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Abstract

A tetrahedral DNA probe can effectively overcome the steric effects of a single-stranded probe to obtain well-controlled density
and minimize nonspecific adsorption. Herein, a highly sensitive electrochemical biosensor is fabricated for determination of
protein using a tetrahedral DNA probe and rolling circle amplification (RCA). N- and P-co-doped graphene (NP-rGO) is
prepared, and AuNPs are then electrodeposited on it for DNA probe immobilization. Benefitting from the synergistic effects
of the excellent electrical conductivity of NP-rGO, the stability of the tetrahedral DNA probe and the signal amplification of
RCA, the biosensor achieves a low limit of 3.53 x 10~** M for thrombin and a wide linear range from 1 x 10°"* to 1 x 1077 M.
This study provides a sensitive and effective method for the detection of protein in peripheral biofluids, and paves the way for

future clinical diagnostics and treatment of disease.
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Introduction

Protein is an essential component of organisms, and it partic-
ipates in various important physiological processes. The re-
search on its structure and function as well as qualitative and
quantitative detection are of great significance in clinical di-
agnosis, disease treatment, drug screening and human health
[1, 2]. However, it is still difficult to accurately detect proteins
in biological samples due to their high molecular weight, com-
plex structure and low abundance [3].

Aptamer has been widely used for improving the sensitiv-
ity of protein assays [4, 5], as it can recognize various kinds of
targets with high selectivity [6], and many highly sensitive
electrochemical biosensors have recently been prepared based
on aptamer [7—10]. However, there are still some deficiencies
in aptamer biosensors, such as the effect of density and orien-
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tation of aptamer on the electrode. Therefore, three-
dimensional DNA probes have recently received increasing
attention owing to their precise controllability along a desig-
nated path [11, 12]. The three-dimensional structure has a high
DNA loading capacity and can significantly enhance the local
effective level of the probe and the reaction efficiency [13,
14]. Most recently, a tetrahedral DNA nanostructure was pre-
pared, and its stereo structure was able to exactly control the
assembled DNA probe on the electrode interface and therefore
enhance accessibility and reactivity, and prevent the entrance
of spacer molecules [15, 16].

Charge transfer and surface active sites are both important
properties which directly determine the performance of elec-
trochemical biosensors. Using various functional materials to
modify electrodes can effectively improve their active sites
and electro-conductivity [17, 18]. Graphene has received in-
creasing attention as an active electrode material owing to its
distinctive properties, such as excellent electrical and mechan-
ical properties, high specific surface area, and the feasibility of
large-scale chemical fabrication of modified graphene [19,
20]. However, two-dimensional graphene nanosheets suffer
from poor conductivity as a result of low quality or high junc-
tion contact resistance due to the 7—7t contacts [21, 22].
Therefore, doping graphene with heteroatoms is introduced
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as a solution to prevent the restacking of the sheets [23].
Furthermore, graphene doped with heteroatoms (such as N,
B, S and P) either singly or dually can improve its electrical
conductivity and surface area [24]. Incorporation of hetero-
atoms in the graphene lattice is also helpful because it im-
proves the charge density of states and wettability of the elec-
trode for enhanced electrochemical performance [25, 26].

A variety of isothermal amplification techniques have recently
been used to increase the sensitivity of protein analysis, such as
rolling circle amplification (RCA) [27], helicase-dependent am-
plification [28], exonuclease-assisted signal amplification [29]
and loop-mediated isothermal amplification [30]. In particular,
RCA not only directly amplifies specific DNA and RNA mole-
cules but also amplifies the signal of the targets. Most important-
ly, RCA can be carried out under mild conditions and does not
require expensive equipment to circulate temperature. Therefore,
RCA has been rapidly developed and applied to sensitively de-
termine RNAs, proteins and drugs [31].

