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Abstract

A homogeneous electrochemical aptasensor was obtained by modifying a glassy carbon electrode (GCE) with a
porous carbon nanomaterial (Z-1000, about 70 nm, deteced by transmission electron microscopic) that was obtained
by carbonization of a zinc(Il)-2-methylimidazole metal-organic framework. Z-1000 possesses a large specific surface
and outstanding electrochemical properties. A thrombin-binding aptamer (CP) was immobilized on the magnetite
nanoparticles MNPs by the condensation reaction and further combined with reporter probe (RP) that is functional-
ized with electroactive methylene blue (MB). In the presence of thrombin, the CP was specifically recognized with it
to form the CP/MNP/Thb complex, and the RP was dissociated from MNPs. The released RP was captured by the
modified GCE through 7-stacking interaction between nucleobases and carbon nanostructure. The electrical signal
generated by MB can be monitored by differential pulse voltammetry (DPV). Under the optimized conditions, the
DPV peak current at around —0.28 V (vs. SCE) increases with thrombin concentration. The sensor has a detection
limit of 0.8 fM of thrombin and a linear range that extends from 10 fM to 100 nM. It was successfully applied to
the analysis of spiked serum. The recoveries are 98.1-99.4% and RSDs are 3.9%—4.0%. Conceivably, this aptasensor
scheme can be easily extended to other proteins and gives inspiration to manufacture sensitive aptasensor.

Keywords Zeolitic imidazolate framework - Porous carbon nanostructure - Magnetic nanomaterial - Electrochemical biosensor -
Protein detection

Introduction

Various strategies for aptamer-based protein detection
have been designed, including fluorescent aptasensors
[1-3], electrochemical aptasensors [4], colorimetric
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Metal-organic frameworks (MOFs), a class of crystalline
porous materials with a large surface areas, large pore capacity
and adjustable pore size, have received more attentions [10]. It
have been applied in many areas, such as gas storage, adsorp-
tion, supercapacitors, catalysis, drug delivery, and sensors [11,
12]. However, the low electrical conductivity of MOFs limits
its development in the field of electrochemistry, especially
electrochemical biosensing [13]. Therefore, it’s challenging
to improve the electrochemical conductivity of MOFs and
make full use of their excellent performance in electrochemi-
cal biosensing. Significantly, using MOFs as ideal precursors
and templates for the generation of porous carbon materials to
improve the conductivity has received particular attention.
And it has been demonstrated that the porous carbon
nanomaterials derived from MOFs possess attractive features
such as high surface areas, large pore sizes and controlled pore
structure [14]. They have good performance in hydrogen stor-
age, unprecedented electrochemical properties and excellent
electrochemical capacitances [15, 16]. Furthermore, carbon
nanostructures can bind probes via 7-stacking interactions
between the nucleobases and carbon nanostructure [17]. Tan
et al. [18] reported a sensing platform based on magnetic
porous carbon nanocomposites derived from MOFs for
DNA fluorescent detection. Among these MOFs, ZIF-8 is
considered to be an excellent candidate with a high carbon
content, ordered holes and stable property [19]. It can be di-
rectly carbonized without the need for any additional carbon
sources to synthesize nanoporous carbon materials,
which enables the easy preparation in one-pot [20,
21]. In addition, the ZIF-8 derived nanoporous carbon
can show highly graphitized structure when the pyroly-
sis temperature reached 1000 °C [22]. The synergistic
effects of porous structure and graphene phase can pro-
mote electron transfer, which improves sensitivity and
selectivity of the detection platform.

In this work, a stable, sensitive and specific homogeneous
electrochemical aptasensor has been developed to achieve
electrochemical detection of thrombin by using the Z-1000
modified glassy carbon electrode (GCE). The Z-1000 is ob-
tained by direct carbonization of ZIF-8 at 1000 °C. The
aptasensor is based on the aptamer-protein specific recogni-
tion and 7t-stacking interaction between nucleobases and car-
bon nanostructure, achieving sensitive thrombin detection.
The thrombin is selected as one model protein analyte, which
has a significant impact on human health and is related to
many diseases as well. The magnetic nanoparticles (MNPs)
have been used to build the aptasensor. The MNPs can be
employed as probe carriers and separated from homogeneous
solution by magnetic separation. It can not only simplify the
experimental procedure but also achieve signal transduction
and amplification. Hence we expect that the combination of Z-
1000 porous carbon nanostructure and the homogeneous strat-
egy can play a significant role for thrombin detection.

