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ARTICLE INFO ABSTRACT

Many studies have demonstrated that metal-organic frameworks (MOFs) are universal fluorescence quenchers
for DNA/RNA detection. Nevertheless, the structural stability of many MOFs is relatively weak, which limits
their practical applications. Thus, it remains a great interest to develop constitutionally stable nano biosensor
suitable for application in the complex environment. Herein, a new angle of nitrogen-doped porous carbon
(NPC) obtained from MOFs-based precursors by virtue of a simple method was applied as a nano biosensor for
the fluorescence detection of Zika virus (ZIKV) RNA sequences. The fluorescence signal capturing was carried
out by using a charge-coupled device (CCD)-based imaging system. The NPC could adsorb TAMRA-tagged ZIKV
RNA probe (P-DNA) to form P-DNA@NPC complex accompanied by substantial fluorescence quenching. Upon
adding the complementary target RNA (T-RNA), the P-DNA could release from NPC by forming a double-
stranded hybrid and induce the fluorescence recovery. The P-DNA@NPC complex was valid and reliable for ZIKV
RNA sequences assay with a limit of detection (LoD) at 0.23 nM, which is superior to many of the previously
reported fluorescent DNA sensors. Moreover, it could distinguish mismatched RNA and was effective in detecting
ZIKV RNA sequences spiked in the human saliva sample. We envision that this study would offer an interesting
new angle on the potential integrating application of carbon nanomaterials and CCD-based fluorescence imaging
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platform in the field of nucleic acid assay.

1. Introduction

In recent years, Zika virus (ZIKV) has become a significant cause of
public safety, because it is closely related to a variety of neurological
diseases, such as Guillain Barré syndrome in adults and microcephaly in
newborns [1,2]. The diagnosis of ZIKV is not easy because it is a kind of
latency disease and the infected person shows either no or only
common symptoms such as retro-orbital pain, arthralgia, and fever
[3-5]. Nucleic acid test (NAT) and immunoassay are recommended by
the US Centers for Disease Control and Prevention for examining those
patients who show the symptoms with possible ZIKV infection [6].
While loop-mediated isothermal amplification (LAMP) and polymerase
chain reaction (PCR) are often used as a NAT, they both have limita-
tions such as high costs and/or risk of false positive results due to
carryover contamination [7-9]. Moreover, ZIKV is contagious during
the incubation period and is difficult to be determined by im-
munological analysis techniques [10]. Therefore, there is a great in-
terest to develop other diagnostic methods that are not replace LAMP
and PCR, but rather supplement them as effective screening tools for
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ZIKV detection.

At present, numerous nanomaterials-based fluorescence quenchers
have been employed for DNA/RNA detection. These nanomaterials,
such as gold nanoparticles [11], MoS, nanosheet [12], carbon nano-
tubes [13], graphene oxide [14], iron oxide nanoparticles [15], and
conductive polymers such as polypyrrole nanospheres [16] and poly-
aniline nanofibers [17], etc., mainly adsorbed the fluorophore-labeled
DNA probe through specific interaction mechanism, thus leading to the
fluorescence quenching. The recovery of fluorescence would only be
achieved by adding a target DNA complementary to the DNA probe.
However, it would be convenient to simplify the corresponding op-
erational procedures, and a suitable method of achieving this type of
test, is by preloading the nanomaterials and DNA probe of interest in
the containers (e.g. PCR tubes) that could be stored for later use, al-
lowing more convenient for the creation of nanomaterials@DNA probe
complex. In other words, the nanomaterials could be conveniently in-
teracted with the probe DNA and then used as a test system, which
would reduce the time required to complete a test. Thus, nanomaterials
with long-term stability is crucial for achieving this type of
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performance.

