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Abstract

In this paper, a novel electrochemical sensor was constructed for the detection of purine bases. Ultrafine carbide nanocrystals
confined within porous nitrogen-doped carbon dodecahedrons (PNCD) were synthesized by adding molybdate to ZIF-8 fol-
lowed by annealing. With MoC-based PNCDs (MC-PNCDs) as the carrier, gold nanoparticles (AuNPs) were deposited on the
electrode surface via potentiostatic deposition as the promoter of electron transfer, forming a AuNPs/MC-PNCDs/activated
glassy carbon electrode (AGCE) sensor. MC-PNCDs had a large specific surface area, which combined with the excellent
electrocatalytic activity of AuNPs, synergistically improved the electrocatalytic activity. The morphology and structure
of the electrode surface modifier were characterized by scanning electron microscopy, transmission electron microscopy,
energy-dispersive X-ray photoelectron spectroscopy, infrared spectroscopy, X-ray diffraction, nitrogen adsorption—desorption
analysis, and electrochemical characterization. Under the optimal conditions, the linear detection range of guanine (G) and
adenine (A) was 0.5-160.0 pM, and the detection limits (S/N=3) were 72.1 and 69.6 nM, respectively. AuNPs/MC-PNCDs/
AGCE was successfully constructed, and was used to simultaneously detect G and A with high sensitivity and selectivity.
Moreover, the sensor was successfully used to detect G and A in herring sperm DNA samples.

Keywords Metal organic frameworks - Porous nitrogen-doped carbon dodecahedron - Guanine - Adenine - Electrochemical
sensor - Gold nanoparticles

Introduction

DNA, a double-helix biopolymer composed of nucleotide
units, plays an important role in heart rhythm maintenance,
blood flow control, neurotransmitter release inhibition,
various biological metabolisms, signal transduction, and
energy transduction in cells [1]. Abnormal changes in the
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concentrations of the bases (e.g., guanine [G] and adenine
[A], two of the four nitrogenous bases that make up DNA) in
an organism may indicate immune deficiency and mutations
that lead to diseases [2, 3]. In addition, the concentrations
of these bases can be an important diagnostic indicator of
AIDS, epilepsy, cancer, and genetic susceptibility to diseases
[4, 5]. Therefore, monitoring trace levels of G and A is of
great significance for studying the biological and clinical
diagnosis related to genetic information and immune defi-
ciency. Up to now, several methods have been used to deter-
mine purine base content, including high-performance liquid
chromatography [6], liquid chromatography—mass spec-
trometry [7], gas chromatography—mass spectrometry [8],
and fluorescence [9] and electrochemical analysis. Among
techniques, electrochemical sensors are outstanding, with
simple sample pretreatment, high detection sensitivity, and
easy and simple operation [10], and thus are widely used in
biomolecule analysis and detection.

For electrochemical sensors, the selection of electrocat-
alysts is extremely important, as it determines the sensor
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sensitivity and selectivity to a certain extent. Metal organic
frameworks (MOFs) are coordination polymers that have
seen rapid development in recent years, and are charac-
terized by large pore volume, large specific surface area,
open metal position, and easy functionalization [11, 12].
Moreover, MOFs can be regulated by introducing groups
with different functional properties. However, the original
MOFs often have defects such as low stability and weak
electrocatalytic ability, which limit their practical applica-
tion in electrocatalysis [13]. With further study on MOFs,
derivative materials such as porous carbon, metal oxides,
and metal/metal oxides have been prepared from the original
MOFs as the precursor. Among these, MOF-derived carbon
materials are a class of promising electrode materials with
diverse morphology and structure, rich pores, high poros-
ity, and good electrocatalytic performance. Zeolitic imida-
zolate frameworks (ZIFs), a new type of MOFs formed by
the complexation of transition metal ions and imidazoles,
have mild reaction conditions and a simple synthesis pro-
cess [14]. ZIFs combine the structural advantages of natural
zeolite and metal skeleton materials [15—17]. ZIFs not only
can serve as a template to regulate the morphology of nano-
material, but can also provide carbon and nitrogen sources
for the construction of N-doped carbon skeleton. Zhao et al.
[18] synthesized ZIF-8-derived heteroatom-doped yolk shell
hierarchical porous carbon (N-CF@N) for electrochemical
detection of small biomolecules. As a category of transition
metal carbides, molybdenum carbide (MoC) has attracted
the attention of researchers in the application of electro-
chemistry, owing to its good electrochemical catalytic abil-
ity and excellent conductivity [19]. For instant, Dong et al.
[20] fabricated an electrochemical sensor based on Co/N-
co-doped MoO,/MoC, which was synthesized via carbur-
izing ZIF-67-clad MoO; nanorods at high temperature for
highly sensitive simultaneous detection of acetaminophen
and 4-aminophenol, and achieved satisfactory results. There-
fore, molybdate can be added to form Mo-based ZIFs (ZIF-
67-Mo00Q,) and subsequently annealed at high temperature to
obtain MoC-based porous nitrogen-doped carbon dodeca-
hedrons (MC-PNCDs). To the best of our knowledge, there
are no reports on the simultaneous detection of G and A by
electrochemical sensors based on MC-PNCDs.