@ Springer

Experimental section
Materials and reagents

Zinc nitrate hexahydrate (Zn(NO3),-6H,0) and 2-
methylimidazole (C4HgN,) were purchased from Aladdin
Reagent Co. Ltd. (http://www.aladdin-e.com). 1-ethyl-(3-3'-
dimethy-laminopropyl) carbodiimide (EDC) and N-
hydroxysuccini-mide (NHS) were supplied by Aladdin
Reagent Co., Ltd. (http://www.aladdin-e.com). Carboxyl-
modified magnetic nanoparticles (MNPs) were obtained from
BaseLine ChromTech Research Centre (http://www.qiuhuan.
com). Thrombin (Thb), Lysozyme (Lyz) and Bovine Serum
Albumin (BSA) were acquired from Sangon Biotechnology
Co., Ltd. (https://www.sangon.com). The oligonucleotides
were synthesized and purified by Sangon Biotechnology Co.
, Ltd. (https://www.sangon.com), and the sequences were
provided in Table S1. All of the chemicals were analytical
grade and used without further purification. All of the
aqueous solutions were prepared by ultrapure water obtained
from a Milli-Q water purification system (18.2 MQ2-cm,
Millipore Corp., Bedford, MA).

Apparatus

Transmission electron microscopic (TEM) images were re-
corded by a JEM-1200EX transmission electron microscope
(JEOL, Japan). The UV-vis absorption spectra were recorded
by a UV-2500 UV-vis spectrophotometer (LabTech). Powder
X-ray diffraction (PXRD) patterns were recorded by Rigaku
Ultima IV diffractometer. The cyclic voltammograms (CVs)
and electrochemical impedance spectroscopy (EIS) measure-
ments were obtained by Princeton PARSTAT 4000A
(America), and the differential pulse voltammetry (DPV) mea-
surements were carried out on a CHI-660E electrochemical
workstation (Shanghai Chenhua Instruments Co., China) at
room temperature. A traditional three-electrode cell was used
with a Z-1000 modified GCE as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode,
and a platinum wire as the auxiliary electrode. All the poten-
tials here were referred to SCE.

Preparation of the porous carbon
nanomaterial Z-1000

The ZIF-8 was synthesized using a one-pot reaction method
according to the published literature [23]. The detail synthesis
shows in the Electronic Supporting Material. The Z-1000 was
synthesized by carbonization of ZIF-8 under a flow of Ar
atmosphere at 1000 °C for 2 h. After the carbonization, the
black powder was collected and used without any further
treatment.
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Preparation of a Z-1000 modified GCE

Firstly, the GCE was carefully polished with 0.3 and 0.05 pm
Al,O3 powder to obtain a mirror-like plane. Then it was suc-
cessively rinsed by ethanol and deionized water, and dried in
N,. The dispersion (2 mg mL™") was formed by dispersing the
Z-1000 in deionized water. Then 5 mL of dispersion was
dropped on the clean surface of GCE and dried at room tem-
perature for 3 h to fabricate a modified GCE.

Preparation of DNA probe-modified magentic
nanoparticles

Firstly, 60 uL of carboxyl-modified MNPs were washed with
300 puL of phosphate buffer (0.01 M, pH=7.4 containing
100 mM NaCl) three times. After that, MNPs were dispersed
into 120 uL phosphate buffer for further use. 500 pL. mixture
of EDC (0.1 M) and NHS (0.01 M) were dissolved in MNPs
dispersions. To activate carboxyl groups of MNPs, the mix-
ture was incubated at room temperature. Subsequently, the
activated MNPs were washed with phosphate buffer three
times and then dispersed into 120 pL phosphate buffer.
Afterward, 300 puL of amino-modified capture probe (CP,
1 uM) was added into the activated MNPs dispersions and
reacted at 37 °C for 12 h to obtain CP/MNPs. The resulted CP/
MNPs conjugates were magnetically washed with phosphate
buffer three times and redispersed into 120 puL phosphate
buffer. Hereafter, 300 pL of methylene blue-modified reporter
probe (RP, 1 uM) was added into CP/MNPs conjugates solu-
tion and reacted at 37 °C for 1 h in the dark to form the RP/CP/
MNPs conjugates. Ultimately, the conjugates were washed
with phosphate buffer three times and dispersed into 120 pL
phosphate buffer for further use.

