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Abstract

In this paper, we propose a metal-polydopamine framework (MPDA) with specific molecular
probe which appears to be the most promising approach to a strong fluorescence quencher. The
MPDA framework quenching ability towards various organic fluorophore such as
aminoethylcomarin acetate (AMCA), 6-carboxyfluorescein (FAM),
carboxyteramethylrhodamine (TAMRA) and Cy5 are used to establish a fluorescent biosensor
that can selectively recognize Hg** and Ag* ion. The fluorescent quenching efficiency was
sufficient to achieve more than 96%. The MPDA framework also exhibits different affinities
with ssDNA and dsDNA. In addition, the FAM labelled ssDNA was adsorbed onto MPDA
framework, based on their interaction with the complex formed between MPDA
frameworks/ssDNA taken as a sensing platform. By taking advantage of this sensor highly
sensitive and selective determination of Hg**and Ag" ions is achieved through Exonuclease III
signal amplification activity. The detection limits of Hg**and Ag* achieved to be 1.2 pM and 34
pM respectively, were compared to co-existing metal ions and GO based sensors. Furthermore,
the potential applications of this study establish the highly sensitive fluorescence detection

targets in environmental and biological fields.

Keywords: Metal-polydopamine frameworks, Exonuclease III, mercury, silver, ssDNA
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1. INTRODUCTION

Heavy metal contamination is a serious global problem because it is very deleterious to human
health and the environment owing to their accumulation in the food chain as non-biodegradable
pollutants is persistence in nature. Among them known toxic metal, Hg** and Ag" ions are the
one of the most prevalent environmental water pollutants with persistent bioaccumulation and
high toxicity."™ Even at invisible trace levels of Hg** ion serious damage to the health problems
such as brain damage, kidney failure, nervous disorder and even death may occur.> ¢ In addition,
Ag" ions are detrimental to human health due to highly toxic and can lead to variety of
unpleasant health effects. Therefore, the effective detection of trace amount of heavy metal ions
concentration is important for environmental protection and health monitoring. Much effort has
been made to develop the Hg”* and Ag* sensors, including atomic adsorption spectroscopy
(AAS), inductively coupled plasma mass spectroscopy (ICP-MS), inductively coupled plasma
atomic emission spectroscopy (ICP-OES), cold vapour atomic fluorescence spectroscopy (CV-
AFS) and cold vapour atomic adsorption spectroscopy (CV-AAS).”'? These widely used
instrumental analytical techniques have some limitations, including expensive equipments,
complication in sample preparation and requires well-trained person. To defeat this problem, the

large number of well-designed sensors based on this T- Hg**-T and C-Ag*-C coordination

13,14 15,16 117

chemistry has been developed by fluorescent, colorimetric and electrochemical * sensing
methods, of which sensitive and selective detection of Hg** and Ag* ions by fluorescent methods

is most competitive and have attracted great attention in recent years.

Recently, more interest has been shown in the development of nanomaterial based fluorescent
bio sensor. In particular, this type of sensor based on fluorescent resonance energy transfer

(FRET) mechanism which relies on the fluorescence quenching the fluorophore and quenching
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materials.'® These nano-quenching materials can efficiently quench fluorophore and eliminating
the selection issue of fluorescence quencher pair, improving the signal to noise ratio of aptamer.
So far, the large number of nanomaterials have been applied to the fluorescence sensing of metal
ions including graphene oxide, carbon nitride, transition metal sulfide nanosheets and carbon
nanotubes.'** Although these nanomaterials have been successfully demonstrated by sensitive
and specific fluorescence detection of metal ions, the preparation of these nanomaterials is not
easy and there is difficulty in uniform dispersion and some of these nanomaterials are toxic.
Therefore it can be anticipated that the searching of new nanomaterials is aggravated towards the

replacement.