As one type of electrocatalyst, metal nanoparticles (NPs)
such as PtNPs [21], AgNPs [22], CuNPs [23], and AuNPs
[24] are widely used in electrochemical sensors. AuNPs have
excellent biocompatibility, chemical stability, electrical con-
ductivity, and catalytic performance, and are used extensively
in optics, medicine, catalysis, electrochemistry, and spectros-
copy. For electrochemical analysis technology, the high con-
ductivity of NPs can be combined with many electrocatalysts
to synergistically promote analytical sensitivity. For instance,
the combination of NPs and porous MOFs or their derivatives
can increase the load of NPs on the electrode surface, thus
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synergistically increasing the electron transfer rate [25, 26].
Using the electrochemical reduction method, Ma et al. [27]
prepared a ZIF-8/PtNPs/glassy carbon electrode (GCE) elec-
trochemical sensor which was successfully applied for the sen-
sitive detection of ascorbic acid in drugs. In this work, AuNPs
with high electrocatalytic activity and stability were modified
on the electrode surface by potentiostatic deposition, which
further improved the electrocatalytic activity of the electrode
surface. Relevant research was conducted on this basis.

In this work, ultrafine carbide nanocrystals confined within
PNCDs were synthesized by annealing ZIF-8-MoO,. The con-
finement of ultrafine nanocrystals within porous nanostruc-
tures increased the contact between carbides and conductive
carbon carriers, providing more stable active sites and facili-
tating electron transfer during oxidation reduction reactions.
On this basis, we built a novel electrochemical sensor that
combined AuNPs with MC-PNCDs for simultaneous detection
of G and A. In addition, bare GCE can be activated for enhanc-
ing the electrochemical signal, which may be attributed to the
abundant functional groups including carboxyl, carbonyl, and
hydroxyl that can be induced on the surface of GCE during
activation, therefore increasing the surface roughness and
enhancing the electron transfer rate and electrochemical activ-
ity [28, 29]. Thus, the GCE surface was activated in phosphate
buffer solution (PBS), and then the MC-PNCDs were used as
the underlying support material to modify the activated GCE
(AGCE). The large specific surface area and high electrical
conductivity of MC-PNCDs improved the loading capacity
of subsequent materials. Then, AuNPs were deposited on the
surface of the MC-PNCDs/AGCE by potentiostatic deposition
to form AuNPs/MC-PNCDs/AGCE (Scheme 1). The combi-
nation of MC-PNCDs and AuNPs synergistically enlarged the
specific surface area, accelerated the rate of electron transfer,
enhanced the conductivity, and improved the electrochemi-
cal activity of the modified electrode, which strengthened the
electrochemical signal toward the targets. Morphological char-
acterization of the electrode surface suggested that the AuNPs/
MC-PNCDs/AGCE possessed large specific surface area and
excellent electrocatalytic capability. The new electrochemical
sensor exhibited satisfactory detection performance toward G
and A, and showed high stability and selectivity. In addition,
the AuNPs/MC-PNCDs/AGCE was successfully applied to
detect G and A in herring sperm DNA samples.

Materials and methods
Reagents and apparatus

Chemicals and materials

Guanine, adenine, 2-methylimidazole, chloroau-
ric acid (HAuCl, 4H,0), zinc acetate dihydrate
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Scheme 1 Schematic diagram of the synthesis process of AuNPs/MC-PNCDs/AGCE for electrochemical detection of G and A

(CH5CO00),Zn-2H,0), and sodium molybdate (Na,MoO,)
were purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China). Disodium hydrogen phosphate (Na,HPO,), sodium
dihydrogen phosphate (NaH,PO,), potassium ferricyanide
(K;Fe(CN)y), potassium ferrocyanide (K, Fe(CN)4-3H,0),
and potassium chloride (KCI) were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Alumina
powder was purchased from Gaoss Union, (Wuhan, China),
and herring sperm was purchased from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals and reagents were of
analytical-grade purity unless otherwise specified, and the
experimental water was deionized water.

