the quantitative determination of PSA. Under optimum con-
ditions, the proposed immunosensor shows a wide detection range from 100 fgmL™ to 50 ng mL™" with a low
detection limit of 0.03 pgmL™, featuring favorable selectivity, repeatability and stability. This proposed im-
munosensor is expected to be a powerful tool for realizing quantitative detection of PSA and other biomarkers in

actural sample analysis.

1. Introduction

Prostate cancer, as a kind of malignant tumor in male prostate
tissue, is one of the most common malignant tumor for male around the
world (Center et al., 2012). In recent years, the incidence rate of
prostate cancer has also shown a trend of significant increase in some
developing countries (Chen et al., 2016). Prostate-specific antigen
(PSA) is a kind of glycoprotein produced in human prostate tissue,
whose content in normal human serum is extremely low. However, the
concentration of PSA shows a rising level in the serum of prostate
cancer patients (Mahal et al., 2018). Serum PSA detection combined
digital rectal examination is the main mode presently recognized for
prostate cancer screening (Andriole et al., 2012; Schroder et al., 2009).
PSA detection in the asymptomatic male group with potential prostate
cancer risk can effectively discover the prostate cancer at an early stage
to reduce the related mortality rate and prolong the life-span of patients
(Cooperberg et al., 2018). At present, early detection of latent prostate
cancer concerned by medical profession can reduce excessive ex-
amination and treatment and other frontier problems resulted from PSA
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screening, and rely more on PSA testing means with high sensitivity and
high specificity. Therefore, it will play a crucial role in the early diag-
nosis, intervention and treatment of prostate cancer to seek PSA testing
method with high sensitivity and high specificity.

At present, there are a variety of immune analysis methods for the
detection of PSA, mainly including chemiluminescence (Qi et al.,
2014), enzyme-linked immunoassay (Lv et al., 2017), fluorescence
immunoassay (Kong et al., 2015), electrochemiluminescent im-
munoassay (Yang et al., 2017), Photoelectrochemistry immunoassay
(Pang et al., 2018), SPR Analysis (Ren et al., 2017b) and so on. Notably,
electrochemical immunoassay as a product from interdisciplinary de-
velopment of chemistry, medicine, and biology has attracted extensive
attention because of its high sensitivity, strong specificity, rapid re-
sponse, simple operation, low sample consumption, and low cost. There
have been several electrochemical immunosensors designed for the
detection of PSA. For example, Yan et al. reported an electrochemical
immunosensor based on a screen-printed electrode, which has super-
iority in facile preparation, low cost, and miniaturization for point-of-
care testing or field detection (Lin et al., 2008; Yan et al., 2012). But it
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was less than perfect in some ways of instability. Chuah et al. designed
a horseradish peroxidase (HRP)-labeled electrochemical im-
munosensor, it can amplify signals properly, still the enzyme had the
disadvantage of easy deactivation (Chuah et al., 2012; Kavosi et al.,
2015). Chen et al. proposed a label-free electrochemical immunosensor
with concise labeling processes and a higher inspection speed, but the
antigen nonspecific adsorption caused false positive events, decreasing
the accuracy and sensitivity of the assays (Chen et al., 2019a, 2019b;
Oliveira et al., 2018).

The rapid development of nanomaterials have made their roles in
the immunosensing field increasingly (Fenzl et al., 2016). The precious
metal nano materials, such as gold (Au) (Ma et al., 2017), platinum (Pt)
and palladium (Pd) (Wang et al., 2018a) have been widely used in the
field of electrochemistry owing to their excellent chemical stability,
biocompatibility and catalytic activity. In addition, because of its large
specific surface area, and uniform and adjustable pore size (Li et al.,
2012), metal organic frameworks (MOFs) materials have been con-
sidered to have great application value in adsorption (Liu et al., 2018),
storage (He et al., 2017), catalysis (Zhang et al., 2018a) and other areas
(Dietzel and Kitagawa, 2016). As a kind of special MOF materials
(Eddaoudi et al., 2015), zeolitic imidazolate frameworks (ZIFs) is si-
milar to the Si-O-Si bond angle (145°) of zeolite structure (Jiang and
Yaghi, 2015). This kind of special zeolite-like structure can make it
have both the high stability of inorganic zeolite and the high porosity of
MOFs materials (Houndonougbo et al., 2013).

