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ARTICLE INFO ABSTRACT

A bimetallic NiCo-based metal-organic framework (NiCo-MOF) was pyrolyzed into a novel composite comprising
NiCo,04 spinel, CoO, and metallic Co/Ni nanoparticles embedded with carbon nanotubes at high temperature
700 °C under N, atmosphere (represented by NiCo,04/CoO@CNTs), whereas organic ligands were almost de-
composed in H, atmosphere, leading to absence of carbon nanotubes (denoted by NiCo,04/Co0). The feasibility
of using the composite as efficient bioplatform for immobilizing the probe DNA of human immune deficiency
virus-1 (HIV-1) in the electrochemical detection of the HIV-1 DNA was explored. Compared with the pristine
NiCo-MOF and NiCo0,0,4/Co0, the NiC0,0,/CoO@CNTs composite exhibited high electrochemical activity, good
biocompatibility, and strong bioaffinity toward the probe DNA. Electrochemical measurements demonstrated
that the NiCo,04/CoO@CNTs-based bioassay displayed superior sensing performances, giving an ultralow de-
tection limit of 16.7 fM toward HIV-1 DNA over the linear range of 0.1 pM to 20 nM; possessing high selectivity
even against noncomplementary and two-base mismatch sequences; exhibiting good stability, reproducibility,
repeatability and applicability in the application of detecting human serum samples. Thus, the present strategy
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can broaden the application of MOFs and their derivatives in various fields of biosensing.

1. Introduction

The early detection of HIV biomarkers or genes is crucial for the
diagnosis, treatment, and hampering the propagation of AIDS
(Ambinder et al., 2010). However, current diagnostic methods for AIDS,
including the detection of HIV antibody and/or HIV antigen, are diffi-
cult to fulfill this urgent requirement due to relatively long time of HIV
antibody production (weeks to months). And in this period, the
amounts of HIV antibodies will be too insufficient to be detected. Thus,
more immunoassay-based nucleic acid detections have been proved to
the efficacious approaches for the early detection of HIV-1 (Zhao et al.,
2015). And conventional gene detection assays are based on the hy-
bridization between DNA or RNA probes and related complementary
HIV-1 genes (Qaddare and Salimi, 2017). Although numerous efforts
have focused on the fabrication of biosensors for HIV-1 gene detection,
the majority of reported DNA biosensor arrays are founded on optical
transduction principles, such as fluorescence (Lillis et al., 2016), Raman
scattering (Otange et al., 2017), and chemiluminescence (Ali et al.,
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2017). DNA biosensor arrays based on optical readout exhibit various
advantages, such as high sensitivity and throughput (hundreds of
thousands of probes), but require expensive instrument for optical
imaging, laser light, and labeled probes. Therefore, it is extremely ur-
gent to develop more analytical and diagnostic techniques which can
detect HIV more early, accurately, sensitively and specifically.
Electrochemical biosensors have drawn more and more attention
due to their compelling advantages, such as facile fabrication, rapid
detection, good selectivity and sensitivity (Rackus et al., 2015). DNA
sensors can detect a specific DNA fragment on the basis of hybridization
with a complementary DNA fragment. Electrochemical gene sensors for
the ultratrace and label-free determination of DNA hybridization for
HIV-1 gene detection with ultrahigh sensitivity, specific selectivity, and
rapid analysis can be developed by using a variety of nanomaterials,
such as EuS nanoclusters (Babamiri et al., 2018), CD4(+) T lympho-
cytes (Carinelli et al., 2015), and P-RGO@Au@Ru-SiO, (Zhou et al.,
2015). Given that the sensitivity of electrochemical biosensors could be
improved via the integration of nanomaterials with excellent electrical
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Scheme 1. Schematic diagram of the fabrication procedure of the NiCo,0,/CoO/CNTs-based assay for detecting HIV-1 DNA, including (i) the fabrication of the
NiCo,04/Co0O/CNTs-based assay, (ii) the immobilization of the probe DNA, and (iii) the detection of the HIV-1 DNA.

and large surface areas during electrode surface configuration, the se-
lection of electrode materials with large specific surface areas, excellent
electrochemical activity, strong bioaffinity with biomolecules, good
biocompatibility, and outstanding stability in aqueous solutions is
highly critical.