Apparatus

Cyclic voltammetry (CV), square wave voltammetry (SWV),
and chronoamperometry (i-t) were carried out on a CHI660E
electrochemical workstation (Shanghai Chenhua Instrument
Co., Ltd.) coupled with a conventional three-electrode system,
with a GCE as working electrode, platinum electrode as counter

electrode, and saturated calomel electrode as reference elec-
trode (Gaoss Union, Wuhan, China). Scanning electron micros-
copy (SEM) was used to observe the surface morphology of the
modified electrode. The infrared absorption spectrum and X-ray
powder diffraction (XRD) spectrum were collected using a Fou-
rier transform infrared (FT-IR) spectrometer (Spectrum 100)
(PerkinElmer, Waltham, America) and a DX-2700B diffractom-
eter (Haoyuan, Dandong, China), respectively. All experiments
were carried out at room temperature (25°C + 1°C).

Preparation of ZIF-8

For solution A, 2-methylimidazole (5.6 g) was dissolved
in 25 mL of water and stirred at room temperature for 3
min. For solution B, zinc acetate dihydrate (1.5 g) was
dissolved in 25 mL of water and stirred at room tempera-
ture for 3 min until homogenization. Then solution B was
quickly added to solution A and stirred for 1 min until
homogenization. The mixed solution was placed at room
temperature for 48 h to form ZIF-8 dodecahedron, which
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was washed three times each with dimethylformamide
(DMF) and methanol. ZIF-8 was obtained after vacuum
drying at 60 °C for 10 h [30].

Synthesis of MC-PNCDs

MC-PNCDs were prepared according to a previously
reported method with minor changes [30]. First, 1.0 g of
as-synthesized ZIF-8 was dispersed in 150 mL of DMF,
and 1.0 g of Na,MoO, was added under stirring for 10
min. The mixed solution was transferred to a 500 mL
reactor for 6 h of reaction at 150 °C. The resulting white
solid was centrifuged, washed three times successively
with DMF and methanol, and dried at 60 °C for 12 h,
forming ZIF-8-MoO, (white powder). The ZIF-8-MoO,
was transferred to a tube furnace and carbonized in N,
atmosphere. To ensure the integrity of the carbide mor-
phology, the material was first heated from room temper-
ature to 400 °C at a rate of 2 °C min~' for 2 h, and then
heated to 800 °C at a rate of 2 °C min~' for 2 h. After
cooling to room temperature, MC-PNCDs were obtained
(black powder).

Preparation of AuNPs/MC-PNCDs/AGCE electrode

The GCE was polished on suede with alumina slurry (0.05
pm) before use, and the excess aluminum powder on the
electrode surface was then washed with water. A mirror
surface was formed after continuous ultrasonic treatment
in ethanol and water for 2 min.

For the AGCE, the clean electrode was immersed in 0.1
M PBS (pH 7.0) and scanned by cyclic voltammetry (CV)
for 10 cycles. The scanning potential was 0—1.0 V and the
scanning speed was 0.10 V s~!. After the electrode was
removed, the excess solution on the surface was washed
with water and blow-dried to form AGCE.

To prepare the MC-PNCDs/AGCE, an appropriate
amount of MC-PNCD powder was dispersed in water to
form a 0.2 mg mL~! MC-PNCD modification solution,
which was ultrasonically treated for 5 min to form an
MC-PNCD suspension. Then 10 pL of the suspension was
dripped onto the surface of the AGCE, which was dried at
60 °C for 15 min to form a dry film.

For the AuNPs/MC-PNCDs/AGCE, the MC-PNCDs/
AGCE was placed in a mixed solution containing 5 mM
HAuCl, 4H,0 and 0.1 M KCIl. The constant potential dep-
osition method was applied at a potential of —0.2 V for
180 s. The deposited electrode was rinsed with water and
placed at room temperature until the surface was dried to
form a golden film. The AuNPs/MC-PNCDs/AGCE was
prepared and stored in a refrigerator at 4 °C.
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Preparation of samples

For the herring sperm DNA, the DNA samples were pre-
treated with 6.0 mg of DNA acidified in 2.0 mL of HCI (0.1
M) and heated in a water bath (100 °C) for 1 h. The solu-
tion was then quickly brought to room temperature in an ice
bath and adjusted to the desired pH (2.0 mL, 1.0 M NaOH).
Then, 0.12 mL of a denatured DNA solution was added to
10 mL of PBS, and the currents of two oxidation peaks were
measured by SWV.

