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Abstract

The global occurrence of toxic hazards in aquatic ecosystems has aroused concern about the potential impacts on the ecological
environment and human health in recent decades. Mercury(II) ions that originate from widespread sources including the mining
industry, fossil fuel consumption, and industrial wastes are now well known as a highly toxic pollutant. Despite various detection
methods which have been reported to sense Hg>*, it still poses a great challenge for us to develop a new effective sensing platform
to replenish current fluorescent detection techniques. Here, we report a novel fluorescent biosensor using bamboo-like magnetic
carbon nanotubes (BMCNTs) and FAM-labeled T-rich ssDNA for efficient detection of Hg*" in aqueous solution. The proposed
biosensor shows a good response toward Hg>* detection over a linear response range of 0.05~1 uM (R* = 0.98) with a detection
limit of 20 nM. It also exhibits the capability to discriminate Hg** ions with negligible response to other metal ions, such as Ca**,
Cd**, Cu**, Mg**, Mn**, Ni**, Pb**, and Zn*. Interestingly, the BMCNTs could be separated and recycled easily by using an
external magnet, which means a much more cost-effective, easy-to-operate, and eco-friendly method for Hg** ion detection.
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Introduction

Mercury ions (Hg>*) have long been considered one of
the key heavy metal pollutants in surface and under-
ground water with high toxicity to both the ecosystem
and human health [1-3]. Due to its non-biodegradable
feature, Hg”* can easily accumulate through food chain
and is highly teratogenic and carcinogenic to the human
body including the nervous system, digestive system,
endocrine system, and other organs even at extremely
low concentration [4]. In general, traditional methods
for Hg®* detection including gas chromatography (GC),
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atomic absorption/emission spectrometry (AAS/AES),
atomic fluorescence spectrometry (AFS), and inductively
coupled plasma mass spectrometry (ICP-MS) usually re-
quire sophisticated instrument/equipment and time-
consuming preparation process [5—8]. These drawbacks
greatly limit their wide applications for real-time on-line
assay [9]. Therefore, considerable efforts have been de-
voted to developing effective analytic strategies with
high sensitivity and selectivity for monitoring mercury
pollution. Several kinds of sensors based on organic
chromophores [10], protein [11], semiconductors [12],
and noble metals [13] have attracted enormous attention
from researchers. In recent years, a number of carbon-
based colorimetric or fluorescent sensors have been uti-
lized for the fast discrimination of Hg?*. Particularly,
carbon nanomaterials such as graphene oxide [14], car-
bon quantum dots [15], carbon nanotubes [16, 17], and
some other forms of carbonaceous materials [18] have
been most extensively explored due to their extraordi-
nary optical and chemical properties [19].

Carbon nanotubes (CNTs) are an important allotropic form
of carbons, which are rolled from graphene nanosheets with
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sp> hybridization carbons. Since the first discovery by S.
Ilijima in 1991 [20], CNTs have been attracting extensive re-
search interest due to their fascinating optical, thermal, elec-
tronic, and mechanical properties [21-24]. Benefiting from
their novel inorganic tubular nanostructure, many theoretical
and experimental works have been devoted to the fabrication
of CNTs to manipulate the physicochemical properties for
catalysis, energy, and environment [25-27]. Up to now,
CNTs have been found potential applications in biosensors
for specific detection of trace levels of environmental contam-
inants including heavy metal ions such as lead (Pb**), cadmi-
um (Cd**), and Hg** [28, 29]. The formation of a duplex
structure between nucleic acids and different kinds of metals
has proven to be a versatile routine for metal ion detection [17,
30, 31]. Nevertheless, most of these reports suffered serious
drawbacks such as complicated synthetic process, high cost,
and non-recyclability. In order to commercialize biosensors,
these technical issues need to be settled urgently. Recently,
magnetic functional nanomaterials have brought new pros-
pects to the management of environmental pollutants due to
their feature of easy separation [32, 33]. The incorporation of
magnetic metal nanoparticles into the graphite structure of
carbon nanotubes is a hot topic in the field of magnetism,
adsorption, and catalysis. The application of magnetism could
help the rapid and efficient recovery of magnetic substrates
from wastewater [34, 35]. Thus, it can be regenerated and used
again, which will result in much reduced capital investment.