Metal-organic frameworks (MOFs) are an emerging class of porous
materials, comprising of organic linkers and metal ions/clusters
[18,19]. In the development of new sensing platforms, MOFs have at-
tracted more and more attention in the field of nucleic acid assay due to
their excellent quenching ability toward the fluorescence-labeled
single-stranded DNA (ssDNA) [20-24]. However, the structural stability
of MOFs is relatively weak in the solution containing various ions (e.g.
Na*, Mg?*, Cl7), or under a wide range of conditions, such as pH
values, thus limiting their practical applications [22,25-27]. In the past
few years, MOFs have been widely exploited as sacrificial templates to
fabricate various kinds of porous carbons, which benefits from their
high surface areas and porous structure [28]. Due to the unique prop-
erties (e.g., low-cost, good conductivity, and chemical stability), MOFs-
derived porous carbons show great promise in the application of energy
storage, catalysis and environment [29-32]. MOFs-derived carbons
have also been available for biomolecular detection due to their ex-
cellent electrochemical properties. For instance, carbon materials were
claimed to be effective sensing platforms for nucleic acid detection due
to their properties for selectively adsorbtion and quenching fluores-
cence-labeled ssDNA [15,33-35]. However, the preparation of most of
these carbon materials is tedious with low production rate. In addition,
to the best of our knowledge, only one study from Tan et al. reported
MOFs-derived porous carbon for DNA detection [25]. They found that
the carbon materials derived from thermolysis of iron-containing MOFs
(MIL-88A) exhibited excellent selectivity to HIV with a LoD of 1 nM.
Accordingly, sensing platforms based on MOFs-derived carbon for the
detection of viral nucleic acid, especially ZIKV are limited. The me-
chanism behind the MOF-derived carbon for the nucleic acid assay also
need further investigation. Besides, the demonstration of the practical
application of MOFs-derived carbon for detecting the nucleic acid se-
quences spiked in the real samples is a crucial step to study the relia-
bility and applicability of the proposed detection method. Therefore,
there is an urgent need to develop novel highly sensitive carbon na-
nosensors for the detection of ZIKV RNA sequences, even in real sam-
ples.

Herein, we aimed to 1) obtain nitrogen-doped porous carbon (NPC)
by using MOFs-based composites as precursors and validate its feasi-
bility for ZIKV RNA sequences detection with a CCD-based imaging
system; 2) carry out a serial studies to evaluate the sensitivity and
specificity of the NPC for ZIKV RNA sequences assay; and 3) detect the
ZIKV RNA sequences spiked in human saliva samples to evaluate the
potential applications of NPC in real samples in the future.

2. Experimental section
2.1. Design of ZIKV specific DNA probe

ZIKV is a single-stranded RNA virus composed of 10,794 bases that
encode seven non-structural proteins (NS1, 2A, 2aB, 3, 4A, 4B, 5) and
three structural proteins (Capsid, precursor-Membrane, Envelope) [36].
The NS5 protein is the largest ZIKV protein, and its short C is closely
related to RNA-dependent RNA polymerase activity [37]. Thus, the NS5
was chosen as the specific target sequence. The method for NS5 se-
quence construction was as follows: 1) Twenty kindss of known ZIKV
were chosen and their corresponding genomic sequences were down-
loaded from the National Center for Biotechnology Information (NCBI);
2) DNA MAN (sequence analysis software) was used to compare the
different genomic sequences and screen the specific NS5 sequence of
ZIKV as the target fragment; and 3) all oligonucleotides were synthe-
sized by Shanghai Sangon Biological Engineering Technology & Ser-
vices Co., Ltd. (China). The P-DNA and the corresponding mutation
sequences are as follows (mismatch underlined).

Probe DNA for ZIKV (P-DNA):

5-TAMRA-ACATGGACTACCTATCCACCCAAGT-3’
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Complementary target RNA for ZIKV (T-RNA, TO):
5’-ACUUGGGUGGAUAGGUAGUCCAUGU-3’
Single-base mismatched target RNA for ZIKV (T1):
5-ACUUGGGUGGAUGGGUAGUCCAUGU-3’
Double-base mismatched target RNA for ZIKV (T2):
5’-ACUUGGGUGGAUGGCUAGUCCAUGU-3"
Non-complementary RNA sequences (T3):
5’-AGUCUGUAGUCAUUAGCGUCGCG-3’

P-DNA was TAMRA-tagged at 5’-terminal, and thus the hybridiza-
tion of P-DNA and T-RNA can be monitored by measuring the change of
fluorescence intensity. All sequences were dissolved in 20 uL of 20 mM
Tris-HCl buffer solution (pH = 7.42, containing 100 mM NaCl, 5 mM
KCl and 5 mM MgCl,) at a concentration of 20 nM and stored in the PCR
tubes at 4 °C for later use. The concentrations of P-DNA were chosen
based on a preliminary investigation that showed the fluorescence
quenching and recovery results were entirely satisfactory (see section
3.3). Detailed protocol about the preparation of Tris-HCl buffer solution
is provided in the Supplementary Material.