Over the past few decades, metal organic frame works (MOFs) is represented as excellent
candidate of materials that have attracted for extensive research interest due to their high surface
area, flexible porosity, tunable nature and morphology can be easily turned upon selection of
different metal ions and organic bridging ligand have been developed as a new class of solid
adsorbent. The nanoscale MOFs has the size dependant properties, if it is properly exploit we
may expand their scope for numerous practical applications such as biomedicine, gas storage,
catalysis, hydrogen storage, drug delivery and sensing.”** Now a days, the MOFs have attracted
considerable attention for the excellent biosensing platforms for detection of metal ions and
biomolecules.”” In the mean time, polydopamine is a type of bio-polymerized material with
excellent biocompatibility and biodegradability.”® The redox active and quinone structure of
polydopamine enable its surface to coat on various material surfaces. In addition, the
polydopamine is naturally provides excellent electron acceptor.”’ Therefore, MOFs with

polydopamine as the sensing platform may improve the quenching efficiency and enhance the
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sensitivity of fluorescence sensor efficiently. The resulting MOFs with polydopamine based

fluorescence sensor for detection of metal ions has never been reported.

In this work, we explore the fluorescent quenching ability of metal polydopamine framework for
high sensitive and selective detection of Hg** and Ag* ions. Specifically, four different organic
fluorophore have quenching efficiency including aminoethylcomarinacetate (AMCA), 6-
carboxyfluorescein (FAM), carboxyteramethylrhodamine (TAMRA) and Cy5 were
demonstrated. The FAM labeled ssDNA could absorb the metal polydopamine frameworks to
form a stable complex. By taking advantage of this sensing platform for detection of mercury
and silver ions assisted through Exonuclease III signal amplification strategy has not been
reported yet. To the best of our knowledge, this is the first work on strong fluorescence
quenching ability of various fluorescent dyes of metal polydopamine frameworks. This proposed

assay can be further extended to other environmental and biological applications.
2. EXPERIMENTAL
2.1. Reagents

Cobalt nitrate hexahydrate, Zinc nitrate hexahydrate, 2-methylimidazole, dopamine
hydrochloride, are purchased from Sigma-Aldrich. Ethanol, methanol, tris (hydroxymethyl)
aminomethane are from Alfa Aesar. Exonuclease III was received from Thermo Fisher scientific
(India). The stock solution of DNAs were prepared by using Tris buffer (20 mM Tris, 200 mM
KCl, 10 mM MgCl,, pH= 8.0). All the chemical reagents used in this experiment were of
analytical grade and used directly without further purification. The DNA oligonuclotides were
purchased from integrated DNA technologies (IDT, Avantor, India) and their DNA probes are

given as follows.
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P-AMCA: 5’-ACTGTCCCCTTGCAGT-AMCA-3’

P-Cy5: 5-ACTGTCCCCTTGCAGT-Cy5-3’

P-TAMRA: 5’-ACTGTCCCCTTGCAGT-TAMRA-3’

P-FAM: 5’-ACTGTCCCCTTGCAGT-FAM-3’

P-T DNA: 5’-ATTGTTTTGTTTCCCCTTTCTTTTCTTT-FAM-3’

P- C DNA: 5’-ACCTGCCCCACCTTTTCCTCCCCCACCT-FAM-3’
2.2. Synthesis of ZIF-67

In a typical procedure, solutions of 1.455 g of Co (NOs3),.6H,0 and 1.65 g of 2-methylimidazole
were dissolved in 30 mL of methanol separately.”® The resulting solutions were mixed and
stirred for 3 h at room temperature. Finally, the reaction mixture was cooled down at room
temperature and collected by centrifuge, by washed with deionized water and methanol and dried

at 60 °C overnight.
2.3. Synthesis of hollow metal-polydopamine framework

Generally, hollow metal-polydopamine frameworks (MPDA) was synthesized according to the
following procedure.”” In the synthesis at first a mixed solution was prepared with 20 ml of
ethanol and 15 ml of water. To this solution 10 mg of ZIF-67 was uniformly dispersed under
ultrasonication. Then dopamine (4 mg) was added into above solution with magnetic stirring.
Then the resulting mixed solution under stirring for 5 min, after that 10 mL of aqueous solution
of Tris (hydroxymethyl) aminoethane (20 mM, pH= 8.5) was added and continuously stirred for

48 h at room temperature. The obtained black colour product was separated by centrifugation
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and washed with deionized water and ethanol for three times and dried in vacuum at 60 °C

overnight. The final product was denoted as MPDA framework.
2.4. Characterization