Metal-organic frameworks (MOFs) are composed of metal ions or
clusters linked by organic ligands and have demonstrated promising
sensing applications. They have been used as chemical sensors, gas
sensors, biosensors, and fluorescence sensors due to their attractive
properties of large surface areas, tunable porosities, organic function-
alities, stable shelf lives, and excellent thermal stabilities (Zhu and Xu,
2014). The organic linkers involved in MOFs possess a conjugated -
electron system and offer a source of potential hydrogen bonds that
enable appropriate interactions between MOFs and single-stranded
DNA. MOFs can recognize DNA or other biomolecules via electro-
chemical signal changes. These characteristics further broaden the ap-
plications of MOFs in the early diagnosis of cancers or diseases. The
series of Zr-MOFs, Al-MOF, Fe-MOF, and Zn-MOF were employed as the
bioplatforms for detecting different cancer markers or other analytes
(Guo et al., 2017; He et al., 2017; Zhang et al., 2017; Zhou et al., 2019).
Nevertheless, most MOFs have limited practical applications in elec-
trochemical biosensors due to the low electrochemical activity and poor
stability (Du et al., 2014). Currently, MOF-related biosensors for HIV-1
gene detection are mainly based on fluorescence emission spectroscopy
(Chen et al., 2013; Pan et al., 2018). Recently, MOFs are suitable pre-
cursors for the in situ synthesis of well-dispersed metal nanoparticles
(NPs) wrapped in porous graphitic carbon layers via pyrolysis under an
inert atmosphere, which can partially preserve the unique morphology,
high porosity, large surface area, and well-dispersed functional ele-
ments of the NPs. Graphitic carbon generated in situ also has high
electron mobility and extended st-;t conjugation structure (Wang et al.,
2011). It can simultaneously boost charge separation/electron transfer
and intensively bind with DNA strands, which would improve detection
sensitivity toward analytes. Therefore, complexes of metal oxides and
graphitic carbon can overcome the disadvantages presented by pristine
MOFs when employed as electrochemical biosensor scaffolds. The
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utilization of MOFs as templates in the synthesis of metal oxide/carbon
nanocomposites is a facile and efficient method for improving the
electrochemical performance of MOFs (Liu et al., 2014). High-perfor-
mance nonenzymatic glucose and H,0, electrochemical sensors have
been fabricated by immobilizing NiMOF/Ni/NiO/C nanocomposites
derived from Ni-MOF onto glassy carbon electrodes with Nafion film
(Shu et al., 2017). A CeO5_4/C/rGO nanocomposite derived from Ce-
MOF has been developed and utilized for uric acid detection (Peng
et al., 2018). The derivative obtained from the bimetallic cerium/
copper-based MOF by the pyrolysis at different temperatures was ex-
plored as the scaffold of electrochemical aptamer sensors for extremely
sensitive detection of trace tobramycin (Wang et al., 2019).

As one kind of electrochemically active metals, Co/Ni-related MOFs
or there derivatives were widely explored as catalysts for clean energy
conversion, energy transfer, or biosensing (Jin et al., 2019; Li et al.,
2019; Rezaee and Shahrokhian, 2019). However, most of them were
applied as catalysts, not as platforms of DNA biosensors. Additionally,
because the type of atmosphere plays an important role in the forma-
tion of the MOF-derived nanocomposites in the calcination procedure
(Zhong et al., 2017a). Although there are some reports on the MOFs
derivatives as the biosensor platforms (Wang et al., 2018b; Zhang et al.,
2017), the systematic investigation on the effect of the atmosphere used
in pyrolysis on the components of the formed nanocomposites and
biosensing performances were seldom investigated. Additionally, to the
best of our knowledge, studies on the applications of the complexes of
metal oxides and mesoporous carbon derived from MOFs as electro-
chemical biosensors for HIV-1 gene determination have not been re-
ported yet.

In this work, we produced novel composites of NiCo,04, CoO, and
metallic Co/Ni oxide by synthesizing and subjecting bimetallic NiCo-
MOF to high-temperature treatment under N, and H, atmospheres.
Subsequently, the derivatives from NiCO-MOF was explored as the
platforms for the HIV-1 probe DNA immobilization and detection of the
HIV-1 targete DNA (Scheme 1). Herein, two kinds of atmospheres, H,
and N,, were applied in the pyrolysis of NiCo-MOF nanosheets at high
temperature. Different nanostructures and chemical components of the
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derivatives were obtained, which further affected the immobilization
behavior of the probe DNA and detection of the target HIV-1 DNA.
Therefore, it is believed that this optimized NiCo-MOF-derivative is also
one kind of promising candidates for multifunctional applications in
biosensors. As compared with the pristine NiCo-MOF and the derivative
from NiCo-MOF calcined under H, atmosphere, the results demon-
strated that the nanocomposite obtained from NiCo-MOF calcined
under N, atmosphere exhibited the superior sensing performance for
the HIV-1 DNA detection. This work can extend the application of MOFs
and their derivatives in early diagnosis of diseases.