In this paper, a sandwich-type electrochemical immunosensor based
on Pd/NH,-ZIF-67 nanocomposite is constructed for PSA detection.
First of all, gold nanoparticles (Au NPs) are used for modification on the
electrode surface by electrodeposition method, and then primary anti-
bodies (Ab;) was immobilized onto the electrode surface by virtue of
the Au-NH, bond formed by amino (-NH,) on Ab; and Au NPs (Ren
et al., 2017a; Zhang et al., 2018c). Secondly, Pd NPs were loaded on the
electroactive NH,-ZIF-67 as the signal biomarker by virtue of the Pd-
NH, bond. Pd/NH,-ZIF-67 nanocomposite is used as the redox probes
due to the good biocompatibility, excellent H,O, catalytic performance
of Pd NPs (Li et al., 2016) and large specific surface area of ZIF-67.
Meanwhile, the electroactive ZIF-67 serves not merely as carriers of Pd
NPs but also as synergistic catalyst of palladium to decompose H,O,
effectively. In order to enhance the signal output, ZIF-67 is prepared by
an improved synthetic step, which makes lamellar stacking structures
formed on its surface to increase the specific surface area, and to load
more Pd NPs for signal amplification. The secondary antibodies (Abs)
was connected to the signal biomarker via Pd-NH, bond. Finally, the
sandwich-type electrochemical immunosensor was created based on the
antigen-antibody specific binding reaction on the electrode surface
(Ren et al., 2018a). Compared with the published electrochemical im-
munosensors above, the key advantage of this sandwich-type electro-
chemical immunosensor is that, the response signal is amplified by
synergistic catalysis of ZIF-67 and Pd, and this signal amplification ef-
fect can provide with a relatively wide detection range and low de-
tection limit for PSA. Meanwhile, the Pd/NH,-ZIF-67 nanocomposite of
this immunosensor can effectively avoid the antigen nonspecific ad-
sorption and enzyme deactivation, mitigate the environmental impact
on the sensor performance, and improve the sensor stability.

2. Experimental
2.1. Material and reagents

Cobaltous nitrate hexahydrate (Co(NO3)>6H,0) and 2-methylimi-
dazole (H-MeIM) are obtained from Shanghai Macklin Biochemical Co.,
Ltd. Methanol (AR) and ethanol (AR) are purchased from Tianjin Fuyu
Fine Chemical Co., Ltd. Ammonia, ethylene glycol, Sodium borohydride
(NaBH,4) and Hydrogen peroxide (30wt%) are obtained from
Sinopharm Chemical Reagent Co., Ltd. Sodium tetrachloropalladate (II)
(NayPdCly), gold chloride (HAuCl,) and sodium citrate are purchased
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from Bide Pharmatech Ltd. Bovine serum albumin (BSA, 96-99%) is
obtained from Aladdin Industrial Corporation. PSA and PSA antibody
(Ab) are obtained from Shanghai Linc-Bio Science Co., Ltd (Shanghai,
China). Phosphate buffered saline (PBS) is prepared by using Na,HPO4
(1/15mol L) and KH,PO,4 (1/15molL™) solution. KzFe(CN)g/K,Fe
(CN)g (2.5mmolL™) and KNO; (0.1 molL™) solution are used as
electrolyte for electrochemical impedance spectroscopy (EIS).
Ultrapure water (18.25 MQ cm, 24 °C) is used for all of the experiments.