In this paper, an RCA signal amplification strategy coupled
with the tetrahedral DNA probe for sensitive and highly spe-
cific detection of thrombin (TB) is developed using N- and P-
co-doped graphene (NP-rGO) as electrode substrate. NP-rGO
is first modified on the electrode, which not only improves the
loading amount of the DNA probe but also accelerates the
electron transfer due to its large specific surface area and ex-
cellent conductivity. The Au nanoparticles (AuNPs) are then
electrodeposited on NP-rGO, and the three-dimensional DNA
probe (T-DNA) is immobilized on the electrode by Au—S
bonds. After modification with TB, the electrode undergoes
an RCA reaction to obtain the biosensor. The biosensor com-
bines the distinct recognition specificity of the tetrahedral
DNA probe and the powerful signal amplification capability
of RCA. The proposed biosensor employs N- and P-co-doped
graphene to modify the electrode, providing more surface
electrochemically active sites and faster charge transfer. The
introduction of a tetrahedral DNA nanostructure in the biosen-
sor results in a large DNA loading capacity and enhances the
local effective level of the probe and the reaction efficiency.
Therefore, this biosensor may represent a highly sensitive and
selective platform for the detection of protein, and will be a
very promising strategy in future clinical diagnostics and treat-
ment of disease.

Experimental

Reagents and materials

Graphite powder, ethylene glycol, thiocarbamide,
Tris(hydroxymethyl-1)aminomethane (Tris), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), H,0,,

HAuCl,, immunoglobin G (IgG), prostate-specific antigen
(PSA), hemoglobin (Hb), MgCl,, (NH4),SO,4 and hydroquinone
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(HQ) were purchased from Shanghai Xueman Biotechnology
Co., Ltd. (China). Phi 29 DNA polymerase, T DNA ligase,
deoxyribonucleoside 5'-triphosphates mixtures (ANTPs), throm-
bin (TB) and 6-mercaptohexanol (MCH) were obtained from
Aladdin Chemicals Co. Ltd. (Shanghai, China). The DNA se-
quences (Table 1) were acquired from Shanghai Sangon
Biological Engineering Technology Co., Ltd. (Shanghai,
China) [7, 32].

Instrumentation

Electrochemical tests were conducted on an RST5200F elec-
trochemical workstation (Zhengzhou Shi Rui Si Instrument,
Zhengzhou, China). A modified glassy carbon electrode
(GCE), Ag/AgCl electrode and platinum wire were used as
the working electrode, the reference electrode and auxiliary
electrode, respectively. The chemical composition of the sam-
ples was examined using X-ray photoelectron spectroscopy
(XPS, K-Alpha 0.5 eV, Thermo Fisher Scientific, MA,
USA) and energy-dispersive X-ray spectroscopy (EDS). The
morphology and structure were observed by transmission
electron microscopy (TEM, Hitachi H800) and scanning elec-
tron microscopy (SEM, JEOL JSM-6510). The crystalline
properties and phase were determined by X-ray powder dif-
fraction (XRD) using a Rigaku diffractometer (Rigaku,
Tokyo, Japan). To analyze the defects and purity, an RM
1000 Raman spectrometer (Renishaw, Gloucestershire, UK)
was used.

Synthesis of nanomaterials

N- and P-co-doped graphene was synthesized as follows: First,
graphene oxide (GO) was prepared according to a reported
assay [33]. The NP-rGO was then prepared [34]. Briefly,
50 mg GO and 15 mg (NH,4),HPO,4 were added to 50 mL water.
The mixture was stirred for 1 h, and the water was then re-
moved. Next, the mixture was heated under N, at 900 °C for
60 min, after which the sample was cooled and washed with
water and ethanol, and dried overnight in vacuum at 60 °C.

Fabrication of the biosensor

The T-DNA was synthesized as follows: Four single-stranded
DNAs (tetrahedron a, b, ¢, d) were dissolved separately in
10 mM Tris-HCI buffer solution (pH 8.0) containing 10 mM
TCEP and 10 mM MgCl, to obtain 4 uM solutions. Then,
four equal-volume solutions were mixed and incubated at
95 °C for 2 min.