Herein, for the first time, we report a facile method
for the synthesis of magnetic bamboo-like carbon nano-
tube (BMCNT) probe for efficient Hg2+ detection. On
the one hand, the rich conjugated 7-electrons facilitate
BMCNT bonding with single-stranded DNA (ssDNA)
through 7t-7t stacking, thus quenching the fluorescence
of labeled fluorophores. On the other hand, the Hg2+
could specifically bond with thymine-thymine (T-T)
mismatched base pairs and then form thymine-Hg>*-thy-
mine complex (called T-Hg?*-T sandwich), which en-
ables fluorescent detection of Hg?* in aqueous solution
with high selectivity and sensitivity. The practical use of
the proposed biosensor was further evaluated by mea-
suring the concentrations of Hg®* in water samples (bot-
tle water, tap water, and pond water). In addition, the
BMCNTs not only are an ideal candidate as a high-
efficiency biosensor to detect toxic Hg>* but also could
be easily separated from water for cyclic utilization.
Although engineered carbon nanomaterials have been
widely used as a part of fluorescent sensor for Hg**
ion detection, the current knowledge of their toxicity
to human beings and impact on the environment is rel-
atively limited and failed to focus on. By utilizing the
magnetic responsibility and recyclability of BMCNTs,
this developed sensing platform could effectively avoid
secondary pollution to the environment.
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Materials and methods
Reagents and apparatus

Melamine and nickel chloride were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and were used as received. The
FAM-labeled ssDNA was synthesized by Shanghai Sangon
Biotechnology Co. Ltd. (Shanghai, China) with the following
sequence: 5'-TTCTTTCTTCC/i6FAMdT/CCTTGTTTGTT-
3'. 1x Tris-EDTA buffer solution (1x TE buffer) was pur-
chased from Shanghai Sangon Biotechnology Co. Ltd.
(Shanghai, China). One hundred micromolar DNA stock so-
lution was prepared by dissolving DNA into 1x TE buffer.
The DNA working solutions were prepared by diluting DNA
stock solution to the required concentrations with 20 mM Tris-
HCI buffer (pH 7.4) containing 100 mM NaCl and 5.0 mM
KCI. Hg(NOs), standard sample was obtained from Beijing
Tanmo Reference Materials Co., Ltd. (Beijing China).
Solutions of Hg** with different concentrations were made
by diluting the standard sample in DI water directly. Bottle
water samples were purchased from market. Pond water sam-
ples were collected from a lake in Zhejiang University. All real
water samples were filtered through a membrane with a pore
diameter of 0.22 uM to remove solid insoluble substances. All
other reagents were of analytical reagent grade without further
purification. Millipore Milli-Q water (18.2 M2 cm) was used
throughout.

Synthesis of BMCNTSs

The synthetic procedure of BMCNTs is depicted in Fig. la,
involving two major steps: (a) fabrication of Ni**-grafted gra-
phitic C3N4 composite (Ni2+—g-C3N4) and (b) formation of
tubular structures. In a typical reaction, 1 g melamine and
0.2 g nickel chloride powder were finely grinded and trans-
ferred to a ceramic boat. Then, the mixture was placed in the
middle of the horizontal tube furnace. Under Ar atmosphere,
the temperature was elevated from 20 to 500 °C with a heating
up rate of 5 °C/min and maintained for 2 h. Subsequently, the
reaction temperature was evaluated at a rate of 10 °C/min and
maintained at 750 °C for another 2 h. After cooling naturally
to room temperature under Ar atmosphere, the resulting black
products were collected. To remove unwrapped Ni particles,
the products were washed with diluted HCl acid (10 mL, 2 M),
Milli-Q water, and ethanol for three times, respectively, then
dried under vacuum at 70 °C overnight for further use.