2. Experimental section

The parts of materials and regents, preparation of all solutions, pre-
treatment of the bare Au electrode (AE), and basic characterizations,
were supplied in the S1 section (See the Supplementary material).
Moreover, a nonlinear least-squares method was applied to fit and de-
termine the parameters of the electron-elements in an equivalent circuit
(Fig. S1).

2.1. Synthesis of NiCo-MOF, NiCo;0,4/CoO, and NiCo,0,/CoO/CNTs
composites

According to the reported literature (Wu et al., 2019), the NiCo-
MOF was prepared by a modified approach. In brief, CoCly6H,0
(0.375mmol), 0.375mmol NiCl,6H,0, and 0.75mmol terephthalic
acid are added to 36 mL solution (32 mL of N, N-dimethylformamide,
2 mL of ethanol and 2 mL of Milli-Q H,O) for ultrasonic uniformity. The
resultant mixture was transferred into to a Teflon-lined stainless steel
autoclave (45mL), following by keeping static at 140 °C temperature
for 24 h. Afterward, it was washed centrifugally with Milli-Q water and
dried under vacuum at 60 °C for 6 h.

In typical, the NiCo-MOF wan calcined in a tube furnace under flow
H, and N, atmospheres with the heating rate of 2°C min~?! until the
temperature was up to 700 °C respectively. Afterward, the calcination
system was remained at 700 °C for additional 2h. According to the
chemical components of the obtained nanocomposites, the final pro-
ducts were represented as NiC0,0,/CoO and NiCo,04/CoO/CNTs
under flow H, and N, atmospheres, respectively.

2.2. Fabrication of the NiCo-MOF-, NiCo,0,/Co0O-, and NiCo0,0,4/Co0O/
CNTs-based DNA sensors

Taking the fabrication of the NiCo,0,4/CoO/CNTs-based assay as an
example, the preparation procedure was performed as follows: the
NiC0,04/Co0O/CNTs composite (1.0 mg) was dispersed in 1.0 mL of
Milli-Q water and ultrasonic agitated for 30 min until the formation of a
homogeneous suspension, giving a concentration of 1.0mgmL™'.
Afterward, the homogeneous NiC0,04/CoO/CNTs suspension (5.0 uL)
was dropped into the cleaned AE surface and dried in ambient air for
12h. Thus, the modified electrode was denoted as NiCo,04/Co0O/
CNTs/AE. Afterward, the NiCo,04/Co0O/CNTs was immersed into the
probe DNA solution (100 nM) for 30 min and washed with phosphate
buffered solution (PBS, 0.01 M, pH 7.4) thoroughly to remove the
physically adsorbed DNA strands. The obtained electrochemical assay
was labeled as PDNA/NiC0,0,4/CoO/CNTs/AE. When detecting the
complementary HIV target DNA, the obtained was marked as TDNA/
PDNA/NiC0504/Co0O/CNTs/AE. For comparison, the preparation pro-
cedures of NiCo-MOF and NiCo,0,4/CoO suspensions and their corre-
sponding assays were also prepared in the same manner. As such, the
resultant suspensions for different nanomaterials were further used to
develop various DNA assays to detect HIV gene. Additionally, to assess
the selectivity of the as-developed DNA assay, non-complementary DNA
and two-base mismatch DNA solutions were used.
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2.3. Electrochemical measurements

Electrochemical measurements were performed on CHI760E elec-
trochemical workstation (Chenhua, Shanghai, China). It was equipped
with a common three-electrode system, which is composed of the
counter electrode (Pt wire), the reference electrode (Ag/AgCl with sa-
turated KCl) and the working electrode (an Au electrode or modified Au
electrode). Cyclic voltammetry (CV) measurements were investigated
within a potential range from — 0.2-0.8 V at the scan rate of 50 mV's !
in 0.01 M PBS solution (pH 7.4) containing 0.1 KCl, 5 mM K3[Fe(CN)¢],
and 5 mM Ky4[Fe(CN)¢]. Electrochemical impedance spectroscopy (EIS)
measurements were performed within the frequency range of
0.01 Hz-100 kHz with amplitude of 5 mV under open circuit potential.
All EIS data were simulated using the Zview2 software. The simulated
equivalent circuit is consisted of solution resistance (R;), charge-
transfer resistance (R.), constant-phase element (CPE), and Warburg
impedance (W,) (the inset in Fig. S1). In the present work, each elec-
trochemical measurement was repeated at least three times and also
conducted at least in triplicate with different electrodes to ensure the
accuracy of the experimental data.

