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ABSTRACT: In this work, we have proposed a novel DNAzyme/
MnCoPBAs-PDANCs complex-based fluorescence biosensor for subse-
quent detection of Pb** and Ag" ions. The GR-5/GC-rich DNAzymes are
strongly anchored or quenched on the surface of polydopamine hybridized
3D metal—organic framework MnCoPBAs-PDANCs by n—z stacking
interaction. Addition of Pb*" ions has exhibited a catalytic inner cleavage of
DNAzyme complex and disturbs to release shorter GC-rich sequence over (=
the surface of MnCoPBAs-PDANCs complexes. Later on, addition of
intercalating dye ThT interacts with free GC-rich substrate strand to form a
G-quadruplex-ThT structure and thereby effectively enhanced the
fluorescence intensity (“turn-on”). Interestingly, subsequent addition of
Ag" jons has an uncoiled GQ-ThT structure to provide a robust double-
stranded DNA featuring C—Ag"—C, which diminishes (“turn-off’) the

ThT-G-Quadruplex

+

Turn-Off
DNAzyime/MnCoPBAs-PDANCs complex LCamireg:-

fluorescence intensity. This improved hybrid sensor exhibited a linear
response in a concentration range of 3—9 nM for Pb**, while 4—20 nM for Ag" ions with a lower detection limit of 1.6 and 4.2 nM,
respectively. Further, the method was successfully implemented for the analysis of Pb>" and Ag" ions in real water samples with a

good regaining and high efficacy for practical analysis.

1. INTRODUCTION

Detection of hazardous heavy metal ions is one of the most
inspiring tasks especially Pb** and Ag" ions contamination has
been considered as the furthermost toxic elements and as a
mutual pollutant that holds severe risk for human health and
the atmosphere. The Pb** and Ag" ions are widespread water
pollutants that are persistently toxic on bioaccumulation. A
higher intake of Pb*" ion induces toxic effects in a living
organism through circulating in groundwater and soil.' "
Exposure to Pb** ions causes a variety of symptoms,
particularly in children, such as muscle paralysis, irritability,
anemia, and memory loss. An elevated level of Pb** ions has
delayed the children’s mental or physical development, and
also it damages the cardiovascular, renal, and nervous systems.
In our daily life, silver is an essential metal ion and it is
commonly used for fields of electrical, photographic imaging,
semiconductor, and biomedical research. In addition, silver
poisoning causes a wide range of diseases, including internal
organs, eyes, skins, and health effects in humans.’~’
Consequently, developing an accurate quantitative system for
the determination of Pb*>" and Ag" ions is an urgent need.
Currently, several standard techniques have been existed to
analyze the presence of Pb*" and Ag" ions, including XRF (X-
ray fluorescence),” FAAS (flame atomic absorption spectrom-
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etry),” ICP-AES (inductively coupled plasma atomic emission
spectroscopy),10 AAS (atomic absorption spectrometry),11
ICPMS (inductively coupled plasma mass spectrometry),'”
and SPME-HPLC (solid-phase micro-extraction coupled with
high-performance liquid chromatography),13 etc. However,
these techniques often suffer with complex instrumentation
such as sophisticated, time-consuming, low sensitivity, and
tedious samplings preparation. The special features of
electrochemical, colorimetric, and fluorometric biosensor
have received an attention for quantitative analysis of heavy
metal ions owing to their advantage such as cost-effective, as
it’s simple, fast, flexible, more effective, and highly sensitive
with trace require amounts. At present, the development of
DNAzyme-based fluorescent biosensor has emerged a new
avenue in heavy metal sensing.