2.2. CCD-based imaging system

The advantages of fluorescence imaging method are that it can ef-
fectively overcome the interference of background fluorescence and
provide an attractive view for this task [38]. The fluorescence detection
system is illustrated in Fig. 1A. The mechanical parts were first designed
using Solidworks software and then fabricated using Computer Numerical
Control (CNC) center before creating the assembly (Fig. 1B). The central
principle of the optical path design was to collect enough light from the
LED (CBT90, Luminus Devices, Inc., China) into the optical rod and en-
large to achieve uniform excitation in a 40 mm X 40 mm area. The light
source from the LED was converted to 560 nm beam by the optical rod
and excitation filter (Center wavelength 550, bandwidth 15nm, Povet
Technology Co., Ltd., China), then reflected by a dichroic beam splitter
(Reflection 550 nm, transmission 590 nm, Siberia Technology Co., Ltd.,
China), and shined onto the PCR tubes. The excited fluorescence signal
from the PCR tubes was captured by the CCD camera (MC20, Mingmei
Photoelectric Technology Co., Ltd., Guangzhou, China) equipped with an
emission filter (Enter wavelength 590, bandwidth 10 nm, Povet Tech-
nology Co., Ltd., China). The excitation light can be replaced conveniently
according to the requirements for different fluorescent probes.

2.3. Fluorescent detection

The principle for detecting the ZIKV RNA sequences by the NPC is
depicted in Scheme 1. For the fluorescence quenching experiment,
20 uL. of NPC (20 pg/mL) was placed to interact with 20 uL of 20 nM
TAMRA-labeled P-DNA in PCR tubes and stirred in a constant tem-
perature mixer (Maofeng Instrument Co., Ltd., Hangzhou, China) at
800 rpm for 40 min at 60 °C to form P-DNA@NPC complex (Scheme 1,
Fig. 1C). Then, P-DNA@NPC complex was incubated with 20 pL of T-
RNA at different concentrations for another 80 min at room tempera-
ture (~25°C) to perform the hybridizations until the saturation of
fluorescence recovery (Scheme 1, Fig. 1C). Fluorescence quenching and
recovery were monitored by using the CCD-based image system (Fig. 1A
and B). Each experiment was repeated for three times. For each ex-
periment, there are two PCR reaction tubes (Hole 1 and Hole 2) to make
parallel (Fig. 1C). Data analysis was performed by using ImageJ (NIH,
version 1.44) and its command of “Analyze/Measure/“. The
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measurements were exported to Excel for further plotting. The
quenching efficiency was calculated as QE = (1—FM/F0) x 100%,
wherein FM and FO are the fluorescence intensities with and without
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Fig. 1. An illustration of the fluorescence imaging
system. (A) The optical configuration: a light source,
an excitation light filter, a dichroic mirror, an emis-
sion filter, a CCD, a computer, a group of polymerase
chain reaction tube; (B) A real picture of the as-
sembled imaging platform; (C) Sample loading pro-
cess. Step 1: take out the PCR tubes preloading with
20 uL 20 nM P-DNA; Step 2: loading 20 uL 20 nM P-
DNA, incubation and imaging; Step 3: loading 20 uL
T-DNA at the concentration of interest, incubation
and imaging.

NPC, respectively. The fluorescence recovery efficiency was calculated
as RE = (FM-FT)/FM X 100%, wherein FM and FT are the fluorescence
intensities with and without the T-RNA, respectively.
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Scheme 1. Schematic illustration of the principle of detecting ZIKV with NPC as a sensing platform.



J. Li, et al.

Intensity (a.u.)