3. Results and discussion

3.1. Surface morphologies of NiCo-MOF, NiCo0,04/Co0, and NiCo,04/
CoO/CNTs composites

The surface morphologies and structural characteristics of the NiCo-
MOF, NiCo05,04/Co0, and NiC0,0,/CoO/CNTs were determined
through Field emission scanning electron microscope (FE-SEM) and
transmission electron microscopy (TEM). The SEM and TEM images of
the materials are presented in Figs. S2, S3, and 1. The surface mor-
phology of the NiCo-MOF revealed the presence of stacked ultrathin
sheets (Figs. S2a and S2b), which were also observed in TEM images
(Fig. S2c). As reported in the referred literature (Zhao et al., 2016), Co
and Ni atoms are octahedrally coordinated by six O atoms, and these
pseudo octahedra are further edge/corner connected with each other
along the [010]/[001] direction in the (200) crystallographic plane to
form 2D bimetal layers separated by terephthalic acid molecules. The
majority of NPs were embedded within the nanosheets, as shown
through high-resolution TEM (HR-TEM) imaging (Fig. S2e). A clear
fringe with an interplanar spacing of 0.22 nm that corresponded to the
(200) planes of the CoO nanoparticles was observed (Huo et al., 2014).
NPs in the derivatives accumulated within pores after calcination at
700 °C under H, and N, atmospheres (Fig. S3). The TEM images of
NiCo0,0,4/Co0 and NiCo0,04/CoO/CNTs are shown in Fig. 1. The TEM
image of the NiC0,04/CoO composite (Figs. 1a and 1b) shows the
presence of large aggregated NPs that were composed of original na-
nosheets (Figs. 1b and 1¢). The derivative obtained through the calci-
nation of NiCo-MOF under N, atmosphere exhibited small NPs that
were surrounded by nanotubes. The HR-TEM images of NiCo;04/CoO
and NiCo,04/CoO/CNTs were acquired to further probe the micro-
structure of the nanocomposites, as illustrated in Figs. 1¢ and 1f. Lattice
fringes with interplanar spacings of 0.24 nm corresponded to the (311)
planes of NiCo,0,4 (JCPDS No. 73-1702), whereas those with spacing of
0.22nm was attributed to the (200) plane of CoO. These results hint
that the derivatives of NiCo-MOF calcined under different atmospheres
at high temperature showed different nanostructures. The metal co-
ordination centers changed to NiCo,O, and CoO nanoparticles, while
the organic ligands were transferred to CNTs under N, atmosphere but
were fully decomposed under H, atmosphere. The similar observation
was obtained by Zhong et al., of which Co NPs embedded N-doped
CNTs derived from calcination of MOF precursor under N, atmosphere
at 700-900 °C (Zhong et al., 2017b). However, Aijaz A et al. reported a
method for the synthesis of core-shell spinel Co oxide nanoparticles
(Co@Co30,) encapsulated in in situ formed N-doped carbon nanotube
(CNT)-grafted carbon polyhedra by carbonization of N-containing MOF
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Fig. 1. TEM and HR-TEM images of (a, b, ¢) NiC0>04/CoO and (d, e, f) NiCo,04/CoO/CNTs composites. The high-resolution Co 2p and Ni 2p XPS spectra of (g, h)
NiCo,04/Co0 and (i, j) NiC0204/CoO/CNTs composites.
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Fig. 2. (a) CV curves and (b) EIS Nyquist plots of NiC0,04/CoO/CNTs-modified AE for detecting HIV-1 DNA, including the modification of AE with the NiCo,04/
CoO/CNTs composite, the probe DNA immobilization, and the detection of HIV-1 DNA. (c) Variations in the R, values for each stage during the fabrication procedure

of different NiC0,04/CoO/CNTs-based assays for detecting HIV-1 DNA.

(ZIF-67) under a flow of Hy/He (Aijaz et al., 2016). Xia et al. developed
an in situ formation of Co-/N-doped CNTs composite from the calci-
nation of a MOF structure (ZIF-67) under reducing atmosphere (Ar/H,,
90%/10% volume) (Xia et al., 2016). It appears to be that there is no
unconsistent statement about the formation mechanism of the carbon
nanotube derived from MOFs by pyrolysis (Yu et al., 2018). In our
work, CNTs was only obtained by pyrolysis under flow N, atmosphere.
It is may be because calcination temperature, ligand, and nickel ion
have a synergistic effect on the surface growth of CNTs.

