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ABSTRACT

Silver (Ag™) ions are highly toxic to aquatic organisms and accumulate in the human body via the food
chain. Therefore, the development of sensitive and selective quantitative analytical methods for detecting
trace amounts of these ions is necessary. In the present study, a MnO, nanosheet-assisted, ligand-DNA
interaction and fluorescence polarization-based method was developed, for the first time, for sensitive
detection of Ag*. The addition of Ag™ to the preformed proflavine-DNA complex induced the release of
proflavine, which elicited weak changes in fluorescence polarization. The subsequent addition of MnO,
nanosheets magnified the observed changes, making this a feasible method for the detection of Ag*. The
calibration graphs indicated good linearity over the concentration ranges of 30-240 nM for Ag™, with a
detection limit (S/N=3) of 9.1 nM. This method additionally exhibits high selectivity. The mechanism
underlying the changes in fluorescence polarization caused by the addition of Ag* in the presence of
MnO, nanosheets was further explored in this study. These findings demonstrate that the present MnO,
nanosheet-assisted fluorescence polarization biosensor may represent a promising tool for the detection
of Ag™ ions. The results for practical detecting Ag* proved that this biosensor can be applied to en-

vironmental water sample analysis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Elucidation of the interactions between small ligands and bio-
macromolecules, such as plasma proteins (Cubrilovic and Zenobi,
2013; Wang et al.,, 2011), enzymes (Jang et al., 2013; Sakabe et al.,
2013), and nucleic acids (Murata et al,, 2013; Qi et al, 2015),
provide new insights into biological activities and enable the de-
velopment of novel compounds capable of efficiently regulating
specific biological processes. In recent years, the interactions be-
tween fluorescence intercalators, such as PicoGreen and thiazole
orange, and DNA have been utilized for the detection of a much
wider range of targets (Pang et al., 2015; Tan et al., 2012). The
binding of proflavine, a classical intercalator, to DNA has also been
widely studied (Neidle et al., 1988; Tang et al., 1990); this com-
pound is recognized as a Rev inhibitor that targets HIV-1 Rev re-
sponse element (RRE) RNA at the Rev binding site (DeJong et al.,
2003). Very recently, the interaction between proflavine and
G-Quadruplex DNA was illustrated, with proflavine utilized as the
indicator (Kumar et al., 2014).

* Corresponding author.
E-mail address: zqzhang@snnu.edu.cn (Z.-Q. Zhang).

http://dx.doi.org/10.1016/j.bios.2016.08.093
0956-5663/© 2016 Elsevier B.V. All rights reserved.

The silver ion (Ag*) is a common form of silver. As a highly
bioactive cation, Ag* exhibits strong antimicrobial activity at low
concentrations (Lai et al., 2010); however, high levels of Ag™ exert
serious biological effects on human health. This ion is additionally
known to accumulate in the human body via the food chain
(Morgan and Wood, 2004). Therefore, much attention is currently
devoted to the development of methods for the accurate detection
of trace amounts of Ag" (Zhu and Zhang, 2014); in particular, ef-
forts have been made to develop fluorescent (Gao et al., 2015; Lee
et al., 2015; Sun et al., 2013; Yang et al., 2015a), colorimetric (Li
et al., 2009; Liu et al., 2012), chemical (Jiang et al., 2015; Kumar
et al., 2011) and electrochemical sensors (Lin et al., 2011; Mensah
et al., 2014; Xu et al., 2014; Yang et al., 2015b) for assays of Ag™.