Recently, large number of nanomaterials has been
established to support the fluorescent biosensor for the
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Figure 1. FE-SEM images of (a—d) MnCoPBAs-NCs and (e—h) MnCoPBAs-PDANC:s.

detection of heavy metal ions. Particularly, the selection of
nanomaterials, such as GO (graphene oxide), CNNSs (carbon
nitride nanosheets), MoS, NSs (MoS, nanosheets), silica
nanoparticles (Si-NPs), and swCNTs (single-walled carbon
nanotubes)' ™" are used as good quencher and also improves
the signal to noise ratio of the aptamers. However, these
nanomaterials have been successfully established for the
fluorescence detection of metal ions, even though it is realized
that the sensing medium quenches the fluorescence, it shows
poor biodegradability, biocompatibility, and dispersion ability,
and also the preparation of these nonmaterials was
complicated. Consequently, it’s provoked toward the sub-
stitution of new classes of nonmaterials.

In the past decade, MOF has been considered as promising
candidates to explore attention owing to their varied
morphologies, effective fluorescence quencher, uniformed
structure, easily controllable size, good stability, and electro-
catalytic activities, which enhance their applications in
biomaterials.'"”** The MOF is extensively used for the
application of drug delivery, catalysis, separation, sensing,
and detection of ascorbic acid, antibiotics, pesticide, hydrazine,
and heavy metal ions.”' 7> Moreover, some drawbacks for this
method lead to low detection ability, poor analytical
performance, and weak GQ_ binding force between DNA
strands and analytes.”””* The Prussian blue analogues (PBAs)
of three-dimensional (3D) metal—organic frameworks
(MOFs) were designated by the coordination of organic
linker cyanide ligands with transition metal ions. In addition,
polydopamine (PDA) has attracted the great attention owing
to unique adhesive properties and synergistic interactions with
nanomaterials. The surface functionality, good aqueous
dispersibility, good biocompatibility, effective fluorescence
quenching effect, and super hydrophobic surfaces of PDANPs
exhibit specific 7—n stacking interactions to bind with DNA,
thus enabling them as an ideal platform for biosensing
applications.”” The non-canonical four stands of a DNA GQ
structure has intended from the DNA or RNA sequence are
rich in guanine (G-rich).”® The GQ-based sensor typically
exhibits a high sensitivity for the detection of toxic metals
ions.”" Therefore, significant interest has been paid to the
growth of MnCoPBAs-PDANCs and GR-5/GC-rich DNA-
zyme complex for fluorescence detection of metal ions.

In this work, we have reported the excellent quenching effect
of MnCoPBAs-PDANC: for the spontaneous detection of Pb**
and Ag" ions. The synthesized MOF exhibits a large three-
dimensional surface area with a specific molecular probe and
good biocompatibility. The purposely designed GR-5/GC-rich
specific DNAzyme functionalized onto MnCoPBAs-PDANCs
and the fluorophore ThT was demonstrated in this biosensing
platform. The subsequent detection of Pb** was feasible by
catalytically cleaving the RNA sites of the substrate strand from
DNAzyme/MnCoPBAs-PDANCs complex. So, there was
enhanced fluorescence intensity because of the folding of a
GQ structure during the addition of ThT-inducer. In addition,
subsequent addition of Ag" ion has uncoiled the GQ _structure
to form a C—Ag"—C double strand DNA. The desorption of
the fluorophore ThT has diminished in fluorescence intensity.
Herein, the newly designed GR-5/GC-rich DNAzyme
complex, and the proposed sensing mechanism have well
supported the dual detection of Pb** and Ag® ions in the
environmental samples.

2. RESULT AND DISCUSSION

2.1. Characterization. The structure and morphology of
the synthesized MnCoPBAs-NCs and MnCoPBAs-PDANCs
were inspected by scanning electron microscopy (SEM).
Figure la—d shows the image of MnCoPBAs-NCs that appears
to be a well-defined cubic structure with an average particle
size of 700 nm. Figure le—h exposes the monomer of
dopamine that was successfully polymerized into the
MnCoPBAs surface to form an irregular structure of
MnCoPBAs-PDANCs. The addition of PDA has chelated
with Mn®* ion to form a PDA-Mn** intermediate (unstable)
complex. To the above complex, an organic linker was added
and thereby improved the stability of the complex. Finally, the
polymerized dopamine complex MnCoPBAs-PDANCs was
obtained. The typical HR-TEM microscopic images of the
MnCoPBAs-PDANCs are shown in Figure 2. This image
indicates that the dopamine monomer was polymerized on the
outer surface of the MnCoPBAs-NCs.