1000 1200 1400 1600 1800 2000
Wavenumber (cm )

H -

—_ — Sum
= —— Background
= —— Pyridinic-N
b — Pyrrolic-N
Z) —— Graphitic-N
]
N
=
[Se=]

394 396 398 400 402 404 406 408 410
Binding energy (eV)

Talanta 205 (2019) 120091

5
&
£ . e NPC
=
2 PPy@ZIF-8
L
S 10 15 20 25 30 35 40 45
2 theta (degree)
G Cls
=
& Nis O1s
oy v
g NPC ». 2p
&
=
L}
b A PPy@ZIF-8
0 200 400 600 800 1000
Binding energy (eV)

=

Zeta potential(mV)
>

Fig. 2. Characterization results of NPC adsorbents. SEM image of PPy@ZIF-8 (A); TEM image of PPy@ZIF-8 (B); SEM image of NPC (C); TEM image of NPC (D);
Comparison of the XRD patterns (E); Raman pattern of NPC (F); XPS survey scan spectra (G); N 1s spectra of NPC (H); and Zeta potentials of NPC in different solution

pH (D.

2.4. Biological sample analysis

Human saliva sample was used to investigate the feasibility of the P-
DNA@NPC system for DNA recognition in more realistic complex
media. The collected saliva sample was first diluted 100 x in the Tris-
HCI buffer solution. Then using the standard dilution method, different
concentrations (10, 100 and 600 nM) of T-RNA were prepared by di-
luting the saliva sample. Afterwards, the solutions (diluted saliva
sample and Tris-HCl) with or without T-RNA were tested using the P-
DNA@NPC system.

3. Results and discussion
3.1. Characterization of NPC

Detailed information about the synthesis and characterization
methods of the NPC are shown in the Supplementary Material. The
scanning electron microscope (SEM) and transmission electron micro-
scope (TEM) images of PPy@ZIF-8 composites and NPC are shown in
Fig. 2(A-D). The as-prepared PPy@ZIF-8 precursor shows a net

structure. After carbonization, the framework of ZIF-8 particles is
slightly collapsed. Only one broad peak located at around 26° presents
on the X-Ray Diffraction (XRD) pattern of the obtained NPC, which is
the representative carbon diffractions, indicating the thorough carbo-
nization of the PPy@ZIF-8 templates (Fig. 2E). Raman technique was
further exploited to determine the carbonization degree of NPC
(Fig. 2F). In its Raman spectrum, two prominent peaks at ~1350 (D
band) and ~1590cm ™' (G band) are observed, which are the sig-
natures for the in-plane vibration of the graphitic sp® carbons and the
presence of structural defects, respectively. The intensity ratio of the D
and G band was calculated to be 1.30. X-ray photoelectron spectroscopy
(XPS) measurements were conducted to understand the element in-
formation of the obtained NPC further. Fig. 2G illustrates that NPC
shows an obvious C 1s peak centered at ca. 285 eV, an N 1s peak
centered at ca. 400 eV and an O 1s peak centered at ca. 540 eV. No
peaks assigned to Zn 2p was detected, disclosing the complete removal
of Zn residues via acid treatment. Additionally, the high resolution of N
1s signal can be deconvoluted into three peaks containing pyridinic-N
at ~398.7 eV, pyrrolic-N at ~400eV and graphitic-N at ~400.7 eV
(Fig. 2H). The zeta potential of NPC in different pH values shows a
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negatively charged surface of NPC (Fig. 2I). The above observations
confirm that the NPC derived from PPy@ZIF-8 composites has been
successfully fabricated.