BMCNT-based DNA hybrid fluorescent sensor
for aqueous Hg** detection

For the Hg** sensing assay, 10 mg BMCNTSs was dispersed in
1 mL Tris-HCI buffer by sonication. The 100 uM ssDNA
stock solution was diluted to a concentration of 1 puM using
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Fig. 1 a Scheme illustration of

; a
the synthesis of BMCNTs. Step 1: NH;
thermal treatment at 500 °C in Ar N )\ N
atmosphere of a mixture of s M
melamine and nickel chloride to HaN™ "N "NH Step 1
form Ni**-g-C5Ny. Step 2: . Thermal

additional thermal treatment at
750 °C in Ar atmosphere of the NiCl,
Ni**-g-C3N,, followed by acid
treatment of the resulting material
to etch away any accessible nickel
species on it. SEM images of top
view (b) and side view (¢) of the
BMCNTs on a Si substrate. d
Transmission electron
microscopy (TEM) image of
BMCNTs. e Enlarged high-
resolution transmission electron
microscopy (HRTEM) images
corresponding to the regions in-
dicated by the red squares in (d).
Dark-field STEM image (f) and
element mapping images (g—i) of
the as-synthesized BMCNT
materials

nm

20 mM Tris-HCI buffer. Then, 40 uL of above ssDNA solu-
tion and 6 L BMCNT suspension were mixed in 314 pL
Tris-HCI buffer and incubated for 30 min at room tempera-
ture. Subsequently, 40 pL Hg>* solution with certain concen-
trations was added. Then, the above mixture solution was
incubated for another 30 min. After magnetic separation, the
fluorescence intensity of supernatant was measured. For the
selectivity evaluation, the same method was used by replacing
Hg?* with other metal ions (Ca**, Cd**, Cu®*, Mg**, Mn**,
Ni?*, Pb**, and Zn*").

Regeneration of BMCNTs

BMCNTs were collected by external magnetic fields after use.
Subsequently, BMCNTs were immersed in acetone for 1 h and
then washed by deionized water and alcohol for three times.
Finally, BMCNTSs were dried in a vacuum oven at 60 °C for
40 min for the next use.

Characterization

The SEM images were taken by using a field-emission scan-
ning electron microscope (JSM-6701F, JEOL) operated at an
accelerating voltage of 5 kV. TEM images and elemental map-
ping were collected on a JEOL ARM-200F field-emission
transmission electron microscope operating at 200-kV accel-
erating voltage. All the samples were prepared by depositing a
drop of diluted suspensions in ethanol on carbon microgrids.
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UV-visible absorbance spectra and fluorescent emission spec-
tra were recorded at room temperature with a Synergy H1
Hybrid Multi-Mode Microplate Reader (BioTek Instruments,
Winooski, VT, USA). Powder X-ray diffraction patterns were
collected using a Rigaku/Max-3A X-ray diffractometer with
Cu Ka radiation (A=1.54178 A). Magnetic measurements
were performed on powder samples by using a MPMS-XL
SQUID magnetometer. X-ray photoelectron spectroscopy
(XPS) was performed with a Perkin-Elmer RBD upgraded
PHI-5000C ESCA system.

Results and discussion
Preparation and characterization of BMCNT materials

In a typical synthesis of BMCNTs, Ni**-grafted graphitic
C3N,4 composite (Ni2+-g-C3N4) was firstly fabricated by ther-
mal polymerization of melamine and nickel chloride under Ar
atmosphere. Then, the temperature was further elevated to
750 °C and kept for 2 h to convert the Ni**-g-C5Ny into a
bamboo-like CNTs followed by HCI acid etching to remove
any accessible nickel species present on the surface, because
nickel nanoparticles can catalyze various organic precursors to
form carbon nanotubes [36-38]. Scanning electron microsco-
py (SEM) images (Fig. 1b, c¢) show that the length of these
BMCNTs can reach micron scale, while the average diameter
is about 100 nm. Figure 1 d and e show the TEM images of as-
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Scheme 1 Operation principle of
fluorescence detection of Hg**
based on BMCNTs and T-rich
ssDNA sensing platform