Morphologies of the sample were observed with a FEI Quanta FEG 200 scanning electron
microscope (SEM) and with an accelerating voltage of 20 kV. High resolution transmission
electron microscopy (HRTEM) images were obtained from JEOL, JEM, Fb-2000 instrument.
The X-ray diffraction (XRD) was carried out on a PAN analytical, the Netherlands with Cu Ka
radiation (\=1.54 A) at a voltage of 40 kV. The Fourier transform infrared spectroscopy (FT-IR)
spectra were performed using an Agilent Technologies FT-IR spectrometer (USA). A model
Fluoromax-4 Spectrofluorometer (HORIBA scientific, France) was used to record fluorescence
emission spectra, with excitation and emission slit width of 10 nm. The samples were measured
by excitation and emission wavelength was 490 nm and 520 nm. All the spectrophotometric of
the hybrid material were performed with a suspension of sample dispersed in deionized water

and then brought into quartz tube for measurement.
2.5. Procedure for Hg2+ detection

The detailed procedure for detection of Hg** as followed. First, the incorporated reaction was
performed by mixing 50 nM FAM-labeled T-rich ssDNA probes (P-T DNA) and desired
concentration of ng+ solution. Then, 20 units Exo III and Tris buffer solution was added to the
solution, and the mixture was incubated at room temperature for 5 mins. Subsequently, the
homogeneous mixture of the whole 200 pL solution was incubated at 37 °C for 10 mins, where
the activity of Exo III was completed at 75 °C for 10 mins. Finally, the solution was cooled at

room temperature, and then 10 puL as obtained MPDA framework stock solution was added to

7

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

the reaction solution, further incubated at room temperature for 10 mins. The fluorescence
spectra were measured by different samples at excitation and emission wavelength of 490 nm

and 520 nm respectively.
2.6. Procedure for Ag* detection

Similar to the above procedure, detection of Ag® also obtained. 50 nM FAM-labeled C-rich
ssDNA probes (P- C DNA) and different concentrations of Ag” were mixed and the mixture was
incubated for 5 mins at room temperature. Then, 20 units of Exo III were added and the whole
solution was mixed homogeneously. After homogeneous mixing, the solution was incubated at
37 °C for 30 mins and the activity of Exo III was completed by heating at 75 °C for 10 mins.
After that, the solution was slowly cooled at room temperature. Next, 10 uL (0.08 mg/mL)
MPDA was added into above solution and incubated at room temperature for 10 mins. The
fluorescence spectra were measured by different samples at excitation and emission wavelength

of 490 nm and 520 nm respectively.
2.7. Analysis of real water samples

For the quantitative analysis of Hg** and Ag* in real water samples, a standard addition method
was followed. The different mercury and silver containing water samples were collected from
various places. Tap water was obtained from our laboratory. River water was taken from the
Tamirabarani River (Tirunelveli, India). The samples were filtered from 0.22 uM membrane and
all impurities were removed. For recovery studies, spiked with different concentration of

mercury and silver were added to the samples and analyzed separately.
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3. RESULTS AND DISCUSSION
3.1. Characterization

The ZIF-67 framework was synthesized by mixing of Co(NOs), and 2-methylimidazole in
methanol solution. After that, the hollow metal polydopamine frameworks (MPDA) formed from
the single—step transformation reaction between the dopamine solution and suspension of ZIF-67
in a mixture solution of ethanol and water (scheme 1). Figure 1A showed scanning electron
microscope (SEM) image of ZIF-67 crystals is confirmed that rhombic dodecahedra shape. The
transmission electron spectroscopy (TEM) images of metal polydopamine framework are shown
in Figure 1B, C. The ZIF-67 structure can destabilize with water due to hydrophobic nature of
ZIF-67 and releasing the Co** and 2-methylimidazole. After addition of dopamine or
polydopamine it would adsorb on the outer surface on the ZIF-67, thin layer PDA is formed
around the ZIF-67 and maintained the original polyhedron structure. When the interaction
between the released Co* ions in the breaking of Co-2-mim bonds, they coordinate with PDA
resulting in the formation of a hollow structure with PDA and Co-PDA layer. We observed that
ZIF-67 transformed completely hollow metal polydopamine framework is confirmed that TEM
images in Figure. 1B, C.