Fluorescence polarization (FP), which is commonly used for
studying intermolecular interactions (Choi et al., 2012), is also an
attractive technique for the detection of various targets (Huang
et al., 2012, 2014; Ye and Yin, 2008). This technique may be uti-
lized in combination with other commonly used nanotechnologies
to obtain an enhanced FP signal, thereby enabling improved sen-
sitivity of detection. Layered nanomaterials, such as graphene
oxide, WS;, and MoS,, which possess unique physical and che-
mical properties, are utilized as FP signal enhancers in DNA-based
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sensors (Shi et al.,, 2011; Yuan et al.,, 2014a; Zhu et al.,, 2013); fur-
thermore, graphene oxide has been utilized in enhanced fluores-
cence anisotropy sensors (Yu et al., 2013; Zhen et al., 2015). Spe-
cifically, the thickness of MnO, nanosheets consisting of an edge-
shared MnOg octahedral crystal lattice is of the order of nan-
ometers or smaller, with lateral size ranging from submicrometers
to micrometers (He et al., 2014). MnO,, a well-known transition-
metal oxide, has been widely studied, and MnO, nanoplatforms
have been developed for biosensing applications (He et al., 2014;
Yuan et al., 2014b; Zhang et al., 2014).

Proflavine recognizes the cytosine-guanine (CG) base-pair in
the DNA double helix. Ag* is known to specifically bind cytosines
to form a stable mismatch base pair of cytosine-Ag ™ -cytosine (C-
Ag™-C) (Ono et al., 2008); recently, Swasey et al. revealed Ag* was
also able to form another mismatch pairing of G-Ag™ -G, and this
base pair showed higher stability than Watson-Crick C-G pairing
(Swasey et al.,, 2015). Therefore, Ag™ is considered to interfere,
directly or indirectly, with the binding of proflavine to DNA. This
proflavine-DNA interaction-based detection model, with pro-
flavine as a fluorescence polarization indicator, does not suffer
from limitations owing to unnatural folding and the formation of
biomacromolecular structures, which is a limitation of detection
methods utilizing fluorescent covalent labeling and surface im-
mobilization (Umemoto et al., 2012). To the best of our knowledge,
the present study is the first to explore MnO, nanosheet-assisted
measurement of fluorescence polarization for the detection of Ag™

(Fig. 1).
2. Experimental section
2.1. Chemicals and solvents

DNA oligonucleotides with the sequence 5'-
TGTCGTCGTCGTCAAAAGTCGTCGTCGTC-3' were custom-synthe-
sized by Shanghai Sangon Biotechnology Co. Ltd. (Shanghai,
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China). Proflavine Sulfate Hydrate was purchased from Spectrum
Chemical Mfg. Corp. (USA). All other reagents of analytical grade
were commercially available and used without further purifica-
tion. All the buffers were prepared with ultra-pure MilliQ water
(resistance > 18.2 MQ cm ).

2.2. Preparation of MnO, nanosheets

Bulk MnO, was synthesized using a previously reported
method (Peng et al., 2013). Typically, 20 mL of a mixed aqueous
solution of 600 mM tetramethylammonium hydroxide (TMA - OH)
and 3 wt% H,0, was added to 10 mL of 0.3 M MnCl, - 4H,0 aqu-
eous solution in 15s. The solution turned dark brown in color
immediately upon addition of the mixed aqueous solution. Then,
the solution was vigorously stirred overnight in the ambient at-
mosphere at 25 °C. After this mild oxidation reaction, the pre-
cipitate was washed with water and methanol and centrifuged at a
very low speed of 2000 rpm for 20 min, after which the precipitate
was dried in a vacuum oven at 60 °C. Finally, 10 mg of bulk MnO,
was added to 20 mL of water for ultrasonic treatment. After ul-
trasonic treatment for 10 h, the dispersion was centrifuged at
1000 rpm, removing the un-exfoliated residues from the
dispersion.

2.3. Detection of Ag*

An ammonium acetate-buffered saline solution (20 mM, con-
taining 20 mM NaCl, pH 7.0) was used for the detection of Ag™. A
mixture of proflavine (600 nM) and DNA (100 nM) was incubated
at room temperature for 5 min. Various concentrations of AgNO3
(6 pM) were then added and incubated for 30 min, followed by
6 pL of MnO, nanosheets (2 mg mL~! in water), to a final volume
of 150 pL. The adsorption time was 10 min.