Results and discussion
Characterization

The surface morphology of the materials and electrodes was
characterized by SEM and transmission electron microscopy
(TEM). Firstly, ZIF-8 was found by SEM to be polyhedron-
shaped (Fig. 1a). ZIF-8-MoO, prepared by anion exchange
reaction had a slightly smaller size, but retained the polyhe-
dral structure of ZIF-8 (Fig. 1b). The ZIF-8-MoO,-derived
carbide MC-PNCDs maintained the polyhedron shape and
further decreased in size, and the ultrafine nanocrystals
were confined to the porous carbon dodecahedron (Fig. 1c
and f), which was consistent with a prior report [30]. The
surface of the AGCE was wrinkled and granular (Fig. 1d),
and its surface microstructure changed. Figure 1e shows the
SEM image of AuNPs/MC-PNCDs/AGCE; by comparison,
AuNPs with higher brightness and uniformly distributed on
the surface of MC-PNCDs/AGCE are seen, which suggested
successful modification. These results confirm the successful
modification of AuNPs/MC-PNCD composites on the sur-
face of AGCE. Energy-dispersive X-ray spectroscopy (EDS)
(Fig. 1g) shows that the surface of the AuNPs/MC-PNCDs/
AGCE was rich in carbon, nitrogen, gold, and molybdenum.
Moreover, characteristic peaks of Cls, N1s, Au4d, Au4f, and
Mo3d can be observed in the X-ray photoelectron spectros-
copy (XPS) image (Fig. S1), indicating that AuNPs and MC-
PNCDs were successfully modified on the electrode surface.

The FT-IR spectrum in Fig. 1h shows the characteris-
tic peaks of ZIF-8 at 3133 and 2927 cm™! related to the
aromatic and aliphatic C—H extension of imidazole; the
absorption at 1579 cm™ is due to C-N stretching; the vibra-
tions at 1145 and 994 cm™! correspond to C-N stretching
and bending, respectively. These characteristic peaks fully
confirm the successful synthesis of ZIF-8 [31]. Compared
with ZIF-8, ZIF-MoO, shows a new peak at 843.5 cm™!,
indicating that the MoO, unit successfully replaced the
skeleton of ZIF-8 [30]. The main peaks in the XRD pat-
terns of ZIF-8 correspond to the (002), (211), (220), (310),
and (222) planes, and ZIF-MoO, showed the same results
as ZIF-8 (Fig. 1i) [30, 32]. After annealing, the new peaks
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Fig. 1 SEM images of (a) ZIF-8, (b) ZIF-8-MoO,, (¢c) MC-PNCDs, (d) AGCE, (e) AuNPs/MC-PNCDs/AGCE; (f) TEM images of MC-PNCDs;
(g) EDS of AuNPs/MC-PNCDs/AGCE; (h) FT-IR spectrum of ZIF-8 and ZIF-8-MoO,; (i) XRD of ZIF-8, ZIF-8-MoO, and MC-PNCDs

of MC-PNCDs corresponding to (004), (101), (104), (110),
(114), and (201) were attributed to the generation of MoC,
and the peaks of ZIF-8 decreased significantly, which is con-
sistent with the results of previous reports [30, 33].

CV was used to explore the electron transfer of different
modified electrodes. The GCE, AGCE, MC-PNCDs/AGCE,
AuNPs/AGCE, and AuNPs/MC-PNCDs/AGCE electrodes
were placed in a 5 mM K;[Fe(CN)y1/K,[Fe(CN);] solution
containing 0.1 M KCl to collect current curves, which were
then analyzed comparatively. The black curve in Fig. 2a
reveals a pair of weak reversible redox peaks on the bare
electrode, corresponding to the redox reaction of ferricya-
nide on the electrode. The peak current of AGCE decreased
significantly, indicating that activation in 0.1 M PBS solu-
tion (pH 7.0) might hinder the contact between the elec-
trode and ferricyanide, thus weakening the current response.
When MC-PNCDs were modified on AGCE, the peak cur-
rent increased to a certain extent. Combined with the porous
structure of MC-PNCDs, the modification on the electrode
surface increased the effective surface area and promoted
electron transfer. After electrodeposition with AuNPs on the
AGCE, the peak current increased as well, owing to their