2.2. Apparatus

All electrochemical performance measurements are tested on a
CHI760D electrochemical workstation (Chenhua Instrument Shanghai
Co., Ltd, China). Scanning electron microscope (SEM) images and
Energy dispersive spectroscopy (EDS) spectrum are obtained using a
field emission SEM (Zeiss, Germany). The surface-areas and porosity
analyzer of the samples are obtained by Brumauer-Emmett-Teller
(BET, Micromeritics Instrument Corporation, USA). X-Ray Powder
Diffraction (XRD) is performed using a D8 advance X-ray diffractometer
(Bruker AXS, Germany) from 5° to 60°. The X-ray photoelectron spec-
troscopy (XPS) measurements are performed on an ESCALABMK II X-
ray photoelectron spectrometer using Mg as the excitation source.

2.3. Synthesis of electroactive NH,-ZIF-67 nanocrystal

The synthesized method of ZIF-67 crystal is reported by Hu et al.
(2015), and the synthetic steps are improved for preparation of elec-
troactive ZIF-67 crystal. In details, Co(NO3)>6H>0 (4.657 g, 16 mmol)
and H-MeIM (3.941 g, 48 mmol) were dissolved into 200 mL methanol
solution respectively. And Co(NOs), solution was dropwise added into
H-MeIM solution, then it was stirred continuously for 2 min to make the
solution mixed evenly. The crystalline precipitation was collected by
centrifugation (9000 r min~!, 10 min) and washed by alcohol for several
times after it was stable at room temperature for 24 h. The collected
centrifuged material was dried in the vacuum drying oven at 60 °C for
12h, and the product of ZIF-67 was obtained.

To prepare the NH,-ZIF-67 (Ren et al., 2014), 100 mg of ZIF-67 was
added to 40 mL of ethylene glycol under ultrasonication. After further
addition of 1 mL of ammonia water, the dark blue solution was trans-
ferred to a Teflon lined autoclave for solvothermal reaction at 180 °C for
10 h. After the reaction, the precipitate was collected by centrifugation
(9000 r min~!, 10 min), washed repeatedly with distilled water, and
dried at 60 °C for 24 h for further usage.

2.4. Preparation of Pd/NH5-ZIF-67

Pd NPs was synthesized by a published method (Yang et al., 2017).
First of all, 0.0736 g of Na,PdCl, (0.25mM) and 0.0735 g of sodium
citrate (0.25 mM) were dissolved in 20 mL of ultrapure water, which
was followed by adding 0.6 mL of NaBH, solution (0.01 M) under
continuous stirring. After 30s, black precipitate was obtained, which
means Pd NPs were synthesized successfully. The Pd/NH,-ZIF-67 was
prepared by a typical synthese (Wei et al., 2016). The 100 mg NH,-ZIF-
67 was dissolved in 10 mL suspension solution of Pd NPs. Next, the
mixture was ultrasoniced and stirred for another 12h. The prepared
product was washed several times with water and ethanol, and then
centrifugalized until the supernatant liquid became colorless. The pre-
pared product was put in the vacuum drying oven at 50 °C for 12 h.

2.5. Preparation of Ab,-Pd/NH-ZIF-67 marker

The process of preparing Ab,-Pd/NH,-ZIF-67 is shown in Fig. 1A.
Ab, was immobilized on Pd/NH,-ZIF-67 through the cross-linking re-
action between -NH, on Ab, and Pd NPs. Ab, dispersion solution (1 mL,
1ug mL™Y) was mixed evenly with PBS of Pd/NH,-ZIF-67 (1 mlL,
2.5mgmL™") for shock incubation at 4°C for 12h, then Ab,-Pd/NH,-
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Fig. 1. (A) The illustration of the preparation process of Ab,-Pd/NH,-ZIF-67, (B) the preparation processes of the immunosensor.

ZIF-67 was generated, which should be preserved at 4 °C for later use.