In the selectivity assay, 11 additional representative metal ions
(200 nM) were added for incubation for 30 min respectively, and
6 pL of MnO, nanosheets (2 mg mL~! in water) was added for the
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Fig. 1. (a) lllustration of MnO, nanosheet-assisted ligand-DNA interaction-based fluorescence polarization sensor for detection of Ag™ ions. (b) Secondary structure of
proflavine and DNA used in the biosensor. The secondary structure of DNA was predicted by the software “RNAstructure, version 5.7”, with the parameters of max % Energy

difference: 10, and Max number of Structures: 20.
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measurement of fluorescence polarization.

In the analysis of real samples, tap water and lake water were
firstly filtered through a 0.45 ym membrane, and the filtrates were
stored at 4 °C. Three spiking levels of 50, 100 and 200 nM were set
up and the standard solutions were added to the real samples to
measure and calculate the recoveries.

2.4. Measurement of fluorescence polarization

Fluorescence polarization analysis was performed using an LS
55 Fluorescence Spectrometer at the excitation and emission wa-
velengths of 445 nm and 505 nm, respectively, with a slit band-
width of 10 nm. The integration time was 1 s. Fluorescence po-
larization was measured at 505 nm for quantitative analysis. All
fluorescence polarization values (1 P=1000 mP) were read at least
5 times, which was calculated using the following equation, as
described previously (Ye and Yin, 2008):

mP=1000 1=l
I +Glyp
I,y and I, are the fluorescence intensity horizontal to and
vertical to the excitation plane, respectively, and G =1y /Ixn.

2.5. Measurement of UV-vis spectra

The excitation wavelength for proflavine (200 pM) was set at
445 nm, and the absorption spectrum of MnO, nanosheet mate-
rials (200 pg mL~" in water) was scanned from 200 nm to 700 nm,
as determined using an Evolution 220 UV-vis spectrophotometer
(Thermo Fisher Scientific Inc., USA) using a 500-pL-volume quartz
cuvette. The slit bandwidth was set at 1 nm and the scanning
speed was set to low.

2.6. Circular dichroism (CD) measurements

Circular dichroism (CD) spectra of DNA, in the absence and
presence of Ag*, were measured using a Chirascan CD spectro-
meter (Applied Photophysics Limited Co., United Kingdom) with a
quartz cuvette of 0.2-cm path length. The scanning speed was set
at 200 nm min~! and optical path at 1 mm. The CD spectra were
obtained with correction for emission due to the buffer.

The DNA-Ag* complex was mixed thoroughly and incubated at
20 °C for 30 min in ammonium acetate buffer before testing. All CD
spectra scans were repeated at least 3 times.

2.7. X-ray diffraction (XRD) characterization

XRD characterization was performed using a Rigaku X-ray
Diffractometer (D/Max-3c, Japan). The Cu Ka radiation was at a
wavelength of 1.542 A. The data were collected from 5° to 75°.

2.8. Electron microscopy characterization

The samples were prepared on carbon-film-covered copper
grids and images were obtained using a Tecnai G2 F20 Transmis-
sion Electron Microscope (TEM) at 200 kV.

2.9. Measurement of zeta potential

Measurements of zeta potential were performed using a Del-
sa™ Nano particle and Zeta potential analyzer (Beckman Coulter,
Inc.), which is capable of measuring the zeta potential of nano-
particles at low concentrations or in turbid samples.

3. Results and discussion
3.1. Characterization of MnO, nanosheets

The synthesized MnO, nanosheets were first examined. The
exfoliated MnO, nanosheets showed maximum absorption at
~371 nm, and the aqueous solution showed good dispersibility
(Fig. S1, Supplementary material). The crystallographic structure
was determined by powder X-ray diffraction (XRD); significant
XRD peaks were recorded at 20=12.12, 24.12, 36.16, and 65.54
(Fig. S2a). The zeta potential measurements showed that the MnO,
nanosheets possessed a negatively charged surface (—147.36 mV,
Fig. S2b). The transmission electron microscopy pattern showed
lamellar structure of the MnO, nanosheet (Fig. S3). All these re-
sults from the characterization indicated that the synthesized
MnO, nanosheet was qualified for the following Ag* sensing
analysis.