Calibration features

In order to prepare the electrochemical aptasensor, different
concentrations of thrombin was added into the RP/CP/MNPs
conjugates and incubated at room temperature for 2 h. After
magnetic separation, the modified GCE was immersed into
the upernatant and reacted at room temperature for 50 min.
Finally, the resulting Z-1000 modified GCE was rinsed by
phosphate buffer and then employed as working electrode to
perform electrochemical experiments.

Electrochemical measurements

The CVs and EIS measurements were conducted in
5 mM K;[Fe(CN)g] aqueous solution containing 0.1 M KCL
CVs were carried out in the potential range of —0.2 to 0.6 V at
a scan rate of 100 mV s '. EIS was conducted with the fre-
quency changed from 0.01 Hz to 100 kHz, together with 5 mV
as the amplitude. The DPV measurements were performed in

detection phosphate buffer (10 mM, pH 7.4, containing 2 mM
H,0, and 0.3 M NaCl) at a scan rate of 100 mV s ' by
scanning the potential in the range from 0 to —0.6 V versus
SCE reference electrode. The DPV peak current increased at
around —0.28 V. All electrochemical experiments were carried
out at room temperature.

Results and discussion
Design principle of the electrochemical aptasensor

The principle of the Z-1000-based homogeneous electro-
chemical aptasensor for sensitive detection of thrombin is
depicted in Scheme 1. In our work, the Z-1000 was ob-
tained by direct carbonization of ZIF-8 and it is employed
to modify the working electrode. In Scheme 1b, the
aptasensor is constructed by RP/CP/MNP complexes,
where the CP is designed as the thrombin aptamer.
Firstly, the CP is connected with MNPs through the con-
densation reaction between amino group at 5’ terminus of
CP and carboxyl group on MNP. And the CP further
combined with RP which is functionalized with
electroactive methylene blue (MB) at 5’ terminus. When
the thrombin target is present in solution, the CP will
specifically anchor to its target to form CP/MNP/Thb con-
jugates based on aptamer recognition, resulting in the dis-
association of RP. After magnetic separation, the conju-
gates are present in the precipitate while RP is removed to
supernatant. Subsequently, the released RP can be
adsorbed on the Z-1000 based on 7-stacking interaction
between nucleobases and carbon nanostructure. As a re-
sult, the generated electronic signal by MB could be mon-
itored through differential pulse voltammetry (DPV)
measurements.

Choice of materials

There are three key factors in building this biosensing plat-
form, electrical conductivity, specific area of the material, and
binding efficiency with DNA probes. Compared with conven-
tional materials, the porous carbon derived from MOFs is
considered as a sort of potential materials with high surface
areas, large pore sizes and controlled pore structure [14].
Especially, carbon nanostructures can adsorb DNA by 7t-
stacking interactions between the nucleobases and carbon
nanostructure. Among various MOFs, ZIF-8 derived porous
carbon possesses stable porous structure and excellent electro-
chemical properties. The Z-1000 (derived from ZIF-8) with
these excellent features is beneficial to improve the perfor-
mance of the thrombin detection assay.
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Scheme 1 Schematic illustration of (a) the strategy for preparation of the porous carbon nanomaterial Z-1000; and b the Z-1000 based homogeneous
electrochemical aptasensors for the detection of thrombin
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Characterization of Z-1000 and of Z-1000 modified
GCE

The structure and morphological details of ZIF-8 and Z-1000
were characterized by PXRD pattern and TEM image. As
shown in Fig. la, the PXRD pattern of real ZIF-8 sample
has good accordance with simulation curve of ZIF-8, indicat-
ing that ZIF-8 has been successfully synthesized. From
Fig. 1b, itis noted that the PXRD pattern of Z-1000 displays
two broad peaks at 25° and 44° corresponding to carbon (002)
and (101) diffractions, respectively. The (002) peaks perform
a certain degree of graphitization, meaning that there are par-
allel single layers in the Z-1000. ZnO is reduced during the
carbonization process when the temperature is higher than
800 °C. And when the temperature is higher than 904 °C,
the Zn metal (boiling point, 904 °C) will be evaporated.
Therefore, there is no peak which related to zinc species in
the PXRD data of Z-1000. Figure 1c and d respectively show
the TEM images of the ZIF-8 and Z-1000. Figure 1c shows
the ZIF-8 has a diameter of about 150 nm. And the ZIF-8
shows the typical thombic dodecahedron morphology and
crystal structure. Compared with ZIF-8, Z-1000 (about
70 nm) shows an apparent irregular margins and bigger holes
in carbon materials (Fig. 1d). The reason is that the evapora-
tion of metal nodes and completely of pyrolysis of organic
ligands at high temperature. Furthermore, the excellent con-
ductivity of Z-1000 porous carbon is further investigated by
CVand EIS plots in Fig. S1. The change of the oxidation peak