3.2. Verification of NPC-based ZIKV RNA sequences sensing

The procedure for the detection of ZIKV RNA sequences includes the
adsorption of fluorescence-tagged P-DNA on the surface of NPC and
subsequently the quenching of the fluorescence (Scheme 1). Then, T-
RNA is added and in contact with the P-DNA@NPC. The specific hy-
bridization of P-DNA and T-RNA results in the release of P-DNA from
the NPC and fluorescence recovery [39-41]. The subsequent experi-
ments validated this hypothesis. As shown in Fig. 3, we present the
fluorescence images of the P-DNA under different conditions. It is ap-
parent that the P-DNA showed strong fluorescence emission due to the
coupling of TAMRA with the probe (Fig. 3A, D). While the fluorescence
intensity decreases strongly (quenching efficiency, QE = 85%) after a
40 min interaction with NPC (Fig. 3B, D). The above experimental re-
sults showed the strong adsorption of P-DNA on the NPC. By contrast,
after a double-stranded DNA (dsDNA) hybridized from P-DNA and T-
RNA contact with the NPC, only a slight change in fluorescence in-
tensity is observed (Fig. S1). This could be easily understood if one
takes into account the affinities difference between the ssDNA and
dsDNA towards the NPC, that is the affinity of the dsDNA towards the
NPC is much weaker than the ssDNA [42]. After the P-DNA firmly
immobilized, a solution of the T-RNA was loaded into the P-DNA@NPC
solution. Then, a recovery response (recovery efficiency, RE = 251%)
was indeed found after 80 min (Fig. 3C and D). The fluorescence re-
covery can be easily understood if one considers that the hybridization
of P-DNA with T-RNA disturbed the interaction of P-DNA with NPC.
When the same experiment was repeated by using PPy@ZIF-8 compo-
site, it was found that the fluorescence recovery value after adding the
T-RNA were not satisfactory (Fig. S2). In addition, it is also worth

Incubate
25 °C 80 min

NPC after incubation at 60 °C for 40 min; (C) 20 puL 20 nM P-
DNA + 20 pL 20 pg/mL NPC + T-RNA (600 nM) after in-
cubation at 85 °C for 80 min; (D) Comparation of the
fluorescence intensity in different conditions.

Loading
20 pL: 600 nM T-RNA

noting that the fluorescence of P-DNA is nearly not affected by the T-
RNA without NPC and the PPy/ZIF-8/PPy@ZIF-8 composite/NPC
themselves show no fluorescence contribution in the investigated wa-
velength range (data no shown). This initial experiment confirmed that
the NPC could serve as a potential quencher for the detection of ZIKV
RNA.

3.3. Adsorption, fluorescence quenching and recovery mechanism of NPC

In this study, it is reasonable to deduce that NPC can adsorb P-DNA
through ni— interaction, hydrogen bonding, and electrostatic attraction
to form P-DNA@NPC complex, and then quench the fluorescence of
TAMRA through fluorescence resonance energy transfer (FRET)
[43,44]. The main causes are as follows:1) Previous studies have de-
monstrated that there is a s, interaction between ssDNA and various
carbon materials, such as carbon nanoparticles [45], graphene oxide
(GO) [46,47], and carbon nanotubes (CNTs) [48]. Thus, st-it interaction
should also exist between the ssDNA and graphitized NPC (Fig. 2F); 2)
NPC possesses abundant N atoms (Fig. 2H), which could serve as the H-
bonding acceptor. Meanwhile, P-DNA possesses numerous —OH group
which could also act as the H-bonding acceptor and donor. Thus, hy-
drogen bonding also participated in the adsorption of ssDNA by NPC; 3)
the zeta potential of the NPC spiked in Tris-HCI buffer solution was
—19.30mV (Fig. 2I). In this case, there should be an electrostatic at-
traction between the NPC and TAMRA-tagged T-RNA with positively
charged backbone [44]; and 4) the adsorption spectrum of NPC exhibits
a wide window (A = 200-800nm), suggesting that there is spectral
overlap with the emission wavelength of TAMRA (Fig. S3). Thus, FRET
should play a key role in quenching the fluorescence of P-DNA by NPC.
Upon adding the T-RNA, P-DNA@T-RNA hybrid was formed and the
bases would be hidden in the double-stranded structure, which resulted
in a change in the conformation of the P-DNA, and the bases available
for the bind with NPC were decreased. At the same time, the formed P-
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Fig. 4. (A) Fluorescence intensity of P-DNA (20 nM) + NPC
and P-DNA (20 nM) + NPC + T-RNA (600 nM) in the

o
o0
>

presence of different NPC dosage (0, 5, 10, 15, 20, 25, 30, 35

s P-DNASNEC 180+ *°8°* P-DNA+NPC + T-RNA 40 pg/mL). (B) Fluorescence quenching images of P-DNA
~ 150 mm P-DNA+NPC+T-RNA ~150/ € ..e - pDNA+NPC (20 nM) + NPC (20 pg/mL) and fluorescence recovery
=% 120 x 5 images of P-DNA (20 nM) + NPC (20 ug/mL) + T-RNA
= ) 120} : (600 nM) as a function of incubation time. (C) Fluorescence
= 90 g‘ 90!} . [ a intensity of P-DNA (20 nM) + NPC (20 pg/mL) and fluor-
5 60 z a = escence intensity of P-DNA (20 nM) + NPC (20 ug/mL) + T-
E g 60 e = RNA (600 nM) as a function of incubation time.