Energy-dispersive X-ray spectroscopy (EDXS) shows
(Figure 3a,b) that Mn, Co, C, and N elements are present in
the MnCoPBAs-NCs. Additionally, the presence of oxygen
element was noted in MnCoPBAs-PDANCs, which indicates
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Figure 2. TEM images (a—c) are polymerized MnCoPBAs-PDANCs.
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Figure 3. EDXS for (a) MnCoPBAs-NCs and (b) polymerized
MnCoPBAs-PDANC:S.

that dopamine monomer was completely polymerized into the
surface of MnCoPBAs-NCs. The powder X-ray diffraction
pattern studies were used to determine the crystalline nature of
the prepared MnCoPBAs and MnCoPBAs-PDANCs. As
shown in Figure 4, the XRD pattern of the two samples
exhibits the diffraction peaks, which can be indexed well to the
face-centered cubic phase (JCPDS 89-3735).”” The spectra of
these two samples were indexed with (200), (220), (400),
(420), (422), (440), (600), (620), (640), and (642) planes. In
contrast to MnCoPBAs-NCs, a minor broad peak centered at
21.4° was observed in the MnCoPBAs-PDANCs and that was
corresponding to amorphous PDA in its pores. Finally, this
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Figure 4. XRD spectra for MnCoPBAs-NCs and MnCoPBAs-
PDANC:S.

indicates that the dopamine monomers were polymerized into
the pores and cubic surface of MnCoPBAs.

The FT-IR spectrum of MnCoPBAs and polymerized
MnCoPBAs-PDANCs are shown in Figure S, as follows: the
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Figure S. FT-IR spectra for MnCoPBAs-NCs and MnCoPBAs-
PDANC:S.

high-intensity peak located at 2162 cm™' represents CN
stretching in the Co>*—~CN—Mn*" complex, and the metal
cyanide Co—CN peak at 423 cm™' was noted for both
MnCoPBAs and MnCoPBAs-PDANCSs. The MnCoPBAs were
analyzed in the FT-IR region, Mn—CN and Co—CN exhibits a
flexural absorption vibration at 563 and 423 cm ™!, respectively.
In addition, specific absorption peaks located at 1604, 1505,
and 1286 cm™! assigned to the absorption of C=0, C=C,
and C—O, respectively, in the aromatic rings of PDA exist in
MnCoPBAs-PDANCs,**** while the synthesized MnCoPBAs-
NCs and MnCoPBAs-PDANC:s attributed a C=0 stretching
peak at 1610 cm™'. Furthermore N—H and —OH stretching
vibration modes were observed around (3225—3350 cm™),
respectively. The peak at 569 cm™" evidences the catechol and
cyanide group chelated with Mn>* to form a polymerized
product MnCoPBAs-PDANC:s.

To further understand the elemental chemical state of the
MnCoPBAs-PDANC:S, the surface was examined by using XPS
(Figure 6a—f). As shown in Figure 6a, the spectrum of
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Figure 6. XPS spectrum of MnCoPBAs-PDANC:s: (a) survey, (b) Mn 2p, (c) Co 2p, (d) C 1s, (e) N 1s, and (f) O 1s. The difference in the
binding energy between Co 2p'/? and Co 2p*? are corresponding to 15.3 eV, which revealed the coexistence of Co** and Co®* species.
Consequently, the C 1s high-resolution spectrum of the MnCoPBAs-PDANCs (d) could be curve-fitted with two peak components, having binding
energies at 283.9 eV for the C—O species and 287.5 eV for the C—N species. Also, the N 1s spectra (e) had one peak at 398.0 eV, attributing the
presence of C—N in the MnCoPBAs-PDANC:s. As shown in (f), the peak at 531.5 eV was assigned to the lattice oxide oxygen of the metal oxides.
The metal—oxygen (Mn—Q) bond formation on the external surface is readily established by the XPS spectrum.>>*°