The XRD measurements of MPDA and ZIF-67 are shown in Figure 1D. The diffraction peaks
of ZIF-67 crystals noted at 20 = 7.45° 10.39°, 12.75°, 14.52°, 16.63°, 17.95°, 22.46°, 24.45° and
26.64° can be attributed to the (002), (112), (022), (013), (222), (114), (233) and (134) planes,
respectively. All diffraction peaks of ZIF- 67 structure is completely disappeared in MPDA,
which confirmed by transformation of ZIF-67 to MPDA. Furthermore, the FT-IR spectra of ZIF-
67 and MPDA are shown in Figure 1E. The broad absorption band at 3338 cm’ encompasses

the O-H and N-H stretching vibration in MPDA. The characteristics FT-IR peaks at 1590 cm’™
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and 420 cm™ can be assigned to the C=N and Co-N stretching vibrations in ZIF-67. These peaks

are almost disappearing after transformation of ZIF-67 to MPDA.

Co(NO,),.6H,0 ™

Dopamine

pH=8.5

+

[)-

2-Methylimidazole —

MPDA

Scheme 1. Schematic illustration of the in-situ transformation from ZIF-67 into hollow Co-PDA

polyhedral particles

Transmittance (a.u)

MPDA

5 10 15 20 25 30 35 40 4000 3500 3000 2500 2000 1500 1000 500
20 (degree) Wavenumber cm1)

Figure 1. (A) SEM image of ZIF-67, (B, C) TEM images of MPDA, (D) XRD pattern of ZIF-67

and MPDA, (E) FT-IR spectra of ZIF-67 and MPDA.
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3.2. Fluorescence quenching mechanism of MPDA

The fluorescence quenching ability of the metal polydopamine framework (MPDA) was shown
in Figure 2 A-D. The sensing system of MPDA was consists of four types of ssDNA probes with
attached  different fluorophore including aminoethylcomarinacetate (AMCA), 6-
carboxyfluorescein (FAM), carboxyteramethylrhodamine (TAMRA) and Cy5. In the absence of
MPDA, the fluorophore attached ssDNA probes exhibited by strong fluorescence emission.
Upon the addition of MPDA, which result in their strongly binding with fluorophore attached
ssDNA probes and its fluorescence is quenched, obtainable different florescence emission
signals at 450, 520, 575 and 660 nm respectively. The fluorescence quenching efficiency was
calculated according to the formula QE= (Fp-Fy/Fp) x100%, where Fp is the fluorescence
intensity of the pure fluorophore attached ssDNAs and Fy is the fluorescence intensity of after
addition of MPDA with fluorophore attached ssDNAs. The quenching efficiency of MPDA and
four kinds of different fluorophore was reached up to above 97%. On the other hand, the 99.08%
fluorescence quenching efficiency was achieved with the FAM labeled ssDNA probe. This
phenomenon indicates that FAM-labeled ssDNA exhibits high fluorescence quenching efficiency
compared to other fluorophore. The mechanism of interaction between the ssDNA and MPDA is
related to the polydopamine nanospheres and nanotubes. The negatively charged phosphate
backbone in ssDNA would adsorb on the surface of MPDA. The interaction of FAM labeled
ssDNA on the surface of MPDA to the strong affinity by n-n stacking interaction between the
exposed nucleobases and MPDA.*® Moreover, the binding between FAM labeled ssDNA with
MPDA may be happened due to the electrostatic and hydrogen bonding interaction between the
nucleobases and aromatic groups of MPDA.*! Moreover, we have made a comparison of MPDA

with graphene oxide and metal oxides (Fe;O4, CeO,) with fluorescence quenching performance,
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displayed in Figure 3A. The FAM-labeled ssDNA was respectively mixed with same
concentrations of MPDA, graphene oxide and metal oxides. It was found that MPDA has the
highest quenching performance and lowest signal background fluorescence because
polydopamine coordinated with Co** ion and formation of hollow metal-polydopamine frame
work (MPDA) is obtained. The graphene oxide and metal oxides (Fe3O4, CeO;) shows that less
quenching performance compared to MPDA. The very less quenching performance activity of
metal oxides compared with graphene oxide and MPDA is because of rigidity and reducing
number of absorbing groups on surface.™