30 - 30} !' .Q--O"Q""Q""O
0 ol .
0 5 10 15 20 25 30 35 40 0 40 . 80 . 120 160
NPC concentration(pg/mL) Time(min)
I I I I I o
L 1 L 1 L L L > T(min)
0 20 40 60 80 120 160
P-DNA + NPC
+ T-RNA

DNA@T-RNA hybrid will be far away from the NPC due to the reduced
adsorption affinity caused by the rigidity of double-chain structure
[41]. Therefore, the fluorescence of dye molecules was recovered.

3.4. Experimental conditions optimization

To establish the best experimental conditions of using the NPC for
ZIKV RNA assay, various experimental parameters were explored, such
as 1) the dosage of NPC, 2) the time allowed to quench the TAMRA-
labeled P-DNA, and 3) the time suitable for the fluorescence recovery.
To this end, we first examined the quenching and recovery of the
fluorescence at different doses of NPC. As shown in Fig. 4A, the increase
of NPC will lead to higher QE but lower RE. This is due to that more
NPC can cause more efficient adsorption of the P-DNA. At the same
time, the superfluous NPC would adsorb the T-RNA during the hy-
bridization process, which results in the decreased hybridization and
fluorescence recovery. In the following experiments, an optimal con-
centration of 20 pg/mL of NPC was used to obtain the best sensitivity.

In Fig. 4B and C, we present the kinetic progress of the adsorption of
P-DNA on the NPC and show how the fluorescence intensity increases as
the hybridization of P-DNA with T-RNA. The fluorescence images be-
come darker as the incubation time increased (Fig. 4B). It takes 40 min
before reaching equilibrium (Fig. 4C). When in the presence of the T-
RNA, the image slowly lighted up as the increase of incubation time
(Fig. 4B), because more adsorbed P-DNA released from the NPC. The
fluorescence intensity did not exhibit further increase when the in-
cubation time exceeded 80 min, indicating that the system reached
equilibrium between P-DNA@NPC complex and the P-DNA@T-RNA
hybrid (Fig. 4C). Therefore, in this study, 40 min and 80 min were se-
lected as the optimal incubation time for the adsorption and detach-
ment. Fig. S4A illustrates that NPC possesses hysteresis loops due to
capillary condensation within pores, denoting its mesoporous

structures. Moreover, the steep adsorption isotherm appeared at P/
Py < 0.1 denotes the existence of micropores. Fig. S4B reveals that the
obtained NPC was hierarchically porous with both micropores and
mesopores, which is beneficial for the adsorption of base sequences.
Therefore, the long recovery time could partly due to the adsorption of
P-DNA by the pores of NPC by its non-TAMRA end.