2.6. Construction of the immunosensor

The constructing process of electrodes is shown in Fig. 1B. Prior to
modified, the glassy carbon electrode (GCE) was polished to mirror face
on the polishing cloth by Al,O3; powder with diameter of 0.05 pm, then
cleaned with ultrapure water. Then the polished GCE was dipped in
HAuCl, aqueous solution (10 mg mL™) to be scanned at a constant
voltage (—0.2V) for 30s, so as to make Au NPs have electrolytic de-
position on GCE surface. Then, 6 uL. Ab; dispersed solution was dripped
on the electrode surface, and Ab; was immobilized on the electrode
surface with Au-NH; for incubation and natural drying at room tem-
perature. And then Ab,-Au/GCE was obtained. BSA/PBS (0.1 wt%)
solution was dripped on the Ab;-Au/GCE surface to seal the nonspecific
sites, and washed out the unreacted BSA with PBS. Then, 6 uL of PSA at
different concentrations was dripped onto BSA/Ab;-Au/GCE surface for
incubation and natural drying at room temperature, and gently washed
it to remove the uncombined PSA with PBS, and then got PSA/BSA/
Ab;-Au/GCE. Finally, Ab,-Pd/NH,-ZIF-67 (6 uL) was dripped on the
electrode surface for incubation 30 min at room temperature. Then the
Pd/NH,-ZIF-67 modified sandwich-type immunosensor was obtained.
Eventually, it was kept at 4 °C for later use.

2.7. Electrochemical characterization and measurement

The three-electrode system was used in the electrochemical mea-
surement, in which GCE served as the working electrode, saturated
calomel electrode (Hg/HgCl,) was the reference electrode and platinum
electrodes served as the counter electrodes. Electrochemical impedance
spectroscopy (EIS) was used to characterize the electrochemical char-
acteristics of electrodes in the process of modification. Amperometric
measurement (constant voltage — 0.4 V vs. Hg/HgCl,) was used for PSA
determination (Fig. S1), and PBS (10 mL) was used as the test matrix
solution. Under the condition of stirring, after H,O, solution (10 pL,
15 wt%) was quickly added to the matrix solution when the background
current was stable, and then recorded the current response value of
electrodes to H,0, after it was stable again.
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3. Results and discussion
3.1. Characterization of electroactive NH,-ZIF-67 and Pd/NH,-ZIF-67

Fig. 2 shows the XRD, SEM and BET characterizations of electro-
active NH,-ZIF-67 and the EDS elemental mapping of Pd/NH,-ZIF-67.
As shown in Fig. 2A, the XRD pattern obtained from experiment is in
conformity with the simulated peak position (Qian et al., 2012), and the
strongest diffraction peak and stronger appears at about 7.32°, 12.7°
and 18° respectively, showing that the electroactive NH,-ZIF-67 is
synthesized successfully.

Fig. 2B shows the SEM image of electroactive ZIF-67. The electro-
active ZIF-67 is a polyhedron with hexagonal outline, and the crystal
size is about 500 nm. In the synthetic method, we improved the tradi-
tional synthetic method of quickly adding H-MeIM to Co(NO3),, and Co
(NO3),, but slowly adding Co(NO3), into H-MelM, so as to make the
generated electroactive ZIF-67 crystal form more lamellar structures on
the surface, so as to provide a larger surface area to load more Pd NPs,
thus improving the sensitivity of immunosensor. Fig. 2C is the BET
characterization diagram of electroactive ZIF-67, in which the electro-
active ZIF-67 shows a rapid initial adsorption rate when relative pres-
sure P/Py < 0.1, and basically reaches adsorption equilibrium when P/
Py = 0.1, which belongs to type I adsorption isotherm, and has the pore
structure characteristic given priority to micropores, and the pore size
distribution diagram shows that its average pore diameter is 5.2 nm.
The specific surface area of electroactive ZIF-67 is 1254.9 m*g™, in-
dicating adsorption property of the prepared electroactive ZIF-67.

XPS is used to characterize the as-synthesized NH,-ZIF-67. Fig. S2 in
the Supporting information (SI) is the XPS survey spectrum for elec-
troactive NH,-ZIF-67, which illustrates the NH,-ZIF-67 crystal con-
sisting of Co, O, N and C elements. The Co 2p spectra (Fig. S3) show a
doublet containing a low energy band (Co 2ps,») and a high-energy
band (Co 2p,,») at 781.1 and 796.9 eV, respectively. The energy dif-
ference between Co 2p3,» and Co 2p, /» splitting is approximately 15 eV,
which indicates the presence of both Co®*/Co®* species in electro-
active NH,-ZIF-67 (Ren et al., 2018b). While the peaks of N 1s spectra
(Fig. S4) at 398.9eV and 400.4 eV correspond to -NH, and organic
matrix (Moulder et al., 1992), respectively. The XPS peak area intensity
ratio for -NH,/organic matrix is approximately 3.1, indicating that
-NH,, exists in the surface of electroactive NH,-ZIF-67.