3.2. MnO; nanosheet-assisted fluorescence polarization biosensor

We then investigated whether MnO, nanosheets may be used
to enhance the fluorescence polarization signal. Proflavine
(600 nM) was incubated with DNA (100 nM) and then next, AgNO3
(200 nM) was added. In the absence of MnO, nanosheets, it was
difficult to detect Ag* directly using the FP method, as the FP
changed only from 51 +2 to 44+ 1, namely the change in FP
(AFP~7) induced by the addition of Ag* was very weak. How-
ever, the addition of MnO, nanosheets (80 ug mL~"') greatly in-
creased the FP from 90 +5 to 196 + 6, and the AFP (~100) was
over 10 times higher than that without MnO, nanosheets (Fig. 2).
This result showed that MnO, nanosheet can enhance the FP
signal, and the MnO, nanosheet-assisted fluorescence polarization
sensor was practicable for the detection of Ag™*.

3.3. Optimization of the concentration of MnO, nanosheets

The concentration of the MnO, nanosheets was further opti-
mized for maximal enhancement of the detection signals. After
proflavine (600 nM) was incubated with DNA (100 nM), various
concentrations of MnO, nanosheets were added. As the con-
centration of MnO, nanosheets increased from 6.6 pg mL~! to
100 pg mL~, the FP signals, both in the presence as well as ab-
sence of Ag™, increased. Maximum AFP (~100) was obtained
following the addition of 80 pg mL~! MnO, nanosheets; therefore,

200

150 1

Without MnO,

MnO, (80 pg mL1)

Fig. 2. Measurement of FP in the absence and presence of Ag™* with/without the
addition of MnO, nanosheets. All fluorescence polarization values were measured
at least in triplicate.
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Fig. 3. Measurement of FP in the absence and presence of Ag™ and various con-
centrations of MnO, nanosheets.

80 pg mL~! was selected as the optimal concentration of MnO,
nanosheets for the Ag* detection assay (Fig. 3).

3.4. Sensitivity and selectivity of Ag™ detection

The sensitivity of this MnO, nanosheet-assisted fluorescence
polarization method was evaluated using various concentrations
of Ag™. As the concentration of Ag* increased from 30 to 240 nM,
the FP value of the interaction system increased from 97 + 4 to
214 + 4. A good linear response was observed between the con-
centration of Ag* (30-240 nM, namely 3.2-25.9 ug L~!) and AFP
(Fig. 4). The limit of detection (3c) for Ag™ was as low as ~9.1 nM
(1 pg L™ 1); this detection limit is comparable to those previously
reported (Table S1, Supplementary material).

The selectivity of this method was evaluated by examining the
FP response of the 11 other representative metal ions (Li*, Mn2+,
Cd?*, Ba%*, Zn?*, Ca+, Fe3+, Mg?™, AP+, Cu®*, and Hg?™*). It
could be observed that only Ag™ can induce a significant AFP
(99.2 + 6). No significant change in FP was observed following the
addition of these test ions (maximum of 8.1 + 1 for Ca%*), thereby
demonstrating that this method shows high selectivity towards
Ag™ (Fig. 5).
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Fig. 4. Measurement of FP following the addition of various concentrations of Ag*
in the presence of MnO, nanosheets (80 pg mL™!); the inset shows the linear re-
lationship between AFP and Ag* concentration.
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Fig. 5. Selectivity of Ag* detection; the relationship between AFP and 11 metal
ions (200 nM).

According to the “Guidelines for drinking-water quality 4th ed.”
issued by WHO, a concentration of 100 pgL~! for Ag* is per-
missible in drinking-water. Therefore, it can be inferred from the
above results that the MnO, nanosheet-assisted fluorescence po-
larization method has adequate sensitivity and selectivity to be
utilized for the detection of Ag™ in environmental water samples.

3.5. Application to real samples

Hence, the practicability of this biosensor in detecting Ag™ in
real samples was further investigated. The average recoveries were
in the range of 94.9-98.5% for the tap water and 93.4-105.7% for
the lake water, with relative standard deviations (RSDs) of 2.3—
4.6% (Table S2). The results proved that the biosensor can satisfy
the practicability for the detection of Ag* in water samples.