-------------

BMNCNTs

prepared BMCNTs at different magnifications; some graphitic
carbon layer—coated Ni nanoparticles were clearly observed,
especially at one of the two endpoints of these BMCNTs. It is
well known that Ni is one type of the few ferromagnetic
metals and could be attracted by magnets. The results indicat-
ed that the synthetical BMCNTSs are magnetic. The presence
of graphitic carbons was also verified by Raman spectra as
shown in Fig. S1 in the Electronic Supplementary Material
(ESM), indicating that the magnetic CNTs have been success-
fully prepared. Of note, these carbon-encapsulated Ni NPs are
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Fig. 2 Fluorescence emission spectra of 100 nM FAM-labeled ssDNA
under different conditions: a ssDNA; b ssDNA + 5 uM Hg2+; ¢ ssDNA +
BMCNTs + 5 uM Hg**; d ssDNA + BMCNTSs. All measurements were
done in 20 mM Tris-HCl buffer (pH 7.4), the excitation wavelength Ao, =
480 nm
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very stable and inaccessible since they remain embedded
within the nanotubes even after acid etching, which endow
them excellent sensing platform working under a wide pH
range. Dark-field STEM and element mapping images in
Fig. 1f-i further support the above conclusions due to the
homogeneous distribution of C and N, whereas Ni signal
can only be found on the top of the carbon nanotube.

Sensing mechanism and performance evaluation

The principle of the BMCNT-based DNA hybrid fluorescent
sensor is depicted in Scheme 1. A T-rich single-stranded DNA
(ssDNA) labeled with fluorophore (FAM) was used as the
probe according to the previous report [14]. The free FAM
has a strong fluorescence at 520 nm under excitation at
480 nm. In the absence of Hg>*, ssDNA was physically
absorbed on the surface of BMCNTs. The fluorophore would
bind to BMCNTs through 7t-7t stacking and hydrogen bonding
interactions between the DNA nucleotide bases and the con-
jugation structure of graphene anchored with rich N atoms in
BMCNTs (Fig. 1i and ESM Fig. S2). Attributed to the wrap-
ping of ssDNA around BMCNTs, the FAM would be closely
attached to BMCNT surface, and then the fluorescence was
quenched via fluorescence resonance energy transfer (FRET)
process [39, 40]. Upon the addition of Hg**, thymine-thymine
(T-T) mismatches had a strong affinity to Hg** ions, which
enable the formation of T-Hg**-T base complex [41]. This
process could facilitate isolation of the FAM-labeled ssDNA
from BMCNT surface, and thus, the fluorescence was
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Fig. 3 a Fluorescence emission
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recovered. The fluorescence recovery was proportional to the
Hg”* concentration, which formed this concept for sensitively
Hg”* sensing.

In order to verify the feasibility of this strategy, a series
of experiments were carried out. The fluorescence spectra
of ssDNA and ssDNA—Hg*" in the presence and absence
of BMCNTs in Tris-HCI buffer (pH 7.4) with excitation at
480 nm were shown in Fig. 2. In the absence of
BMCNTs, the free FAM—labeled ssDNA exhibits a strong
fluorescence emission (curve a) at 520 nm, whereas the
fluorescence of ssDNA was greatly quenched upon the
addition of BMCNTs (curve d). The addition of Hg>* ions
gives rise to a remarkable enhancement of the fluores-
cence emission (curve c¢) compared with that without
Hg?" (curve d). It is also worth noting that the fluores-
cence emission spectra almost did not change after Hg**
ions were added to the ssDNA working solution (curve b).
All of these results confirm the feasibility of Hg** detec-
tion based on such a change in fluorescence intensity.

To assess the sensitivity of the developed ssDNA/BMCNT
detection system for Hg>*, various concentrations of Hg**
ranging from 0.05 to 20.0 uM were added to this BMCNT-
based sensor system. The results shown in Fig. 3a reveal that
the fluorescence emission properties of FAM-labeled ssDNA
are sensitive to the presence of nanomolar concentrations of
Hg®*. As Hg®* concentration increased, the fluorescence
emission intensity at Aey/Aey, =480/520 nm is also enhanced
by a fast rate but increased more slowly further when the

3000

510 520 530 540 550 560 570 580 590 600 610 620 630 640 0 0.2 0.4 0.6 0.8 1

Hg?" Concentration (pM)

concentration of Hg?* was higher than 10 pM. This phenom-
enon can be attributed to the balanced and saturated status of
the interaction between ssDNA and Hg?*. Based on the de-
rived calibration curve (Fig. 3b), this ssDNA/BMCNT detec-
tion system shows a good linear correlation between fluores-
cence intensity and the concentration of Hg** in the range of
0.05~1 uM (R*=0.98), with a limit of detection (LOD) of
0.02 uM, which is lower than the maximum allowable level
of 30 nM Hg?" for drinking water defined by the World Health
Organization (WHO). The above results indicate the great
potential of this BMCNT-based DNA hybrid fluorescent sen-
sor for aqueous Hg”* detection.