The SEM image and EDS elemental mapping images of Pd/NHy-ZIF-
67 are provided in Fig. 2D, E and F, respectively. It was observed that
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Fig. 2. (A) The XRD patterns of electroactive ZIF-67 (Black line) and the simulated peak of ZIF-67 (red line) patterns. (B) SEM image of electroactive ZIF-67. (C) Ny
adsorption and desorption isotherms of electroactive ZIF-67 and corresponding pore size distribution curve. (D) SEM image of Pd/NH,-ZIF-67. (E) and (F) EDS
elemental mapping were implemented to characterize dispersion of Pd in the NH,-ZIF-67 crystal. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article).

particles uniformly distributed on the lamellar structures, showing that
Pd NPs has been loaded on electroactive NH,-ZIF-67. EDS is employed
to further analyze the chemical composition of the Pd/NH,-ZIF-67 (Fig.
S5). While XRD pattern of Pd/NH,-ZIF-67 also exhibits a diffraction
peak of Pd NPs at about 40° (Fig. S6). The above characterizations show
that Pd/NH,-ZIF-67 has been successfully prepared.

3.2. Electrochemical characterization of immunosensor

The electrochemical impedance spectroscopy (EIS) complex plane
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of electrode at different modification phases in K3Fe(CN)g/KCl solution
is shown in Fig. 3 The changes in size of capacitive reactance arc can
reflect the impedance change on electrode surface (Ren et al., 2017c;
Zhang et al., 2018b). Bare GCE shows a small capacitive reactance arc
(curve a). Due to the strong electron transfer ability of Au, the Au/GCE
impedance spectrum is almost a straight line (curve b) in the whole
frequency range. When Ab,;, BSA, PSA, and Ab,-Pd/NH,-ZIF-67 was
gradually used to modify on Au/GCE surface, the capacitive reactance
increase gradually (curve c-f) along with the modification of electrodes
layer by layer owing to the inhibition effect of each modification layer
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Fig. 3. (A) EIS and (B) CV of all modifiers used for the immunosensor fabrication in 1 mmol L™ [Fe(CN)g]*>”* and 0.1 mol ™! KCL. (a) GCE, (b) Au/GCE, (c) Ab;-Au/
GCE, (d) BSA/Ab,-Au/GCE, (e) PSA/BSA/Ab;-Au/GCE and (f) Ab,-Pd/NH,-ZIF-67/PSA/BSA/Ab,-Au/GCE. (C) Amperometric curve of the immunosensor for the
detection of different modifier step of PSA (blue curve) NH,-ZIF-67/GCE; (red curve) Pd/NH,-ZIF-67/GCE; (black curve) electrode was modified completely as an
immunosensor. (D) DPV response of the Pd/NH,-ZIF-67/GCE (red curve) and the immunosensor (black curve). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article).

on the diffusion of probe molecules [Fe(CN)s1>“* on the surface of
electrodes, indicating the electrochemical immunosensor has been
successfully built.

Meanwhile, the cyclic voltammetry (CV) was used to further in-
vestigate the assembly course of the immunosensor. CVs were tested in
5mmol L™ [Fe(CN)e]>7* solution at 100 mV/s (Fig. 3B). Bare GCE
(curve a) shows a smaller current than the Au NPs/GCE (curve b), for
the better conductive ability of Au NPs. Because the immunosensor can
severely increase the steric hindrance, the current dramatically de-
creases after PSA Ab, was assembled onto the electrode surface (curve
c), demonstrating the successful modification of Ab;. Then the current
decreases further (curve d) after the electrode was incubated with BSA.
This is because BSA makes a blockage of electronic transportation. After
the electrode was modified stepwise with PSA and Ab,-Pd/NH,-ZIF-67,
the peak current was gradually decreased (curve e and f), which is due
to the specific binding between anti-PSA antibody and PSA that retards
the electron-transfer.