excellent conductivity, catalytic performance, and electron
transfer capability. When the AuNPs were electrodeposited
on the surface of the MC-PNCDs/AGCE, the redox peak
current increased significantly, and was larger than the other
four electrodes. The results imply that AuNPs/MC-PNCDs
can effectively promote electron transfer on the electrode
surface. Furthermore, different modified electrodes were
prepared in the same solution via CV with scan rates from
10 to 250 mV s~ !, and their effective surface area (A, was
calculated according to the Randles—Sevcik equation [34]
(Fig. S2).

I, =2.69x 10°n*?A ;D'/>y!/>C

Herein, I, is the corresponding peak current value, 7 is
the number of transferred electrons during the reaction,
and D presents the diffusion coefficients of 5.0 mM potas-
sium ferricyanide solution containing 0.1 M KCI. In addi-
tion, v and C are the scanning rate and the concentration
of the electrolyte solution, respectively. It can be inferred
from the formula that the A 4 of the AuNPs/MC-PNCDs/
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Fig.2 CVs (a) and EIS (b) of bare GCE, AGCE, MC-PNCDs/
AGCE, AuNPs/AGCE, and AuNPs/MC-PNCDs/AGCE in 5.0 mM
K;[Fe(CN)g] solution (containing 0.1 M KCI). Inset of Fig. 2b: the

AGCE is 0.160 cm?2, which is larger than that of the bare
GCE (0.129 cm?), AGCE (0.097 cm?), MC-PNCDs/AGCE
(0.124 cm?), and AuNPs/AGCE (0.143 cm?). In addition,
the Brunauer—-Emmett-Teller (BET) surface area was inves-
tigated via nitrogen adsorption—desorption experiments
(Fig. S3), and the BET surface area of MC-PNCDs was
measured as 139.3 m? g~!, suggesting the mesoporous struc-
ture of the synthesized nanocomposites. This suggests that
the porosity and high surface/volume ratio of AuNPs/MC-
PNCDs effectively enlarged the surface area of the electrode.

Electrochemical impedance spectroscopy (EIS) was per-
formed in 5.0 mM ferricyanide (containing 0.1 M KCl) with
a potential of 0.24 V to further study the surface properties of
the electrodes. As shown in Fig. 2b, the charge transfer (R_,) of
different modified electrodes varied significantly. Among these
differences, the semicircle diameter of AGCE is much larger
than that of bare GCE owing to the weakened conductivity of
AGCE. When MC-PNCDs or AuNPs were modified on the
surface of AGCE, R, decreased, indicating that MC-PNCDs
increased the electron transfer rate of the electrode and pro-
moted the excellent conductivity of the AuNPs. When AuNPs
were deposited on the surface of the MC-PNCDs/AGCE, the
R, of the AuNPs/MC-PNCDs/AGCE was further decreased,
indicating that AuNPs possessed high conductivity and accel-
erated the electron transfer rate. The above results confirm that
the AuNPs/MC-PNCDs/AGCE was successfully constructed.

Electrochemical behavior of G and A at different
electrodes

The CV curves of different modified electrodes at 50.0 pM
G and A (0.1 M PBS pH 2.5) were compared. G and A had
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equivalent circuit of impedance (right) and the magnified diagram of
EIS curves of bare GCE, AuNPs/AGCE, and AuNPs/MC-PNCDs/
AGCE (left)

two small and wide oxidation peaks on bare GCE (Fig. 3).
After activating GCE with PBS (pH 7.0) and modification
with MC-PNCDs or AuNPs, the peak current increased sig-
nificantly, indicating that the MC-PNCDs and AuNPs had a
good electrochemical response to both G and A. With fur-
ther electrodeposition of AuNPs on MC-PNCDs, AuNPs/
MC-PNCDs/AGCE exhibited the largest current response
among all modified electrodes, which was because the
AuNPs/MC-PNCDs combined the high porosity, large sur-
face area, and good electrocatalytic performance of MC-
PNCDs, and the excellent conductivity and electron transfer

100 1

——Bare GCE

——AGCE
——MC-PNCDs/AGCE

—— AuNPs/AGCE

—— AuNPs/MC-PNCDs/AGCE

80 -

Current(pA)

0.8 1.0 12 1.4 1.6
Potential(V)

Fig.3 CVs of bare GCE, AGCE, MC-PNCDs/AGCE, AuNPs/
AGCE, and AuNPs/MC-PNCDs/AGCE in 50.0 pM G and A (0.1 M
PBS pH 2.5); scan rate: 0.1 V s~
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capacity of AuNPs, which synergistically improved the elec-
trochemical performance of the electrode and enhanced the
electrochemical response toward the target. Therefore, the
AuNPs/MC-PNCDs/AGCE was used to detect G and A.