Bare GCEs were burnished using different particle sizes of
Al O3 slurries. After ultrasonic cleaning by ethanol solution,
they were washed again with DI water. Subsequently, 8 pL
NP-rGO (1 mg/mL) was applied on the electrode, and then kept
in 0.1% HAuCly for electrodeposition of AuNPs at —0.2 V for
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Table 1  DNA sequences used in this work

Note Sequence (5'-3")

Tetrahedron a ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCCGCCATAGTATTTTTTTTTTGTAGGGCAGG
Tetrahedron b SH-C6-TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC
Tetrahedron ¢ SH-C6-TCAACTGCCTGGTGATAAAACGACACTACGTGGGAATCTACTATGGCGGCTCTTC
Tetrahedron d SH-C6-TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGTTTGTATTGGACCCTCGCAT
Aptamer AGTCCGTGGTAGGGCAGGTTGGGGTGACTTTTT

cDNA1 GTCACCCCAACCTGCCCTTT

cDNA2 GTCACCCCAACCTGCCCTACTTT

cDNA3 GTCACCCCAACCTGCCCTACCACTTT

Primer probe TTGGGGTGACATCCCTATAAATACCCTAAC

Loop probe Phosphate-TTATAGGGTATCTCTATCTCTTAGGGTAT

Signal probe (SP) 5"-Biotin-TATCTCTATCTC-3’

60 s. Next, 8 pL T-DNA (1 pM) was applied on the AuNPs/
NP-GrO/GCE and kept at 4 °C overnight. The electrode was
then dipped in 5 pL MCH (0.5 mM) and incubated for 1 h.

Five milliliters TB and 2 pL aptamer (0.5 uM) were then
mixed at 30 °C and shaken for 2 h. Two milliliters cDNA
(0.5 uM) was added to the above mixture and maintained at
30 °C for 60 min. It was subsequently applied on the modified
electrode and kept at 30 °C for 60 min. The electrode was then
immersed in primer probe solution (1 uM) for 1 h, after which
it was dipped in Tris-HCI buffer with 1 uM loop probe, 5 unit/
mL T-DNA ligase, 10 mM MgCl,, 10 mM dithiothreitol
(DTT) and 1 mM adenosine triphosphate at 22 °C for
60 min. The linear loop probe was hybridized with the primer
probe, and the nick created was linked by T-DNA ligase. This
electrode was then dipped in 50 mmol/L Tris-HCI solution
containing 10 nmol/L (NH4),SOy4, 10 nmol/L MgCl,, 4 mM
DTT, 0.2 mg/mL bovine serum albumin (BSA), 0.5 mM
deoxynucleotide polymerase and 50 unit/mL phi29 DNA po-
lymerase at 37 °C for 60 min to produce long ssDNA. Eight
milliliters of SP was then added and incubated for 1 h. Finally,
8 uL avidin-horseradish peroxidase (HRP) (10 pg/mL) was
applied on the electrode and incubated for 0.5 h. The mecha-
nism involved in the fabrication process is exhibited in
Scheme 1.

Results and discussion
Characterization of N- and P-co-doped graphene

The morphology of NP-rGO was detected with TEM and
SEM. Figure la shows an ultrathin layered nanostructure of
NP-rGO. The nanosheets provide not only large specific sur-
face area but also rich active edges for constructing a sensitive
sensing platform. The TEM image in Fig. 1b again exhibits
the ultrathin nanosheets of NP-rGO.

The elemental composition of the NP-rGO was studied by
EDS analysis (Fig. 1c). The results show that the NP-rGO is
composed of C, O, N and P. The C atom is the main compo-
nent, and N is 4% of the composite.

The XPS spectrum in Fig. 1d confirms that the NP-rGO is
composed of C, O, N and P. In Fig. le, the peaks at 133.6 (P—
C) and 134.3 eV (P-0) are consistent with the characteristic
peak of P 2p. In Fig. 1f; the high resolution of the N 1s band
shows four forms of N (oxidized N, pyridinic N, pyrrolic N
and graphitic N) in the sample at 399.2, 400.9, 401.6 and
402.4 eV, respectively.