Zre (ohms)

current and the semicircle diameter of the Nyquist plots can
directly reflect the excellent electrochemical performance of
the carbon materials. And Fig. S2 is to evaluate the binding
stability between Z-1000 and GCE. All these results indicate
that the Z-1000 modified GCE electrode demonstrates out-
standing electrochemical properties and possesses excellent
binding stability at the interface between the Z-1000 and
GCE, which would benefit for the construction of electro-
chemical aptasensors with improved performances.

Electrochemical characterization of the sensor

Figure 2A shows the CV plots of the electrochemical aptasensor.
When the thrombin is present, the disassociated RP can be
adsorbed on the Z-1000 surface. The oxidation peak current
obviously decreases to 199.89 uA (curve b) that is lower than
that obtained by Z-1000 modified GCE (290.15 pA, curve a)
but still higher than bare GCE (110.06 pA, curve c). The change
of redox peak current is ascribed to the adsorption of probes on
the surface of porous carbon which leading to obstruction of
electron conduction. At the same time, the same results have
been presented by the EIS curves (Fig. 2B). When the thrombin
target is present in solution, a impedance (curve b) appears,
which is slightly higher than the Z-1000 modified GCE (curve
a) but much lower than the bare GCE (curve c). Therefore, the
probes block electron conduction and increase resistance. In a
nutshell, the experimental results state the well adsorption be-
tween the reporter probes and Z-1000 modified GCE.

Fig. 3 DPV responses of the 1.0 b
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(from 10 fM to 1 uM) at scan rate ‘§_ 1.09|—o < 2.01

of 100 mV s~ with working E 1.5 % = 1.54

voltage from 0 to —0.6 V (a). The (0 -2.01 ::gf S

calibration plots of peak currents 5 2.5 — 10" g 1.04 .

and thrombin concentration (b). O 304w, O o5 ":'375°|g‘:+5'322
The error bars represent the 3.5]|—1w0r ’ R“=0.9944
standard deviations measured by 404" 0.04

three independent measurements S 03 050 025 020 015 -14 A2 -0 8 -6

Potential(V vs. SCE)

10g(Cthrombin/M)

@ Springer



659 Page 6 of 8

Microchim Acta (2019) 186:659

Optimization of method 2.0
The following parameters were optimized: (a) Sample pH value; 15
(b) Concentration of H,O,; (c) Temperature; (4) Incubation time. 7
Respective text and Figures on optimizations are given in the 2 ;
Electronic Supporting Material (Fig. S3). In short, the following == 1.0
experimental conditions were found to give best results: (a) Best e
sample pH value: 7.4; (b) Best concentration of H,O,: 2 mM; (c) g ;
Best temperature: 37 °C; (d) Best incubation time: 60 min. 8 0.5
Electrochemical detection of thrombin ]
0.0 * . * . .

Under the optimal conditions, the electrochemical aptasensors
were incubated in different concentrations of thrombin. As
shown in Fig. 3a and b, the DPV peak current increases at
around 0.28 V with increasing the concentration of thrombin
(from 10 fM to 1 uM). Homogeneous aptasensor exhibits a
good linear relationship between the peak current and the
logarithm of thrombin concentration (logC) ranging from 10
fM to 100 nM. The equation of linear regression is [ = 0.3750
logC +5.322 (R?=0.9944) with the limit of detection (LOD)
is 0.8 fM according to the 30 rule (where o is the standard
deviation of ten times measurement for blank). This
aptasensor is superior in sensitivity and linear range better
than some other reported assays with complicated signal am-
plification approaches (Table 1).