The amount of modification of the electrode surface mate-
rial will affect the detection of G and A by the sensor. The
modified concentration of MC-PNCDs will have a moderate
effect on the peak current in response to G and A. Figure S4
displays the L, variations of 50.0 pM G and A at different
modification amounts of MC-PNCDs in 0.1 M PBS (pH
2.5). The oxidation peak current increased gradually with
the increase in the concentration of the MC-PNCD solution.
When the concentration of MC-PNCDs was 2.0 mg mL ™",
the peak current was greatest. With a further increase in the
concentration of the modification solution, the peak current
decreased gradually, which might be because the excessive
load of MC-PNCDs led to the stacking of material, and the
excessively thick modified film decreased the conductivity
of the electrode, which impeded electron transfer. There-
fore, the 2.0 mg mL~! MC-PNCD solution was selected as
the optimal modified concentration. AuNPs were deposited
by potentiostatic electrodeposition on MC-PNCDs/AGCE.
With the variation in electrodeposition time, the amount
of modified AuNPs on the electrode surface also varied,
resulting in the difference in electrical signals. The detec-
tion results for 50.0 pM G and A at different deposition time
(Fig. S5) showed that with the increase in electrodeposition
time, the modification amount of AuNPs on the electrode
surface increased. When the deposition time was 180 s, the
electrical signal was highest, and the modification amount
of AuNPs on the electrode surface was saturated. Therefore,
180 s was chosen as the optimal deposition time.

Influence of pH

The change in the pH of the buffer solution will change the
peak current and peak potential of G and A to a certain
extent, so it is necessary to optimize the pH of the buffer
solution. The electrochemical behavior of 50.0 uM G and
A'in 0.1 M PBS (pH 1.5-4.5) was investigated by CV. The
maximum peak currents of G and A were reached in the
buffer at pH 2.5 (Fig. 4a and b). With a further increase in
the buffer pH, the peak currents gradually decreased. There-
fore, pH 2.5 was selected as the optimal pH of the buffer.
With the increase in pH, the oxidation peak potentials of
G and A moved in a negative direction, indicating that pro-
tons were directly involved in this electrochemical reaction
(Fig. 4c). In addition, the peak potentials (Ep) of Gand A
were linearly related to pH: E (G)= —0.05132pH + 1.103
(r=0.9991), E (A)= —0.05753pH + 1.462 (r = 0.9977).
The slopes of the two equations were 0.05132 and 0.05753,
respectively, which were basically consistent with the stand-
ard slope value of 0.059. These results indicate that the ratio

of electron number to proton number in the electrochemical
reaction of G and A on AuNPs/MC-PNCDs/AGCE is about
1:1, and it is an isoprotic isoelectronic reaction.

Effect of scan rate on the electrochemical behavior
of Gand A

To further explore the electrochemical reaction mechanism
of G and A on AuNPs/MC-PNCDs/AGCE, we investigated
the effect of scanning speed on the peak current and peak
potential of 50.0 pM G and A through CV. As shown in
Fig. 4d and e, within a scanning range of 10-250 mV s~/, the
oxidation peak currents of G and A gradually increased with
the increase in scanning speed, and their linear relationship
was as follows: L (A)= 0.1566 v +6.436 (r = 0.9947), L, (G)
=0.1147 v + 2.114 (r = 0.9935). the results show that the
electrochemical reaction of G and A on AuNPs/MC-PNCDs/
AGCE is a typical adsorption control process.

At the same time, with the increase in scanning rate, the
peak potentials of G and A gradually moved to the positive
direction, and Ep was linearly correlated with Inv (Fig. 4f).
The linear equations are as follows: E; (A) = 0.0280 Inv
+ 1.193 (r = 0.9958), E, (G) = 0.0220 Inv + 0.874 (r =
0.9967).