3.2. Crystal and chemical structures of NiCo-MOF, NiCo,04/Co0O, and
NiCo,04/Co0O/CNTs composites

The crystal and chemical structures of the NiCo-MOF, NiCo,0,4/
Co0, and NiCo,0,4/Co0O/CNTs were characterized on the basis of X-ray
diffraction measurement (XRD) patterns and Raman, Fourier transform
infrared spectra (FT-IR), and X-ray photoelectron spectroscopy (XPS),
which were supplied in S3 in detail (See the Supplementary material).
The XRD results revealed that the peaks corresponding to NiCo-MOF
disappeared after high-temperature calcination. The nanocomposite
derived from NiCo-MOF which was calcined under N, atmosphere
shows the characteristic diffraction peaks of NiCo,0,4 and the metallic
Co, whereas the composite calcined under H, atmosphere exhibits CoO
besides of NiCo,0,4 and the metallic Co. These results indicate that the
metallic coordination centers of Co and Ni were transferred into the
spinel nanostructure, along with metal oxide or metallic state. The si-
milar results were also observed for other MOFs-derivatives by calci-
nation at high temperature (Maiti et al., 2018). Additionally, the Raman
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spectrum of NiCo-MOF is mainly assigned with the chemical structure
of organic ligands, which is consistent with the analysis of its FT-IR
spectrum. After the calcination at 700 °C under N, atmosphere, the
NiCo0,04/CoO/CNTs shows a strong peak of CoO, along with D and G
peaks, which is suggestive of the presence of C material. Combining
with the results of its HR-TEM image, it hints that the organic ligands
containing in NiCo-MOF were changed to CNTs during high-tempera-
ture calcination under N, (Zhong et al., 2017a). As for the NiCo04/
CoO, the weak peaks corresponded to the stretching vibrations of Ni-O
was observed. The metal-oxide bonds, including Co-O and Ni-O, were
also obtained in the FT-IR spectra of nanocomposites, together with the
absorption bands of Ni and Co present in NiC0,0,.

Moreover, the XPS spectra of all samples demonstrated that the
signals of Co 2p (780 eV), Ni 2p (854 eV), C 1s (284 eV), N 1s (401 eV),
and O 1s (529 eV) were coexisted (Fig. S4d). In order to evaluate the
variation of the chemical valence states and environments of the NiCo-
MOF before and after the calcination, the high-resolution XPS spectra of
all elements containing in samples were analyzed by using XPSPEAK
software (Figs. 1g-1j, S5, and S6) and discussed in S3 (See the
Supplementary material). Figs. 1g and 1i illustrate that the different
chemical valences of Co 2p (Co®*, Co**, and Co°) and Ni 2p (Ni**,
Ni®*, and Ni®) were co-appeared in the NiC0,0,/CoO and NiC0,04/
CoO/CNTs composites. However, the metallic Co and Ni were absent
from NiCo-MOF, indicating Co®* and Ni®** were efficiently reduced
during high-temperature calcination. This transformation could affect
aptamer immobilization during biosensor fabrication (Wang et al.,
2018a). Three kinds of C-C, C-O, and COO groups were observed in the
C 1s XPS spectrum of the NiCo,0,/CoO composite. However, two
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additional weak C=O a s-t* peaks appeared in the spectrum of the
NiCo,04/Co0/CNTs composite, aside ofd C-C, C-O, and COO groups. As
known, the m-* binding originated from CNTs in the NiCo,0,/CoO/
CNTs composite (Zuo et al., 2013). Furthermore, Co-O, C=O, and C-O
groups were obtained from the high-resolution O 1s XPS of the two
samples, while the peak of adsorbed O in NiC0,0,4/CoO/CNTs indicates
its good absorbability. The integrated analysis of all characterizations
revealed that NiCo-MOF had been decomposed into various compo-
nents under different atmospheres. NiCo,0, and CoO nanoparticles
were present in two composites calcined under N, and H,, whereas
CNTs only appeared in the composite prepared under N,. Therefore,
NiC0,04/Co0 and NiCo,04/Co0O/CNTs were selected to represent the
composites calcined under Hy and N, atmospheres, respectively, and
were subjected to further analysis.