The UV-Vis spectrum of MPDA (Figure 3B) shows that the broad absorption spectra is
overlapped with the emission spectra of fluorophores, So MPDA effectively quenches the
fluorescence of those fluorophores due to FRET. Furthermore, the fluorescence life time of FAM
labeled DNA is changed after the introduction of MPDA (Figure 3C). The above analysis
provide strong evidence for the quenching of FAM labeled ssDNA and MPDA caused by the
occasion of FRET. Based on the mechanism of fluorescence quenching of fluorophore via photo
induced electron transfer (PET) and fluorescence resonance energy transfer (FRET). On the
other hand, the Co®* also participate the intrinsic fluorescent quenching property. So the

quenching mechanism of MPDA may be PET.
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31 Figure 2. The fluorescence emission spectra of 50 nM of different fluorophores labeled probe
33 DNA (A) Fluorescence emission spectra of AMCA labeled Probe DNA (a) Free AMCA labeled
Probe DNA (b) AMCA labeled Probe DNA in presence of MPDA, (B) Fluorescence emission
38 spectra of FAM labeled Probe DNA (a) Free FAM labeled Probe DNA (b) FAM labeled Probe
40 DNA in presence of MPDA, (C) Fluorescence emission spectra of TAMRA labeled Probe DNA
42 (a) Free TAMRA labeled Probe DNA (b) TAMRA labeled Probe DNA in presence of MPDA,
45 (D) Fluorescence emission spectra of CyS5 labeled Probe DNA (a) Free Cy5 labeled Probe DNA

47 (b) Cys5 labeled Probe DNA in presence of MPDA.
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Figure 3. (A) Fluorescence quenching efficiency of different nanomaterials toward the 50 nM
FAM labeled ssDNA with concentrations of nanomaterials (same concentrations of MPDA),
(B) UV-Vis adsorption spectra of MPDA and emission spectra of FAM, (C) Fluorescence
lifetime analysis of FAM labeled DNA, and after its adsorption by MPDA.

3.3. Optimization

The concentrations of MPDA used in this sensing system are considerable effect of different
fluorescence quenching responses to the FAM-labeled ssDNA. Thus the fluorescence quenching
efficiency of different concentrations of MPDA was investigated. As shown in Figure 4A, the
fluorescence intensity at 520 nm of 50 nM of FAM-labeled ssDNA is gradually decreased with
the increasing amount of MPDA. But, when the amount of MPDA was more than 0.08 mg/mL,

the fluorescence intensity remains constant. So the 0.08 mg/mL was taken as the optimized
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amount of MPDA. The adsorption and desorption kinetics behavior of FAM labeled ssDNA on
MPDA have also been investigated by monitoring the changes in fluorescence intensity as
function of time (Figure 4C). The kinetics of fluorescence quenching reaction is quite fast. The
F-Fo/Fy values increased and fluorescence intensity is decreased within 5 min. However in
presence of target metal ions, the F-Fy/F, values are decreased and fluorescence enhancement is
gradually increased with increase of incubation time, reaching a saturated F-Fy/F, value in 10
min. We studied that absorbing and desorbing kinetics of FAM labeled ssDNA and MPDA and
found that 5 min and 10 min were required for efficient sensing process.

The acidic medium of the solution have a notable influence of the fluorescence detection of Hg**
and Ag*. The pH value below 7, the Hg** and Ag" has reduce the affinity of thymine and
cytosine bases due to protonation of nitrogen atoms in bases. The fluorescence response is very
poor at increasing pH above 7 because of the partial participation of hydroxide ions. Therefore,
different pH values were optimized (Figure 4D). The F-Fy/F, (where F and F, values are
presence and absence of target ions) values increased when the pH was 5-7.5. After increasing
the pH of the solution the F-Fy/F, values are decreased. It concern that the performance of the
sensing system is chosen for the optimized pH-7.5. Finally, the effect of amount of Exo III of the
sensing system was investigated, which as shown in Figure 4E.The increasing amount of Exo III
with increasing F-Fy/F, values and reached up to 20 units the F-Fy/F, values is constant.