Table 1 presents comparison of other published FRET-
based nanosensors for Hg** determination. It illustrated that
ssDNA/BMCNT detection system had a similar assay perfor-
mance with carbon nanotube and MOF-based sensors. More
importantly, the developed BMCNT-based FRET assay sys-
tem is the only one possessing cyclicity feature. It is full of
great significance for long-term using with a low cost.

Selectivity and matrix effect evaluation

In natural environment conditions, Hg(Il) ions inevitably co-
exist with various metal ions in the waste water, which would
probably influence the binding between Hg** and ssDNA in
aqueous mediums. To investigate the selectivity of current
assay method, a variety of metal ions including Ca®*, Cd**,
Cu*, Mg”*, Mn**, Ni**, Pb**, and Zn** were examined with

Table 1 Comparison of FRET-

based nanosensors for Hg>* Sensor Linear range Detection limit ~ Cyclicity ~ Reference

determination
Gold nanorods/DNA hybrid 10 pM~5 nM 2.4 pM No [42]
Carbon nanotube/DNA hybrid 0.05~8.0 uM 14.5 nM No [17]
UiO-66-NH,/DNA hybrid 0~10.0 uM 17.6 nM No [37]
DNA-functionalized graphene oxide 1~50 nM 0.92 nM No [43]
Carbon dot-labeled oligonucleotide and GO 0.005~0.2 uM 2.6 nM No [39]
Bamboo-like carbon nanotubes/DNA hybrid ~ 0.05~1 uM 20 nM Yes This work
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Fig. 4 Selectivity test of the sensing system against other metals.
Fluorescence difference = FL intensity (metal ions—ssDNA/BMCNTS)
— FL intensity (ssDNA/BMCNTS). The concentration of Hg?* is
5.0 uM while the concentration for other metal ions is 50 pM. The
error bars indicate standard deviations from four detections

a concentration of 50 uM, which was tenfold in excess com-
pared with that of Hg**. As shown in Fig. 4, all the other metal
ions exhibited little variation in the fluorescence intensity,
whereas the fluorescence intensity gained an obvious increase
in the presence of Hg>*. In other words, among the tested
metal ions, only Hg** can remarkably stimulate and enhance
the fluorescence of FAM-labeled ssDNA. This fluorescence
enhancement is the result of the formation of dsDNA from
ssDNA by Hg?*, which detaches from BMCNTs and hampers
the energy transfer between FAM and BMCNTs. To summa-
rize, this developed BMCNT-based DNA hybrid fluorescent
sensor possesses outstanding capability of discriminating
Hg>* from other metal ions. Such a feature could be attributed
to the specificity T-Hg**-T interaction.

To verify the feasibility of this proposed method, matrix
effect analysis was also carried out by measuring the concen-
trations of Hg”* in practical water samples (bottle water, tap
water, and pond water). The samples were determined by the
standard addition method. Atomic fluorescence spectrometer
analysis method (AFS) was used as a standard method to

make comparison with the developed fluorescent assay meth-
od. The spiking recovery results are shown in Table 2. Such
comparison analysis results demonstrated that the proposed
method had an acceptable quantitative accuracy compared
with the AFS method. All the abovementioned results indicat-
ed that the developed fluorescent assay method possesses a
great potential for the Hg** determination of real water
sample.