3.3. Electrochemical performances of all samples

Electrochemical techniques, including CV and EIS, were applied to
investigate the variation in electron transfer during the development of
the DNA assay based on NiCo-MOF, NiC0,04/Co0, and NiCo,0,/CoO/
CNTs. The CV curves of the NiCo,04/CoO/CNTs-based DNA assay for
the detection of HIV-1 DNA were acquired over the potential window of
— 0.2-0.8V and are shown in Fig. 2a. The CV curve of the bare AE
showed two well-defined CV peaks that were suggestive of rapid elec-
tron transfer in the [Fe(CN)¢]®~/*~ redox probe. The CV curve of the
electrode modified with the NiCo,0,/CoO/CNTs composite was almost
similar to that of the bare AE, hinting that the NiCo,0,/CoO/CNTs
composite exhibited good electrochemical conductivity. It can promote
electron transfer at the interface between the electrode and electrolyte
and amplify electrochemical signals. The CV peak current density de-
creased substantially when NiCo,04/CoO/CNTs composite was im-
mobilized on the surfaces of the DNA probe. In aqueous solution,
electron transfer would be hindered by strongly repulsive interactions
with [Fe(CN)s]®~7*~ redox resulting from the ionization of phosphate
groups in DNA strands to their negatively charged forms (Kondinskaia
and Gurtovenko, 2018). When the developed assay was used to detect
the HIV-1 DNA, the hybridization between the probe DNA and HIV-1
DNA slightly reduced CV peak current density (Lu et al., 2019). How-
ever, given the insufficient determination sensitivity of the CV tech-
nique, the EIS approach was also used to investigate the performance of
the NiCo,0,/Co0O/CNTs-based bioassay in the detection of HIV-1 DNA
(Fig. 2b). The R, value of the bare AE electrode was only 73.13 Q and is
suggestive of excellent electrochemical conductivity. The low R, value
(122 Q) of the NiCo,04/Co0O/CNTs-modified electrode is indicative of
rapid interfacial electron transfer. Herein, the formed NiCo,0, can
accelerate electron transfer given that the spinel structure exhibited
better electronic conductivity and higher electrochemical activity than
single Ni or Co (Liu et al., 2019). The R, value continuously increased
to 0.96 kQ when the DNA probe strand anchored onto the NiCo;0,/
CoO/CNTs-modified electrode (PDNA/NiC0,04/CoO/CNTs). As pre-
viously mentioned, the repulsive interaction between the negative
charges of the phosphate groups and the [Fe(CN)¢]®>~/4~ redox hin-
dered electron transfer, increasing the value of R... After the detection
of HIV-1 DNA, the R, value of the electrode (1.43kQ) further in-
creased. The hybridization of the probe DNA and HIV-1 target DNA can
impede electron transfer because of the electrochemical insulativity of
oligonucleotides (Wang et al., 2018b).

For comparison, the sensing performances of NiCo-MOF and
NiCo0,04/Co0 in the detection of HIV-1 DNA were investigated through
electrochemical methods (Fig. S7). Similar trends were observed for
different bioassays. Specifically, the CV peak current densities (Figs.
S7a and S7c¢) associated with NiCo-MOF or NiCo,0,4/CoO modification,
probe DNA immobilization, and HIV-1 DNA detection decreased suc-
cessively. The simulated R, values for each step of detection with the
developed bioassays based on various electrode materials are sum-
marized in Table S1. The detection efficiencies of the three different
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assays were evaluated. The sensing performances of these assays were
evaluated on the basis of the relative changes in R, values, represented
as AR, = Rei+1 — Rep, associated with each step of HIV-1 DNA de-
tection (Fig. 2c¢). It showed that the AR, value of the NiCo-MOF elec-
trode was the largest (111 Q), whereas those of the NiC0,0,4/CoO- and
NiC0,04/CoO/CNTs- electrodes were 48.9 and 74 Q, respectively.
These findings suggest that NiCo,0,4/CoO/CNTs composites demon-
strated improved electrochemical activity owing to their NiCo,0y,,
metal oxide nanoparticle, and CNTs contents (Xu et al., 2019). The
PDNA/NiC05,04/Co0O/CNTs-based assay similarly exhibited superior
anchoring ability toward probe DNA and provided the largest AR
value (838 Q). Moreover, the Nyquist plots obtained from the kinetics
behavior of the PDNA/NiC0,04/CoO/CNTs electrode in the electrolyte
solution revealed the good stability of the probe DNA over the modified
electrode (Fig. S8). After the detection of HIV-1 DNA, it showed the
highest hybridization ability among the three kinds of assays as in-
dicated by its AAR,; value of 470 Q. Given that the NiC0,0,/CoO/CNTs
composite demonstrated strong probe DNA anchoring activity and high
sensitivity in HIV-1 DNA detection, it was selected as the sensitive layer
for further electrochemical measurements. This composite was com-
posed of NiCoyO4 and CoO nanoparticles that coupled with CNTs
through calcination under N, atmosphere. The interaction between Co
or Ni metallic nanoparticles and CNTs can reduce the work function and
increase the number of active sites on the surfaces of CNTs by facil-
itating electron transfer from metallic particles to C (Hou et al., 2015;
Ma et al., 2018). It can further intensify electrochemical signals and
DNA anchoring on the active sites of the composite by enhancing redox
activity (Chen et al., 2018a). The preferential immobilization of DNA
strands onto CNTs surfaces via si-it interactions enhances sensing per-
formance (Jiang and Lee, 2018).