Therefore, 20 units Exo III was found to be optimum amount and further used.
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Figure 4. (A, B) The fluorescence emission spectra of 50 nM FAM labeled ssDNA with
different amounts of MPDA, The optimization of (C) Time (D) pH and (E) amounts of Exo III. F
is the fluorescence intensity of the presence of target ions and Fy is absence of target ions
respectively.

3.4. Sensitivity and selectivity of Hg** sensor

The metal-polydopamine frameworks (MPDA) acts as an efficient quencher for different
fluorophore labeled ssDNA. More importantly, these frameworks are exhibit good adsorbed
ssDNA and discriminate to the dsSDNA. The Exonuclease III assisted target recycling method is
widely used for the detection of Hg** ions. This method is very highly sensitive detection of Hg**
ions compared to other without Exonuclease III assisted target recycling method. The T-rich
ssSDNA probes are interacts with Hg** and formation of T-Hg”*-T base pairs in the dsSDNA.* The
Exo III is frequently used for the Exonuclease III assisted target recycling method and it could

catalyze the stepwise removal of mononucleotides from 3’ and 5’ end of dsDNA.* The removal
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of mononucleotides is not absorbed to the surface of MPDA due to less negative of
mononucleotides. The liberating Hg2+ can undergo many T—Hg2+—T base pairs to releasing the
another ssDNA. These cyclic reactions are producing the amplification fluorescence signal and
determine the very small quantity of Hg**. The MPDA and Exonuclease III assisted method is
versatile platform for fluorescence detection of Hg2+ is displayed in scheme 2. To validate the
feasibility study of detection of Hg2+ is shown in Figure S5A. In the presence of FAM labeled
ssDNA and MPDA, the fluorescence intensity is completely quenched by MPDA and addition of
Exo III slightly changes in the fluorescence intensity (curve a, b). And in presence of Hg**, the
FAM labeled T-rich ssDNA probes and MPDA system the fluorescence intensity is partially
increased due to formation of T-Hg**-T base pairs in the dsDNA (Curve c). After the addition of
Exo III, the fluorescence intensity dramatically increased (curve d). Under optimized conditions,
different concentrations of Hg2+ were performed in this sensing system. The concentration of
Hg2+ increased with increasing the fluorescence intensity at the concentration of 0 to 350 nM
(Figure 5B). The fluorescence intensity is clearly shows that gradually increased from lower to
higher concentration of Hg2+. Figure 5C depicts the relative fluorescent intensity plotted against
Hg2+ concentration. The linear relationship between the concentrations of Hg2+ and fluorescence
intensity ranging from 0-2 nM and correlation coefficient value R’= 0.989 (Figure 5D). The
limit of detection was achieved from 1.3 pM according to the 36 method. The detection limit of
this biosensing system is lower than the other sensing system (Table 1). The selectivity of this

sensing was also investigated.
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The interfering metal ions such as Ni**, Zn**, Fe®*, Cu**, Ca**, Pb**, Co** and Cd** with mixing
of Hg** at concentration of 5uM and 100 nM. The fluorescence intensity of interfering metal ions
is negligible. However, the fluorescence intensity of Hg2+ is high due to formation of T—Hg2+—T
base pairs (Figure 5E). So this result indicates that Hg™ is high specificity of this sensing

platform.

Hg?* or Ag* Exo IIT ‘

N Cycles W

MPDA FAM ssDNA Hg?*or Ag* Exo III

Scheme 2. Schematic illustration for MPDA based fluorescent sensing system for the detection

of Hg** and Ag" assisted Exonuclease III amplification.
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Figure 5. (A) The fluorescence spectra of (a) 50 nM of FAM labeled ssDNA with MPDA, (b)
30 50 nM of FAM labeled ssDNA and MPDA with 20 U Exo III, (¢) ) 50 nM of FAM labeled
32 ssDNA and MPDA with 100 nM of Hg**, (d) 50 nM of FAM labeled ssDNA, MPDA, 100 nM of
Hg”* and 20 U Exo III, (B) The fluorescence emission spectra of 50 nM of FAM labeled ssDNA
37 and MPDA with different concentrations of Hg?*, (C) The fluorescence intensity verses
39 concentrations of Hg?*, (D) The linear relationship between the fluorescence intensity and