RT RTK, RT
= (KD ) (R | (KDY,
pa anF n anF anF e

where v represents the scanning rate, a is the electron
transfer coefficient, n is the number of electrons transferred,
E? is the initial potential (V), E,, is the oxidation peak poten-
tial (V), K is the standard rate constant (s™H, R is the gas
constant (8.314 J mol~! K=!), T represents the thermody-
namic temperature (298 K), and F is the Faraday constant
(96,500 C mol™"). For this irreversible electrochemical reac-
tion, a can be assumed to be 0.5, from which the value of an
can be calculated, and the number of electrons transferred
in the G and A electrochemical reaction can be estimated
as about 2. Together with the linear relationship between
ElD and pH, it can be deduced that the electrochemical reac-
tion of G and A on AuNPs/MC-PNCDs/AGCE involves two
protons and two electrons. The possible reaction mechanism
is shown in Fig. S6.

Determination of Gand A

Under the optimal conditions, SWV was used to detect G
and A at different concentrations separately and simultane-
ously. In a separate test, the concentration of one compound
was changed and the concentration of the other remained the
same. When the A concentration was fixed at 50.0 pM, with
an increase in G concentration, the peak current increased as
well (Fig. S7a). Within the concentration range of 0.01-150.0
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Fig.4 (a) CVs of the AuNPs/MC-PNCDs/AGCE in the presence of
50.0 pM G and A in various pH solutions; scan rate: 0.1 V s7h (b)
the plots of pH versus peak current (I)); (c) the plots of pH versus
peak potential; (d) CVs of different scan speeds (10 mV s™! to 250

pM, the linear equation of peak current and G concentra-
tion can be expressed as [,=0.2665¢+0.5828 (R?=0.9931)
(Fig. S7b). The detection limit of G (S/N = 3) is 69.2 nM.
Similarly, when there was 50.0 uM G in the solution, the oxi-
dation peak current increased with the increasing concentra-
tion of A and presented a good linear relationship (Fig. S7¢).
Within the range of 0.5-150.0 pM, the linear regression
equation was 1,=0.2842¢+0.08419 (R*=0.9983) (Fig. S7d).
The detection limit of A (S/N=3) was 67.0 nM. The above
results indicate that an increase in G or A concentration will
lead to an increase in the corresponding oxidation peak cur-
rent, but G and A do not interfere with each other.

To further evaluate the applicability of AuNPs/MC-
PNCDs/AGCE, we detected G and A at different concen-
trations under the same conditions using SWV. Within
the concentration range of 0.5-160.0 pM, the concentra-
tions of G and A both showed a good linear correlation
with the peak current (Fig. S7e and f). The linear regres-
sion equations are [,=0.2292¢+0.2243 (R?=0.9998, G)
and [;=0.1714c+0.0872 (R?=0.9980, A). The limits of
detection (S/N=3) for simultaneous detection of G and
A were 72.1 and 69.6 nM, respectively. The above results
indicate that the AuNPs/MC-PNCDs/AGCE is suitable
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mV s~") for 50.0 uM G and A in 0.1 M PBS (pH 2.5) solution; (e) the
relationship between the oxidation peak current of G and A and the
scanning rate v; (f) the linear relationship between the cathodic peak
potential of 50.0 pM G and A and Inv

for detection of G and A both separately and simultane-
ously, and has low detection limits and wide linear ranges
(Table 1).