3.4. Analytical performance of the NiCo,04/Co0O/CNTs-based assay

EIS measurements were performed in 0.01 M PBS containing [Fe
(CN)61®~7*~ to assess the sensitivity and quantitative range of the
NiC0,04/CoO/CNTs-based assay (Fig. 3a). The electrochemical per-
formance of the developed assay in detecting series of HIV-1 DNA so-
lutions with concentrations of 0.1 pM to 20nM was monitored. The
obtained AR, value gradually increased and approached to a level-off
as the HIV-1 DNA concentration increased (Fig. 3b). Thus, the detection
behavior of the HIV-1 DNA using the developed NiCo,0,4/CoO/CNTs-
based assay was obeyed to the Langmuir-Freundlich isotherm (Thapa
et al., 2017). The limit of detection (LOD) using the IUPAC method:

LOD = 3SD/slope

where SD refers to standard deviation and the slope refers to the gra-
dient of the calibration graph. The LOD was calculated graphically from
the calibration plot by considering the steep slope encompassing the
first four data points (Fig. 3b). The LOD is calculated to be 16.7 fM.

The proposed DNA assay exhibited a lower LOD and a broader HIV-
1 DNA detection range than previously reported HIV-1 DNA detection
methods (Table 1). All of these outcomes are mainly attributed to the
inherent advantages of the porous NiCo,0,/CoO/CNTs composite, i.e.,
(i) the coexistence of CNTs, metallic nanoparticles, metal oxides, and
spinel in the composite can strengthen the electrochemical response in
sensing by promoting mass transfer and provide conductive paths to
accelerate the charge transport necessary for electrochemical reactions;
(ii) the metal oxide core(CoO and NiCo,0,4) and CNTs can facilitate the
binding of the probe DNA strands through the integrated interaction of
hydrogen bonds, m-nt* interaction, and electrostatic force (Zhou and
Pang, 2018); (iii) the retention of the inherent cavities of NiCo-MOF by
the composites enabled probe DNA strands to adsorb over the compo-
site surface and to penetrate the composite interior, thus improving the
sensing performances of the HIV-1 target DNA (Wang et al., 2018c¢); and
(iv) the good biocompatibility of the composite promotes the stabili-
zation of the hybridized double DNA strands.
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Fig. 3. (c) EIS Nyquist plots for the detection of different concentrations of HIV-1 DNA (0.1, 1, 10, 100, 1000, 10,000 and 20,000 pM) using the NiC020,4/CoO/CNTs-
based assay; (d) the corresponding calibration curves between AR, and HIV-1 DNA concentrations (Inset: the linear fit plot of AR, as function of the logarithm of the
HIV —1 DNA concentration (n = 3)). (e) Selectivity and (f) reproducibility of the NiCo,04/CoO/CNTs-based assay for detecting 1.0 p.M. HIV—1 DNA (n = 3).

Table 1

Comparison with other reported techniques for the HIV-1 gene detection.
Materials Techniques Linear range LODs Refs
AuNPs quencher Fluorescence resonance energy transfer 50 fM-1 nM 15fM (Qaddare and Salimi, 2017)
AgNCs@Carbon nanoparticles oxide Fluorescence 1-50 nM 400 pM (Ye et al., 2016)
DNA Colorimetric Assay 0.5pM-1 nM 0.5pM (Wang et al., 2017)
Graphene-Nafion composites Impedimetric 100 fM-100 pM 23 fM (Gong et al., 2017)
EuS nanocrystal Electrochemiluminesence 3 fM-0.3 nM 0.3 fM (Babamiri et al., 2018)
hpDNA-based Amperometry 10 pM-50 nM 18 pM (Gao et al., 2018)
NiC0,0,4/Co0/CNTs EIS 0.1 pM-20 nM 16.7 fM This work
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3.5. Selectivity measurements