On the other hand, the electroactive NH,-ZIF-67 had not only the
amperometric signal but also the differential pulse voltammetry (DPV)
signal in the catalysis field of H>O,. Accordingly, selecting an appro-
priate measurement pattern is essential. As shown in Fig. 3C, the am-
perometric responses of NH,-ZIF-67 increases after loading Pd NPs.
When finished the modification of the immunosensor, the ampero-
metric signal decreases compared with the Pd/NH,-ZIF-67, due to the
inevitable strong charge transfer impedance of antigen-antibody and
BSA on the electrode surface. However, there still a certain intensity of
amperometric signal can be detected. As shown in Fig. 3D, when the
Pd/NH,-ZIF-67 was modified on the electrode surface, a DPV peak was
exhibited. However, the DPV signal almost disappeared after the im-
munosensor is fabricated well. Thus, it is suitable to take amperometric

method as a measurement pattern.

3.3. Optimization of conditions for immunosensor

The performance of immunosensor is influenced by many factors, of
which pH has a great influence on the protein structure and activity
(Wang et al., 2018b). Amperometric measurement is used in this ex-
periment to test the current signal response situation of immunosensor
in PBS at different pH (5.3-8.4) values, and the electrodes used for pH
selection test are the immunosensors built based on the modification by
PSA at 5ngmL™! and Ab,-Pd/NH,-ZIF-67 at 1 mgmL™ on BSA/Ab;-
Au/GCE. As shown in Fig. 4A, when pH = 5.3-7.4, the current response
of the immunosensor enhanced with the increase of pH; when
pH = 7.4-8.4, the response signal was weakened along with the in-
crease of pH; the response signal is strongest at pH = 7.4. Therefore,
pH = 7.4 in this experiment is the optimal condition of the im-
Munosensors.

The modification of electrodes by Pd/NH,-ZIF-67 can directly affect
the sensitivity of immunosensor, so it is necessary to optimize the
modification concentration of Pd/NH,-ZIF-67. In the process of
building the immunosensor, PSA at 5ngmL™ and Pd/NH,-ZIF-67 at
different concentrations (0.25-1.75 mg mL™) is used for modification
on immuno-electrodes BSA/Ab;-Au NPs/GCE, and the test is done at
the optimal PBS (pH = 7.4). As shown in Fig. 4B, the response signal of
Ab,-Pd/NH,-ZIF-67 at the concentration of 0.25-1.25mg mL™ is en-
hanced with the increase of its concentration, but it shows an unstable
fluctuating change after 1.25 mg mL™. Therefore, the concentration of
1.25mgmL™ is selected as the optimal incubation concentration of
Ab,-Pd/NH,-ZIF-67. Additionally, electrodeposition time is another
critical criterion to evaluate the economic and time cost of
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immunosensor. As shown in Fig. 4C, when the current responses of the
electrodeposition process increase to a higher level at 30 s, the current
responses have remained approximately constant after 30 s. Therefore,
electrodeposition 30 s is selected as the optimal electrodeposition time
of electrode to obtain the best configuration of time and resource.

3.4. Research on immunosensor performance

Under the optimum conditions, the electrochemical immunosensor
is tested with amperometric measurements (constant voltage —0.4 V),
and the i~t curve is shown in Fig. 5A, demonstrating that the response
current signal (curve a~j) enhances with the increase of concentration
of PSA within the scope of 0 ng mL™~50ng mL™". As shown in Fig. 5B,
the logarithm between the timing current response value of im-
munosensor and PSA concentration maintains a good linear positive
correlation. Its linear regression equation within the concentration
scope: Al = 28.326 + 4.78lgc, R = 0.991, and the detection limit is
0.03 pg mL™. The electrodeposition Au NPs at the matrix exhibits good
biological compatibility and strong electron transfer capability. The
electroactive NH,-ZIF-67 has a higher specific surface area and ex-
cellent adsorption to load more Pd NPs. These characteristics are con-
ductive to improve the sensitivity of immunosensor, thus leading a
lower detection limit. Compared with previous reports (Table S2), the
proposed biosensor shows a more excellent detection limit (0.03 pg
mL™) and liner range from 100 fg mL™ to 50 ng mL™".