Electrochemical characterization

TThe step-by-step assembly process of the biosensor was stud-
ied by cyclic voltammetry (CV) (Fig. 2A and B). Two redox
peaks (curve a) appear on the bare GCE, while the redox peak
currents obviously increase after NP-rGO is modified on the
GCE (curve b) due to its good conductivity. When AuNPs are
deposited on the NP-rGO/GCE, one large peak current is ob-
tained (curve c). This may have benefited from the facilitated
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Scheme 1 Preparation of the thrombin biosensor
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Fig. 1 SEM (a), TEM (b), EDS
(c) and XPS spectrum (d) of NP-
rGO; high-resolution XPS spectra
of P 2p (e) and N 1s (f) of NP-
GO
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electron transfer provided by AuNPs. However, after T-DNA
and cDNA were fixed on the electrode and RCA occurred, the
current response gradually decreased due to negatively charged
DNA which makes electron transfer more difficult (curves d-h).

Electrochemical impedance spectroscopy (EIS) was also
used to determine the preparation process of the modified
electrode. AuNPs/NP-rGO/GCE (curve c) displays the
smallest semicircle and electron transfer resistance (R (Fig.
2C), suggesting the AuNPs/NP-rGO film promotes electron
transfer. Then, the R, is increasingly enhanced with the se-
quential immobilizing of T-DNA (curve d), cDNA (curve e),
PP + loop probe (curve f), RCA product (curve g) and SP
(curve h) on AuNPs/NP-rGO (Fig. 2D). This phenomenon
demonstrates successful preparation of the biosensor.

Figure 2E shows the differential pulse voltammetry (DPV) of
different electrodes. The DPV current signal of NP-rGO/GCE is

@ Springer

138 140 39 398 400 402 404 406 408
Binding energy(eV)

greatly improved compared with bare GCE, due to its good
conductivity. After AuNPs are further modified on the NP-
rGO/GCE, the current signal obviously increases. When T-
DNA, cDNA, PP + loop probe, RCA products and SP are grad-
ually immobilized on the AuNPs/NP-rGO/GCE, the DPV sig-
nals decrease step by step, confirming successful preparation of
the biosensor. Figure 2F shows the EIS of P-rGO/GCE, N-rGO/
GCE and NP-rGO/GCE. The results reveal that the NP-rGO/
GCE has the lowest R value, indicating good conductivity.

Optimization
The effect of deposition time of AuNPs on the DPV signal

was evaluated from 10 to 120 s (Fig. 3a). The DPV signal is
increased with increasing deposition time, and then remains
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Fig.2 CV curves (A, B), EIS (C, A
D) and DPV (E) of different

electrodes: (a) GCE, (b) NP-rGO/ 40 ¢
GCE, (¢) AuNPs/NP-rGO/GCE,
(d) T-DNA/AuNPs/NP-rGO/
GCE, (e) cDNA/T-DNA/AuNPs/
NP-rGO/GCE, (f) PP + loop
probe/cDNA/T-DNA/AuNPs/
NP-rGO/GCE, (g) RCA/PP +
loop probe/cDNA/T-DNA/
AuNPs/NP-rGO/GCE, (h) SP/ -40+
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unchanged after 1 min, suggesting an appropriate amount of
AuNPs was deposited on the electrode.

The effect of the pH of the electrolyte was studied. Figure 3b
shows that the largest current signal is achieved with a pH value
of 7.0. Consequently, pH 7.0 was chosen in this experiment.

The effect of the sequence length of cDNA was also evaluated
(Fig. 3c). Three cDNAs (cDNA1, cDNA2, cDNA3) with 20, 23
and 26 base numbers were applied, which were partly comple-
mentary with aptamer. When cDNA?2 was used, the highest DPV
response was obtained. This is because the short DNA chain
cannot preferably fix with the vertical domain of T-DNA, and
the long DNA chain can hybridize with aptamer.

Some RCA conditions were also optimized. The effect of
different concentrations of T-DNA ligase (1, 2, 3,4, 5, 6 and 7
unit/mL) was evaluated. The results show that an increase in
the concentration of ligase from 1 to 5 unit/mL results in a

gradual increase in signal intensity. However, when the con-
centration continues to increase beyond 5 unit/mL, the signal
intensity remains almost unchanged. Therefore, 5 unit/mL of
T-DNA ligase was used.