The specificity of the NiCo,04/CoO/CNTs-based assay for com-
plementary target HIV-1 DNA was evaluated through EIS (Fig. S9) and
on the basis of the AR (AR, = Rei+1 — Rei) values obtained for
various PBS solutions (pH 7.4, 0.01 M) containing two-base mis-
matched DNA, noncomplementary DNA, and [Fe(CN)s]1® ™7~ (Fig. 3¢).
The resulting AR, values obtained by the NiCo,0,4/CoO/CNTs-based
assay in the detection of complementary, mismatched, and non-
complementary DNA strands were 259, 29, and 8 Q, respectively. These
results showed that the response of the NiCo0,04/CoO/CNTs-based
assay to the two-base mismatch sequence was approximately 11.2% of
that for the complementary sequence because the mismatch sequence
was highly structurally similar to the complementary sequence (Chen
et al., 2018b). This result indicated that the NiC0,04/CoO/CNTs-based
assay can distinguish between two-base mismatch DNA and non-
complementary DNA strands and suggested that the sensor has high
specificity for the fully complementary target.

The reproducibility and stability of the NiCo,04/CoO/CNTs-based
assay were also investigated through the EIS approach. As shown in
Fig. 3d, the EIS measurements of five same NiC0,04/CoO/CNTs-mod-
ified electrodes were acquired to assess the long-term performance of
the assay. The calculated AR, values remained almost constant with a
low relative standard deviation of 4.31% (n = 3). In addition, the sto-
rage stability of the NiCo,0,/CoO/CNTs-based assay was evaluated by
storing the electrode at 4 °C. Storage stability was continuously mea-
sured every day for 15 days (Fig. 3e). The final electrochemical EIS
response of the as-developed NiCo,0,/CoO/CNTs-based assay was
maintained stable. All of these results suggested that the NiCo,0,/Co0O/
CNTs-based assay exhibited excellent reproducibility and stability.
Additionally, the regenerability of the fabricated NiCo,0,/CoO/CNTs-
based assay was evaluated. The TDNA/PDNA/NiCo5,04/CoO/CNTs
electrode was immersed in 1.0 M NaOH at 4 °C for 10 min, washed with
ultrapure water. As such, the bioassay was regenerated and then used to
detect the HIV-1 DNA again (0.1 pgmL ™). The operation was repeated
after the detection response of the assay reached the original level.
Fig. 3h shows the R, values of the assay for 15 regeneration runs. The
slight reduction in R, value indicates that the NiCo;0,/CoO/CNTs-
based assay can be facilely regenerated.

3.6. Real sample analysis

Recovery experiments with real samples were performed to in-
vestigate the practical applications of the proposed biosensor. The HIV-
1 DNA target was added at different concentrations (i.e., 0.1, 1, 10, 100,
1000, and 10,000 pM) to healthy human serum samples diluted by 200-
fold with PBS (0.01 M, pH 7.4). The samples were detected trice. As
shown in Table S2, the proposed biosensor exhibited good sensitivity
and a high recovery percentage in real human serum samples. The re-
coveries and relative standard deviation values were in the range of
101.85-111.94% and 2.9-4.4%, respectively. Thus, the proposed bio-
sensor offers a reliable method for the determination of HIV-1 DNA in
biologically relevant matrixes.

4. Conclusion

A bimetallic NiCo-MOF was synthesized and then calcined at 700 °C
under N, and H, atmosphere to develop novel nanocomposites.
Coordinated metal ion centers were transferred to Ni Co spinel, Co
oxide, and metallic Co/Ni, whereas organic ligands were changed into
intertwined CNTs (represented by NiCo,0,/CoO@CNTs) at 700 °C
under N, atmosphere. Synergism among the different components of
the NiCo,04/CoO@CNTs nanocomposite resulted in the excellent
electrochemical activity, good biocompatibility, and strong bioaffinity
of the probe DNA. The feasibility of using the NiC0,04/CoO@CNTs
composite as the probe DNA scaffold for the detection of HIV-1 DNA
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was explored, which was superior to the pristine NiCo-MOF and
NiCo0,0,4/Co0 obtained from the calcination of NiCo-MOF under H,
atmosphere. The NiC0,0,/CoO@CNTs-based bioassay displayed an
ultralow detection limit of 16.7 fM for the HIV-1 DNA over the wide
linear range of 0.1 pM to 20 nM. It also demonstrated good selectivity
even against noncomplementary and two-base mismatch DNA se-
quences and showed high stability, reproducibility, and stability. The
developed NiCo,0,4/CoO@CNTs-based bioassay also can be easily re-
generated by using NaOH solution and was successfully applied to de-
tect HIV-1 DNA in human serum samples. The proposed method re-
presents an alternative approach for the detection of HIV-1 genes at
trace amounts and extends the sensing applications of MOFs.
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