Repeatability, reproducibility, and stability
of AuNPs/MC-PNCDs/AGCE

The modified electrode was investigated by CV. The
same electrode (AuNPs/MC-PNCDs/AGCE) was used
to detect 50.0 pM G and A six consecutive times, and
the relative standard deviations (RSDs) of the peak cur-
rent were calculated as 4.5% and 4.4%, respectively.
We used five electrodes (AuNPs/MC-PNCDs/AGCE)
to detect 50.0 pM G and A under the same conditions,
and the RSDs of the response current were 4.2% and
3.9%, respectively. The stability of the electrochemical
sensor was evaluated by comparing the response of the
electrode stored at 4 °C for 15 days. The peak currents
of G and A were 97.4% and 96.9% of the original values,
respectively (Fig. S8A). These results suggest that the
electrochemical sensor has high repeatability, reproduc-
ibility, and stability.
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Table 1 Comparison with other electrochemical sensors in the detection of G and A
Electrochemical sensors Method G A Reference
Linear range (pM) LOD (uM)  Linear range (1uM) LOD (pM)
Cu-MOF/ERGO/GCE DPV 0.02-10, 20-100 0.012 0.005-20, 40-200  0.002 [35]
MOF-801/MWCNT-COOH/AuNPs/GCE DPV 0.8-60, 60-180 0.09 0.8-60, 60-180 0.08 [36]
PDA/MnO,/IL-GR/GCE DPV 10-300 0.25 10-300 0.15 [37]
COFs/NH,-1G/MoS,/GCE DPV 0.5-150 0.51 1.0-280 0.44 [3]
B-CNS/GCE SWV 0.01-0.5 0.00004 0.01-0.5 0.00002 [38]
MoxC@C/GCE DPV 0.03-122 0.0085 0.02-122 0.008 [39]
MWCNTs-COOH/CuP-SQ COF/CoNPs/GCE ~ DPV 0.04 - 130 0.0055 0.06 — 130 0.0072 [5]
Cu-CeO,/MWCNT/GCE DPV 0.1-8.0 0.062 0.2-6.0 0.128 [40]
Magnetite MOF@CNT-pC/GCE DPV 0.5-30 0.244 0.5-25 0.285 [41]
AuNPs/MC-PNCDs/AGCE SWV 0.5-160.0 0.0721 0.5-160.0 0.0696 This work

Interference

The influence of various potentially interfering biological
substances and metal ions on the anti-interference abil-
ity of the sensor in the presence of G and A was tested
and the result is displayed in Fig. S8B. Within the error
margin of 5%, a 50-fold increase in the concentrations of
Mg**, CI-, K*, Nat, NO;~, Zn**, SO,>~, sucrose, glucose,
glutamic acid, ascorbic acid, uric acid, cytosine, thymine,
f-cyclodextrin, and folic acid were added to 0.1 M PBS (pH
2.5) containing 50.0 pM G and A, but there was no inter-
ference (Table S1). These results confirm that the AuNPs/
MC-PNCDs/AGCE has great selectivity for simultaneous
determination of G and A.

Real sample analysis

To further explore the applicability of the AuNPs/MC-
PNCDs/AGCE, we used the sensor to detect the content of
G and A in herring sperm DNA (Fig. S9). Firstly, the herring
sperm DNA was pretreated, and two oxidation peaks of G
and A were clearly observed by SWV on the AuNPs/MC-
PNCDs/AGCE. According to the linear regression equation,
the concentrations of G and A were calculated as 28.9 and

38.1 pM, respectively. The ratio of G/A is 0.76 (n=3), which
meets the standard of G/A~x0.77[42]. As shown in Table 2,
the recoveries of G and A were 97.7-105.0% after adding
6.0, 30.0, or 60.0 pM G and A.

Therefore, the AuNPs/MC-PNCDs/AGCE can be used
to detect G and A simultaneously in herring sperm DNA.

Conclusions

In summary, a simple, sensitive electrochemical sensor
based on AuNPs/MC-PNCDs/AGCE was constructed
for simultaneous detection of G and A. AuNPs and MC-
PNCDs synergistically enhanced the electron transfer rate
and greatly improved the electrical conductivity. Modifi-
cation on the surface of the AGCE further improved the
electrochemical response to G and A. The sensor exhibited
a wide detection range, low detection limit, and high selec-
tivity. The sensor was successfully applied to detect purine
in herring sperm DNA samples, with satisfactory results.
The electrochemical sensor constructed in this experiment
provides a new method for electrochemical sensor detection
of G and A, and also provides a new idea for MOF-derived
carbon compounds combined with NPs for electrochemical

Table 2 Determination of G and
A in herring sperm DNA (n=3)

Sample Analyte  Original (uM)  Added (uM)  Deter- Recovery (%) RSD (%)
mined
(uM)
Herring sperm DNA G 28.9 6.0 35.0 101.7 1.2
30.0 58.2 97.7 1.9
60.0 90.6 102.8 34
A 38.1 6.0 44.4 105.0 44
30.0 68.5 101.3 2.1
60.0 98.5 100.7 1.3
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sensor detection of biological small molecules. Although
the fabricated electrochemical sensor obtained satisfactory
results, a wider detection range and lower detection limit are
further goals to pursue in our lab. At the same time, find-
ing a higher-performance and cheaper metal to replace the
noble metal (AuNPs), and therefore decreasing the detection
cost and developing a more practical sensor, is an additional
focus of our research.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04478-6.
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