The effect of various concentrations of Phi29 DNA poly-
merase was investigated. The results show that as the concen-
tration of Phi29 DNA polymerase is increased from 10 to 80
unit/mL, the current signal intensity demonstrates a gradual
increase until the concentration of Phi29 DNA polymerase
reaches 50 unit/mL, after which the signal intensity decreases.
Therefore, 50 unit/mL was chosen.

Analytical performance

TB solutions of various concentrations were detected with the
biosensor (Fig. 4A). A linear relationship between the DPV
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Fig. 3 The effect of
electrodeposition time (a), the pH
of the electrolyte (b) and the base
number of cDNA (c¢) on the DPV
response

signal and the logarithm value of TB concentration in the
range of 1 x 107"°~1x 1077 M is obtained (R =0.994) (Fig.
4B). The detection limit is 3.53 x 10™'* M (S/N =3). The an-
alytical performance of our biosensor is better than others

Fig. 4 (A) DPVs of TB (a-h): 0,
0.0001, 0.001, 0.01, 0.1, 1, 10,
100 pmol L!; (B) calibration
plots; (C) the effect of various
compounds; (D) the stability
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Table 2  The results of TB detection with various methods

Detection method Linear range (pM) LOD (pM) Ref.

Electrochemiluminescence 10-10,000 6.3 [35]
Electrochemical aptasensor 100-25,000 20 [36]
Electrochemical aptasensor 0.3-54 0.14 [37]
Electrochemical aptasensor 10-50,000 5.6 [38]
Electrochemiluminescence 0.4-1000 0.23 [39]
Fluorescence 0.25-25,000 8.9 [40]
Fluorescence 10,000-80,000 1300 [40]
Fluorescence 50-100,000 15 [41]
Electrochemical aptasensor 0.1-100,000 0.035 This work

Selectivity, repeatability and stability

The selectivity of the biosensor was evaluated by mixing 100
pM HB, IgG and PSA into the standard samples.
Subsequently, the biosensor was kept in 100 pM TB blended
with the above interfering substances. The DPV response
changed little compared with pure TB solution (Fig. 4C),
demonstrating good selectivity. Three biosensors fabricated
with the same method independently were used to determine
TB (0.1, 10, 100 pM), and relative standard deviation (RSD)
values 0f 3.21%, 4.82% and 5.15% were obtained, respective-
ly, showing good reproducibility. The stability of the biosen-
sor was also determined. The results in Fig. 4D show that the
four biosensors have good stability for storage at 4 °C.

Real sample analysis

The biosensor was used to determine TB in spiked human
serum. Different concentrations of TB were mixed with healthy
human serum samples obtained from the Affiliated Hospital of
Xinyang Normal University, and then detected with the biosen-
sor. The experiment in this work was carried out in compliance
with the relevant laws and institutional guidelines, and the study
was approved by the Institutional Review Board of the
Affiliated Hospital of Xinyang Normal University. Informed
consent was also given by every participant. As shown in
Table 3, recoveries of 97.0-103.9% with RSDs of 2.9-5.9%
were obtained, indicating that the biosensor is feasible for use in
real biological samples and has great clinical analysis potential.

Table 3  Recovery tests (n=3)

No. Added (pM) Found (pM) RSDs (%) Recoveries (%)
1 1 1.02 59 102.0

2 20 19.54 4.6 97.7

3 100 103.89 53 103.9

4 1000 970.23 2.9 97.0

5 10,000 10,1454 39 101.5

Conclusion

A highly selective and sensitive biosensor for protein detec-
tion was fabricated. N- and P-co-doped graphene with good
conductivity and large specific surface area was used as elec-
trode supporting substrate. The three-dimensional DNA probe
was used to obtain a well-controlled density and minimize
nonspecific adsorption, and the RCA signal amplification
was applied for a lower detection limit. Under optimal condi-
tions, the biosensor was capable of detecting 3.53 x 104 M
of TB. The preliminary application of the biosensor was
proved by determination of TB in spiked serum samples.
The proposed biosensor showed great promise for the sensi-
tive determination of other proteins.
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