3.5. Sensitivity analysis

In order to evaluate the sensing range and LoD of the NPC, a de-
tailed fluorescence recovery experiment was implemented using dif-
ferent concentrations of T-RNA. The fluorescence intensity in the
1-1000 nM range of T-RNA is shown in Fig. 5A. When NPC@P-DNA
was exposed to the increased concentrations of T-RNA, more P-DNA
was released from the surface of NPC (Fig. 5A). Then, the fluorescence
intensity increased due to a large number of P-DNA@T-RNA hetero-
zygotes formed. The recovery fluorescence intensity reached saturation
at 600 nM of T-RNA. A linear relationship between the fluorescence
intensity (Y) and the concentration of T-RNA (X) was found with a
correlation coefficient (R?) at 0.983, in the form of log (Y) = 0.1714 log
(X) + 1.4476 (Fig. 5B). The LoD was estimated to 0.23 nM using the
equation LoD = 30/s [39,49]. The o was the relative standard deviation
of the fluorescence intensity of the blank control and s was the slope of
the calibration curve. The LoD was lower than that of previously re-
ported carbon nanobelts (5nM) [50], Cu(H,dtoa) MOFs (3nM) [51],
zwitterionic zinc(I)-carboxylate polymers (7.4 nM) [52], zinc-methy-
limidazolate framework-8 (1.2nM) [53] for HIV detection and com-
parable to that of recently reported [Cu(Dcbcp)(bpe)ln (0.2nM) [54]
for ZIKV RNA assay. In Table 1, we show that the performance of the
NPC is comparably or even favorably to other nanomaterials, in terms
of the LoD and the quantification range.
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Fig. 5. (A) Fluorescent intensity of P-DNA@NPC complex after incubating with different concentrations of T-RNA (0, 1, 2, 5, 10, 20, 40, 60, 80, 100, 200, 400, 600,

800, 1000 nM); (B) The linear calibration plots of fluorescent intensity of P-DNA against T-DNA concentrations.

3.6. Selectivity analysis

In addition to sensitivity, the selectivity towards specific target
molecules is also an important parameter when evaluating the perfor-
mance of a sensing system. In this study, complementary T-RNA (TO0)
and three kind of the mutation sequences including single-base mis-
matched T-RNA (T1), double-base mismatched T-RNA (T2) and non-
complementary T-RNA (T3) at a fixed concentration (600 nM) were
used to investigate the selectivity of the NPC and the possibility of
detecting mutations. As shown in Fig. 6A, the fluorescence image of T1
is significantly darker than the TO. The image brightness of T2 or T3 is
almost identical to the signal of the Tris-HCI buffer solution. As shown
in Fig. 6B, the RE of T1 (92%) is significantly less than the value ob-
tained with TO (245%). Also, almost no difference in fluorescence in-
tensity was observed when the P-DNA@NPC system was exposed to the
T2 or T3. These results primarily demonstrate that the P-DNA@NPC
system is highly selective for correct T-RNA, as demonstrated by the
smaller fluorescence recovery observed, even when testing oligonu-
cleotide sequences with only single-base mismatch.

3.7. Storage stability and reusability analysis

Both NPC and P-DNA can be pre-stored in the PCR tubes for later
use as needed. In fact, we in this work have performed the assays using
the NPC several weeks beforehand. As for the P-DNA, the data shown in
Fig. S5 confirm that, if maintained at 4°C, the P-DNA retains its
fluorescence even after 10 days of storage. For each new experiment,
NPC was directly placed to interact with P-DNA in PCR tubes to form P-
DNA@NPC sensor. Then, P-DNA@NPC complex was incubated with T-
RNA to perform the assay.

In addition, the reuse properties of the NPC were also demonstrated.
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Fig. 6. Sensitivity analysis of P-DNA@NPC system for the discrimination. (A)
Fluorescence recovery images by adding the different T-RNA: complementary
T-RNA (T0), one-base mismatched T-RNA (T1), double-base mismatched T-RNA
(T1), non-complementary T-RNA (T3), and Tris-HCl buffer solution; (B)
Fluorescence intensity by adding the different T-RNA. The concentration of T-
RNA is 600 nM.

Table 1

A comparison of various nanomaterials-based nucleic acid sensors.
Materail Target Linear range Real sample matrix tested Limit of detection Ref
Carbon nanobelts (CNBs) HIV 5-300 nM No 5nM [50]
Poly(p-phenylenediamine) nanobelt HIV 30-300 nM No 30nM [58]
Single-walled carbon nanohorn HIV 0-300 nM No 1nM [59]
PPY nanospheres HIV 1-300 nM No 1nM [16]
zinc-methylimidazolate framework-8(ZIF-8) HIV 10-100 nM No 1.2nM [53]
Cu(H2dtoa) MOFs HIV 10-100 nM No 3nM [51]
Zwitterionic zinc(II)-carboxylate polymers HIV 0-60 nM No 7.4nM [52]
[Cu(Dcbep)(bpe)In ZIKV 0.5-70 nM No 0.2nM [54]
[Cu(Dcbb)(bipy)(OH)In ZIKV 0-50 nM No 0.2nM [60]
Polypyrrole (PPY) film - - Human blood serum 1.1nM [39]
Magnetic porous carbon (MPC) HIV 0-600 Fetal bovine serum 1nM [25]
Nitrogen-doped porous carbon ZIKV 0-600 Saliva sample 0.23nM This work
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Fig. 7. Selectivity of P-DNA@NPC system for the discrimination of T-RNA in
complex samples. (A) Fluorescence recovery images by adding the different T-
RNA: 600 nM, 100 nM, 10 nM T-RNA spiked in saliva samples, saliva samples
and Tris-HCI buffer solution; (B) Fluorescence intensity by adding the different
T-RNA.