The specificity of the aptasensor was investigated by de-
tection of thrombin, Lyz, BSA, and the mixture of them (Lyz:
10 uM; BSA: 100 uM; Thb: 1 nM). As shown in Fig. 4, it can
be observed that this aptasensor shows low electrochemical
signals for the Lyz and BSA, which are similar to the signal for
blank. However, it produces significant electrochemical sig-
nals upon the addition of thrombin. These results clearly dem-
onstrate that the electrochemical aptasensor shows excellent
specificity for the target protein, which attributes to the highly
specific recognition of aptamer to its target.

a b c d e

Fig. 4 Current intensity of electrochemical aptasensors to blank (a),
10 uM Lyz (b), 100 uM BSA (c), 1 nM thrombin (d) and mixture of
them (e). The error bars represent the standard deviations measured by
three independent measurements

The reproducibility and stability of the fabricated
aptasensors were also evaluated. Under the same experimental
condition, the relative standard deviation (RSD) of 4.15% was
obtained for the detection of 1 uM thrombin by using four
parallel aptasensors (four different aptasensors with the same
fabrication procedure). Similarly, the same aptasensor was
used to detect 1 uM thrombin for four times. The RSD of
4.32% can be obtained, demonstrating that the reproducibility
of the aptasensor is acceptable. The stability of the aptasensor
was firstly evaluated through scanning 20 times continuously
with DPV measurements when the concentration of thrombin
was 1 uM. As shown in Fig. S4, there is no obvious change of
the DPV current. Secondly, the aptasensor was evaluated
through long-term storage at 4 °C and then reacted with the
supernatant produced by 1 uM thrombin as shown in Fig. S5.
It can be obtained that the recorded change in the response is
less than 5.7% of the initial value. All the results indicate that
the aptasensor possesses acceptable stability.

Table 1 Comparison of different methods for thrombin detection
Amplification strategy Electrochemical Linear range Detection Ref.
measurement limit

AuNPs and catalytic reactions of HRP DPV? 0.1 pM-60 pM 30 ftM [24]
Co-catalysis of hemin/G-quadruplex, Pt NPs and MWCNT-MnO, DPV 1 pM-30 nM 0.04 pM [25]
Electrocatalysis of hemin/ G-quadruplex and nanocomposite DPV 0.05 pM-60.0 nM 15 ™M [26]
Binding-induced DNA walker-assisted ACV® 10 pM-100 nM 2.5 pM [27]
Hybridization chain reaction DPV 10 fM - 1.0 nM. 35 [28]
RCA triggering the combination of poly adenine with AuNPs DpPV 0.1 pM-10 nM 35M [29]
TSDR-mediated proximity binding SWV ¢ 0.05 nM-100 nM 23.6 pM [30]
Porous carbon materials and homogeneous detection DPV 10 fM-100 nM 0.8 M This work

“ Differential pulse voltammetry
® Alternating current voltammetry

¢ Square wave voltammetry
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Real sample analysis

In order to evaluate the analytical reliability and real applica-
bility of the fabricated aptasensor, spike and recovery experi-
ments were performed. Human serum samples were obtained
from healthy volunteers and diluted 100 times [31]. The treat-
ment procedure and detection results are shown in in the
Electronic Supporting Material (Table S2). The aptasensor
did not detect thrombin in the serum sample. The reason is
that serum of healthy subjects does not contain detectable
thrombin [32]. When serum samples were spiked with
10 nM and 100 nM thrombin, the recoveries were between
98.14% and 99.4% and the RSDs were 3.89% and 4.01%,
which were obtained from three independent experiments.
Therefore, the results indicated that the fabricated aptasensors
performed good applicability and reliability.

Discussion

Results show that we have proposed a new strategy to detect
thrombin. However, there are two major limitations of this
method: (a) Porous carbon was prepared under 1000 °C, and
it does not comply with environmentally friendly chemistry.
(b) During the experiment, the sample matrix was not re-
moved, which will cause inaccurate results.

Conclusion

A sensitive homogeneous electrochemical aptasensor has
been proposed based on zeolitic-imidazole framework (ZIF-
8) derived porous carbon for thrombin detection. The porous
carbon nanostructure and high specific surface area of
the porous carbon nanomaterial Z-1000 improves electron
transfer and aptameras adsorption efficiency. The results
showed that the aptasensor has high sensitivity, good selectiv-
ity and high speed towards the thrombin detection. The
aptasensor was also successfully applied in real samples and
received good recovery. Therefore, the method provides a new
strategy to fabricate other homogeneous electrochemical
aptasensor using porous carbon.
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