concentrations of Hg2+, (E) The fluorescence spectra of different metal ions with Hg2+.
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Table 1. Comparisons of different nanomaterials for mercury determination.
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Materials® Method® LOD* Real sample Ref
MPDA/Exo IIT F 1.2 pM Tap and river water Present work
2-Aminopurine /DNA F 3nM Lake water 36
ssSDNA/AgNCs F 4.5 M Lake and Tap water 37
T-rich DNA/NGO F 8.5 nM Not reported 38
GO/DNAzyme/ThT F 356 pM Tap and lake water 13
ssDNA/WS, F 3.3nM Tap water 18
Exo III/ GO F 0.3 nM Tap and river water 19
AuNPs/DNA F 16 nM River water 39
g-C3N4/ssDNA F 0.17 nM Tap water 40
Ag@SiO, F 0.33 nM Not reported 41

*AgNCs, Silver nanoclusters; NGO, nano-sized graphene oxide; GO, graphene oxide; ThT,
Thioflavin T; WS,, Tungsten disulfide; Exo III, exonuclease III; g-C3Ny4, graphite carbon nitride;

°F , fluorescence; “LOD, limit of detection.

3.5. Sensitivity and selectivity of Ag" sensor

To explore the mechanism of MPDA based fluorescence detection of Ag' assisted Exo III
amplification method. The FAM labeled C-rich ssDNA probes is adsorbed on the surface of
MPDA and fluorescence intensity is completely quenched. After the addition of Ag”, the FAM
labeled C-rich ssDNA probes is self hybridized and to form C-Ag*-C base pairs® with respective
dsDNA. The interaction between the dsDNA and surface of MPDA is very weak. The well
folded and stable dsDNA by C-Ag*-C base pairs can be digested by after the addition of Exo III

and releasing the many mononucleotides. These mononucleotides does not adsorb on the surface

ACS Paragon Plus Environment
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of MPDA so fluorescence intensity dramatically increased. The above a mentioned mechanism
of this sensing system was performed on the detection of Ag* (scheme 2). First, the feasibility
study for detection of Ag" as shown in Figure 6A. The fluorescence intensity completely
quenched was caused by FAM labeled C-rich ssDNA probes absorbed on the surface of MPDA
(Curve a). The non-negligible fluorescence intensity was observed in the presence of Exo III
(Curve b), revealing that Exo III is not specifying the digests of ssDNA. However, the addition
of Ag" the very weak fluorescence intensity showed due to most of the FAM labeled C-rich
ssDNA probes adsorbed on the MPDA (Curve C) and addition of Exo III the fluorescence
intensity dramatically increased because the Exo III was digested by the dSDNA (Curve d). The
Quantitative determination of Ag" was carried under optimized conditions. As shown in Figure
6B, with increasing concentrations of Ag" (0-300 nM), the fluorescence intensity is increased
gradually. Figure. 6C presents the relationship between the fluorescence intensity and
concentrations of Ag". The linear relationship between the fluorescence intensity at 520 nm and
the concentrations of Ag"® in the range of 1-3 nM with a detection limit of 34 pM is calculated
from according to the 36 method (Figure 6D). The detection limit was compared with other
reports (Table 2).

The selectivity of Ag" sensing system was also evaluated by monitoring fluorescence response
when the sensing system challenged other metal ion. To confirm the selectivity of Ag® sensor ,
other different metal ions including Ni**, Zn**, Fe**, Cu**, Ca®*, Pb**, Co** and Cd** with the
same concentration of 5 uM is 10 time greater than target metal Ag" and response of the
fluorescence sensor is depicted in Figure 6E. As shown in the figure, it was clearly shows that
no significant fluorescence responses with addition of other metal ions except Ag"*. These results

indicate that this sensing system had excellent selectivity of Ag" compared to other metal ions.
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The high selectivity of this sensing system is due to the fact that C-Ag*-C mismatch shows high