3.5. Selectivity, repeatability and stability

The important parameters to evaluate the performance of electro-
chemical immunosensor are selectivity, repeatability and stability. BSA,
Human immunoglobulin G (HIgG), Ascorbic Acid (AA), Hepatitis B
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surface antigen (HBsAg) and Glucose contained in human serum are
respectively used as the interfering substances to test the selectivity of
immunosensors. The test is divided into 6 groups, and each group is
tested for 5 times. The first group is PSA at 1 ng mL™, and the other five
groups are PSA at 1ngmL™" added with the interfering substances
above at 100 ng mL™ respectively. As shown in Fig. 6A, the relative
standard deviation (RSD) among the 6 groups is 3.94% in the presence
of interfering substances, which shows that the built immunosensor has
good selectivity.

Under the optimum conditions, five fabricated immunosensors are
used to detect the PSA at 0.1 ng mL". In Fig. 6B, the RSD of its response
current signal value is 2.60%. After the immunosensors are preserved in
the refrigerator at 4 °C for 4 weeks, as shown in Fig. 6C, the response
current signal value is greater than 94% of that of original signal, de-
monstrating that this immunosensor has good stability and repeat-
ability.

3.6. Application of the developed immunosensor

Specimens from normal human serum, added PSA standard solution
after it was diluted twice, prepared the standard samples at different
concentrations, and conducted standard addition recovery test on the
immunesensor prepared in this paper at the concentrations of 0.1, 0.2,
0.5, 1.0, 5.0 and 10.0 ng mL™*. PSA content determination results are
shown in Table S3. The RSD is 1.1-4.9%, and the recovery rate is
94-105%. The results show that this immunosensor is provided with a
good detection performance on spiked samples, thus leading to a higher
reference value for clinical detection.

o~

Current (pA)
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_4.-3.-2.-|‘01‘1.2
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Fig. 5. (A) Amperometric response of the biosensor to different concentrations of PSA, from a to j: 0.0, 0.0001, 0.001, 0.01, 0.1, 1, 5, 10, 20, and 50 ng mL. (B)
Calibration curve of the biosensor for different concentrations of PSA (the response current intensity is 5.8 pA in the 0 ng mL™ PSA solution).
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Fig. 6. (A) The concentrations of the interference species are PSA (1 ng mL™), 100 ng mL™ of (BSA, HIgG, AA, HBs, Glucose), error bar = RSD (n = 5). (B) The
response of the immunosensor to detection of 1 ng mL™ PSA. (C) The stability of the AFP immunosensor, error bar=RSD (n = 5).

4. Conclusion

In summary, a highly sensitive electrochemical immunosensor using
Pd/NH,-ZIF-67 as the signal-amplification inducer is constructed for
the quantitative determination of PSA in spiked human serum. ZIF-67
synthesized by the improved method can expose more active sites due
to its larger specific surface area, which is conducive for the bond of Pd
NPs on its surface. Pd/NH,-ZIF-67 composite as the signal indicator
plays an important role in realizing favorable signal amplification due
to the excellent synergetic catalytic effect between Pd and NH,-ZIF-67.
Moreover, a linear range from 100 fgmL™ to 50 ngmL™ with a low
detection limit of 0.03 pg mL™ is achieved for detecting PSA. In addi-
tion, owing to the advantages of satisfying reproducibility, stability and
specificity this approach probably provided a promising opportunity for
clinical diagnosis. However, there’re still some points to be improved,
such as miniaturization (Ainla et al., 2018) and portability (Li et al.,
2017) of the device, enhancing the integration level of the technic
(Chen et al., 2019a, 2019b), which points out the direction for further
research.
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