This experiment was repeated for five times. Interestingly, the recycled
NPC still showed quenching ability to P-DNA. Then, P-DNA@NPC
complex was incubated with T-RNA to perform the assay. Detailed in-
formation about the recycling methods of the NPC are shown in the
Supplementary Material. Table S1 shows the results of the recycled NPC
for the detection of 600 nM ZIKV RNA sequences in Tris-HCI buffer
solution. The RE is about 255% and the relative standard deviations
(RSD, n = 5) are around 4.9%. These results suggest that the NPC@P-
DNA proposed here allows simple quantitative evaluation of ZIKV RNA
sequences and provides a new perspective for the application of porous
carbons in the field of fluorescence biomolecular sensing.

3.8. Analyze in complex samples

Previous researches have shown that the ZIKV existed in human
saliva [55-57]. To assess the application potential of P-DNA@NPC
system in analyzing actual samples, we tested its performance for de-
tecting the T-RNA spiked in saliva samples. The fluorescent sensing
assays were carried out under the optimized conditions described in
Section 3.4. The fluorescence intensity of the P-DNA@NPC in the pre-
sence of saliva sample is almost identical to the signal of the Tris-HCI
buffer solution (Fig. 7A). In addition, it can be seen that 600 nM T-RNA
shows much higher fluorescence intensity than any of 100nM and
10nM T-RNA, diluted saliva samples, and Tris-HCl buffer solution.
Specifically, the introduction of 600 nM T-RNA resulted in significant
fluorescence enhancement with RE value being 258%. Under the same
conditions, the RE was 171% for 100 nM T-RNA, and 56% for 10 nM T-
RNA, respectively (Fig. 7B). The results were indicative that the NPC
showed excellent potential for the ZIKV RNA sequences assay in the real
samples and also had an attractive possibility for future diagnosis ap-
plication. However, several challenges must be faced before a direct
application of the NPC for the analysis of real patient samples. For
example, how to convert the dsDNA existed in the complex biological
samples to ssDNA required by the NPC remains a problem need to
address in this field.
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4. Conclusion

In this work, NPC was successfully synthesized in a simply and in-
expensively model, and used for the selective fluorescence detection of
ZIKV RNA sequences with a CCD-based imaging platform. The results
indicated that NPC exhibited high sensitivity, with a LoD of 0.23 nM. It
was demonstrated that the intensity of the recovery fluorescence was
linear when the concentrations of the ZIKV T-RNA were varied from 1
to 600 nM. In addition, it was found that NPC was highly selective and
can even distinguish the completely complementary sequences and
those with only a base mismatch. Moreover, NPC was effective at de-
tecting ZIKV RNA sequences in the complex cultures such as human
saliva samples. Our advantage comes from the use of inexpensive NPC,
the alleviation of laborious preparation, as well as the facile direct
detection procedures which is critical for further analysis of infectious
disease. Thus, this highly selective and sensitive biosensor might be
available for the practical application in future. In addition, these
findings in this paper could provide reference for the synthesis of more
MOFs-derived porous carbons with potential applications in the early
diagnosis of infectious diseases. In addition, the strategy proposed in
this paper is also universal for early diagnosis of other infectious
viruses. We are currently exploring MOFs-derived porous carbon for the
early diagnosis of various epidemic diseases, such as Ebola, Dengue,
Chikungunya, and others with similar clinical manifestations and geo-
graphical distributions.
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