affinity for Ag" against other metal ions.
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Figure 6. (A) The fluorescence spectra of (a) 50 nM of FAM labeled ssDNA with MPDA, (b)
50 nM of FAM labeled ssDNA and MPDA with 20 U Exo III, (¢) ) 50 nM of FAM labeled
ssDNA and MPDA with 100 nM of Ag", (d) 50 nM of FAM labeled ssDNA, MPDA, 100 nM of
Ag" and 20 U Exo III, (B) The fluorescence emission spectra of 50 nM of FAM labeled ssDNA
and MPDA with different concentrations of Ag", (C) The fluorescence intensity verses
concentrations of Ag", (D) The linear relationship between the fluorescence intensity and

concentrations of Ag”, (E) The fluorescence spectra of different metal ions with Ag”.
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Table 2. Comparison of different nanomaterials for silver determination.

Materials® Method® LOD" Real sample Ref

oNOYTULT D WN =

9 MPDA/Exo IIT F 34 pM Tap and river water Present work
n 2-Aminopurine /DNA F 3nM Lake water 36
13 ssDNA/WS, F 1.2 nM Tap water 18
16 Exo III/ GO F 0.1 nM Lake water 35
18 SYBER Green F 4.3 nM Not reported 42
20 QDs/Ru complex/CNTs F 0.1 uM Not reported 43
23 GO F 5 oM River water 44

25 Bifunctional SDA F 16 pM Tap water 45

*WS,, Tungsten disulfide; GO, graphene oxide; Exo III, exonuclease III; QDs, Quantum dots;
29 CNTs, carbon nanotubes; b , fluorescence; “LOD, limit of detection.

31 3.6. Analysis of the real water samples

34 To further evaluate the potential application of the sensing system to detect trace amount of Hg2+
36 and Ag" in different environmental water samples. The collected real water samples including
tap and river water were analyzed using the MPDA with assisted Exo III amplification sensing
41 system. The desired amount of Hg2+ and Ag" was spiked with different concentrations (10, 20,
43 30 nM) into water samples followed by the addition of the MPDA sensor to each samples. In this
experiment carried out a normal detection process was carried out with three replicates. The
48 obtained results are summarized in Table 3 with satisfactory results between the 95-105% were
50 taken in the recovery experiments. To prove the reliability by the our sensor (MPDA) with Exo
52 III assisted amplification sensing system had potential for assaying Hg* and Ag" ions in

environmental water samples.
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Table 3. Recoveries for the determination of Hg** and Ag” ions in real water samples

Page 24 of 31

Detected £SD Recovery (%)
Sample Spiked (nM)
Hg2+ Ag+ Hg2+ Ag+
0 N.D N.D - -
10 10.01* + 0.45° 9.65" + 0.55" 100.1 96.5
Tap water 20 20.26%+0.21" 19.26*+0.66°  101.3 96.3
30 29.79% +1.2° 30.03%+2.4° 99.3 100.1
0 N.D N.D - -
10 10.05%+0.23° 10.09°+0.76°  100.5 100.9
River water 20 19.79% +0.15° 19.56*+0.10°  98.95 97.8
30 29.22°+0.18° 30.22* +0.28" 97.4 100.73

4. CONCLUSION

In summary, this work developed a metal polydopamine framework (MPDA) applied to the
study of the fluorescence quenching abilities of various fluorescent dyes such as
aminoethylcomarin acetate (AMCA), 6-carboxyfluorescein (FAM),
carboxyteramethylrhodamine (TAMRA) and Cy5 used as a versatile sensing platform for
detection of Hg2+ and Ag" was achieved for the first time. The resultant (MPDA) sensor also has
an outstanding sensitive and selective detection of Hg** and Ag® ions through Exo III assisted
signal amplification. The detection limit of Hg** and Ag* was found to be 1.2 pM and 34 pM

respectively, which was superior to that of the previously reported sensing systems. Additionally,

24

ACS Paragon Plus Environment



Page 25 of 31 ACS Applied Materials & Interfaces

the detection limit is much lower than the EPA and WHO limit of Hg** & Ag" ions in drinkable

water. Furthermore, this sensing system was successfully demonstrated for the analysis of Hg2+

oNOYTULT D WN =

and Ag" with satisfactory recovery results. This, in turn, facilitates the development and
10 utilization of this sensing platform and it can be generally applied for various applications

including other detection of heavy metals and biomolecules.
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