3.6. The mechanism underlying changes in FP caused by the addition
of Ag™ in the presence of MnO, nanosheets

The DNA sequence utilized in the present study is in a single-
stranded stem-loop structure. One T base was segregated by two
bases (C and G) in the DNA duplex. Possible secondary structure of
the DNA used in this study has been shown in Fig. 1. The inter-
action between Ag™* and DNA was studied by CD experiments that
examined the conformational changes in DNA upon binding of
Ag™. The positive peak for DNA alone at ~280 nm was found to
disappear, and a new negative peak for DNA appeared at
~270nm, as shown in Fig. 6a. This change in CD spectra was
generally considered to indicate the formation of a C-Ag™-C pair
(Lin et al., 2011). Also, by comparing it with the CD spectra in
Swasey's paper, the variation trend at 240-280 nm in CD spectra
was speculated to be an indication of newly-formed G-Ag™-G
pairings. Therefore, it may be concluded that a conformational
change occurred in DNA following the addition of Ag*: some
original C-G pairings were disrupted, and Ag*-bridged C-C or G-G
base pairings formed.

Another group of FP assays with the FAM-labeled same DNA
(FAM-DNA) were carried out to further investigate the adsorption
of DNA on the surface of MnO, nanosheets, before and after the
addition of Ag™. The FP value of FAM-DNA was found to exhibit a
small increase following mixing with Ag™. In the presence of
MnO, nanosheets, the FAM-DNA-Ag* complex showed high FP
compared with FAM-DNA alone (Fig. 6b), which demonstrated
that the FAM-DNA-Ag* complex is more readily adsorbed on
MnO, nanosheets than the latter. We speculate that the interac-
tion of DNA with Ag™ increases the positive charge of the former,
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Fig. 6. (a) CD spectra of DNA in the absence and presence of Ag™; (b) fluorescence
polarization of FAM-DNA and FAM-DNA-Ag ™" complex in the absence and presence
of MnO, nanosheets.

resulting in increased adsorption to the negatively charged surface
of the MnO, nanosheets. Furthermore, in comparison with the
proflavine-DNA complex without addition of Ag™, the intercala-
tion of proflavine into the DNA-Ag* complex enabled the latter to
be more readily adsorbed on to the surface of MnO, nanosheets.
This may additionally explain the increase in FP following the
addition of Ag™ to the proflavine-DNA complex.

Another DNA sequence “TGTTGTTGTTGTTAAAATTCTTCTTCTTC”
was further tested. This one contains less C and G bases and no
pairs according to the structure prediction. It turned out that the
FP change for this sequence was weaker (~66.4 + 3) than that of
the proposed one (99.2 + 6) after 200 nM Ag™* was added. From
the above results, it can be concluded that the existence of C and G
bases in the DNA sequence is beneficial to improving the detection
sensitivity for Ag* when using proflavine as an indicator.

4. Conclusions

In summary, a MnO, nanosheet-assisted ligand-DNA interac-
tion-based fluorescence polarization method for sensitive detec-
tion of Ag™ was designed in the present study. The role of MnO,
nanosheets in assisting the measurement of fluorescence polar-
ization was investigated. The exfoliated MnO, nanosheets were
characterized and the performance parameters, such as detection
limit, linearity and selectivity, were documented in order to

validate the present method. The mechanism underlying the in-
crease in fluorescence polarization, following the addition of Ag™
in the presence of MnO, nanosheets, was investigated and dis-
cussed. Our findings demonstrate the feasibility of MnO, na-
nosheets in assisting the measurement of fluorescence polariza-
tion and that the present MnO, nanosheet-assisted fluorescence
polarization biosensor represents a promising tool for the detec-
tion of Ag* ions in the environment. Overall, this nano MnO,-
based biosensor is low-cost and simple to complete determination
assays. In addition, this strategy can be potentially applied to other
types of molecular probes by simply changing the sequence of the
ssDNA to a specific target.
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