Cyclicity and cost estimation

The regeneration and reusability of BMCNTs were also inves-
tigated to evaluate the economic benefits of the BMCNTs. The
magnetic property of BMCNTs was measured at 300 K and
the result is shown in Fig. 5b. The saturated magnetization of
BMCNTs estimated from the hysteresis loop at an external
field of 10 kOe is 3.2 emu/g. The shape of narrow loop also
precisely indicated that the as-obtained BMCNTs possess fer-
romagnetism. This result was consistent with the XRD mea-
surement shown in Fig. Sa, which was found to be index into
metallic nickel (JCPDS no. 65-2865). It is expected that the
BMCNTs respond well to external magnetic fields. As shown
in Fig. 5c, the liquid and solid phases could be separated with
each other easily and rapidly under magnetic field due to
strong ferromagnetism of BMCNTs. It is noteworthy that
when the BMCNT-based nanosensor was reused by following
the same experimental procedure, the BMCNT materials pos-
sessed good cycle performance, as depicted in Fig. S3 (see
ESM) and Fig. 5d. The recovery of fluorescence when certain
amounts of Hg** added was found to be in the range of 95.2—
106.5% with a relative standard deviation (RSD) within 5%
and only a slight decrease in fluorescence intensity after 10
consecutive cycles. All the above results demonstrate that
BMCNTs possess excellent regeneration and reusability,
which supports the long-term using for aqueous Hg>* assay
with a low cost.

Based on the evaluation of experiment procedures (see
details in ESM), the estimated prime cost of BMCNTs is

Table 2 Comparison results of

the bamboo-like carbon Real Adding BMCNT-based FRET assay AFS
nanotube-based FRET assay sample Hg™
method and standard AFS method Detection Recovery Detection Recovery
for the detection of Hg?* in real concentration” (%) concentration (%)
water samples
Bottle 20 nM 18.82+0.67 nM 94.1 18.52 nM 92.6
water 50 nM 47.39+2.43 nM 94.8 45.62 nM 91.2
Tap water 20 nM 21.36+0.85 nM 106.8 19.78 nM 98.9
50 nM 48.35+2.62 nM 96.7 49.53 nM 99.1
Pond water 20 nM 18.64+0.83 nM 93.2 19.00 nM 95.0
50 nM 52.64+2.94 nM 105.3 45.84 nM 91.7

* The errors indicate standard deviations from four detections
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Fig. 5 a XRD patterns of the a

BMCNT sample and ()

corresponding standard metal
nickle. b Hysteresis loop of
BMCNTs measured by SQUID
magnetometer at 300 K. ¢
Ilustration of BMCNTs magnetic
separation from solution by an
external magnetic field. d Hg>*
(5 uM) assay using recovered
BMCNTs as sensing platform

Graphitic carbon (002)
W

Ni JCPDS#65-2865

Intensity (a. u.)

remarkably cheap. Considering that the high fabrication costs
of carbon nanotubes have limited their wide commercial ap-
plication [44], the as-obtained BMCNTs may be one of the
most promising alternative platforms to commercial carbon
nanotubes for Hg** detection so far.

Conclusion

In this work, we have developed a facile fluorescent assay
method for selective detection of Hg?* in aqueous solutions,
using T-rich FAM-labeled ssDNA and a bamboo-like magnet-
ic N-doped carbon nanotube (BMCNT), which was synthe-
sized via polymerization of melamine on Ni catalyst at Ar
atmosphere. The fluorescence was quenched when the
FAM-labeled ssDNA adsorbed on the BMCNTs via 7t-7
stacking and hydrogen bonding. In the presence of Hg**, the
formation of double helical dsDNA via T-Hg**-T interaction
facilitates FAM-labeled ssDNA to be removed from the sur-
face of BMCNTs and resulted in the fluorescence recovery.
By monitoring the Hg**-induced fluorescence response, a
simple and quick assay method for precisely detecting and
quantifying aqueous Hg** with LOD of 20 nM was achieved.
Compared with the standard method, this developed fluores-
cent assay method offered a promising potential for real sam-
ple analysis. In addition, the main advantage of magnetic car-
bon nanotubes for this or other possible applications is that the
easy separation from reaction medium can be achieved with
an external magnetic field. Our work presents great signifi-
cance of the novel carbon nanotube research for biosensor

5 1|0 1|5 ZID 2|5 30 35 4.0 4|5 SICI 5|5 BIO BIS
2-theta degrees

1y
S’
3 seconds I r

0.04 1
: 4
5 o
Z
=
©
(200) " 000
N
@
& f
g 0.2 ]
| 004
40000 -5000 0 5000 10000

Magnetic Field (Oe)

)

~ 14000
12000 1
10000
8000
6000 4
4000

2000 1

Fluorescence Difference (a.u

1 2 3 4 ] 6 7 8 9 10
Regeneration Times

study areas with a combination of facile synthesis process,
excellent sensing performance, and magnetic responsibility.
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