MnCoPBAs-PDANCs confirmed the presence of Mn 2p, Co
2p, N 1s, O 1s, and C 1s peaks without any impurities. The
MnCoPBAs-PDANCs (Figure 6b) show two typical peaks at
653.5 and 641.5 eV, which belong to Mn(II) 2p1/2 and Mn(II)
2p*? spin-orbit peaks, respectively. In addition, the Mn 2p
scan of the MnCoPBAs-PDANC:s that gave a distinct satellite
“hump” around 647.0 eV was observed, further proving the
presence of Mn**.>" In the presence of Mn** with five unpaired
3d electrons creates MnCoPBAs-PDANCs, a virtuous
candidate for the confirmation of the oxidation state of metal
ions and its co-existence in other metal ions. As from the Co
2p, XPS spectra (Figure 6¢), which exhibits the two distinct
peaks centered at 796.8 and 781.5 eV, are assigned to Co 2p'/>
and Co 2p*? spin-orbit peaks, respectively.

2.2. Sensing Mechanism of Pb?** and Ag* lons. The
designed sensing mechanism was proposed for the MnCoP-
BAs-PDANCs-mediated GR-5/GC-rich DNAzyme complex-
based biosensing probe for the highly sensitive detection of
Pb>* and Ag' ions as depicted in Scheme 1. The substrate
strand was developed by GC-rich sequences and it was
hybridized with the DNAzyme strand, which leads to the
formation of a DNAzyme-substrate complex having a hairpin-
like single-strand DNA (ssDNA) stem-loop region. The GR-S/
GC-rich DNAzyme is anchored on the surface of MnCoPBAs-
PDANCs through hydrogen bonding and z-stacking inter-
action. This complex was diminishing the background signal
because MnCoPBAs-PDANC:Ss act as an effective quencher.

In addition of Pb*" ions into the GR-5/GC-rich DNAzyme
complex, it causes a catalytic inner cleavage and disturbs to
release the shorter GC-rich sequence over the surface of

Scheme 1. Schematic Ilustrations of the Fluorescence
Detection of Pb>* and Ag" Ions by using the MnCoPBAs-
PDANCs-Mediated GR-5/GC-Rich DNAzyme Complex

e‘clgf ey
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MnCoPBAs-PDANCs complexes. Then, an intercalating dye
ThT was added, which made the freedom of GC-rich substrate
strand (GC-rich SS), and folds to forming a G-quadruplex-
ThT (GQ-ThT) structure, then efficiently enhanced the
fluorescence intensity. In addition, further assay was employed
for the subsequent detection of Ag® ion using a GQ/ThT
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system. Unbelievably, the fluorescence intensity was decreased
by the addition of Ag" ion into the GQ/ThT system, because
the GQ_structure is uncoiled to form a duplex structure on
releasing ThT dyes.

The formation of a C—Ag"—C hairpin-like duplex structure
was confirmed by the turn-off fluorescence intensity. As
expected, this method plays as an off-sensor for Ag® ion. The
fluorescence intensities were depicted in Figure 7, and it
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Figure 7. Changes of fluorescence spectra for (a) MnCoPBAs-
PDANCs with GR-5/GC-rich DNAzyme complex, (b) MnCoPBAs-
PDANCs with GR-5/GC-rich DNAzyme complex, Pb*, and (c)
MnCoPBAs-PDANCs with GR-5/GC-rich DNAzyme complex, Pb*",
ThT. (d) MnCoPBAs-PDANCs with GR-5/GC-rich DNAzyme
complex, Pb*, ThT, and Ag".

demonstrates the probability of the planned MnCoPBAs-
PDANCs/GR-5GC-rich DNAzyme structure induced fluores-
cent detection of Pb** and Ag" ion. As displayed in Figure 7a,b,
Pb** ion reacts with MnCoPBAs-PDANCs-mediated GR-5/
GC-rich DNAzyme complex structure resulting in a poor
fluorescence signal. Figure 7c shows an increase in the
fluorescence signal, which was observed when ThT was
added to form the GQ_structure. In turn, a decrease in the
fluorescence signal was observed as shown in Figure 7d when
the required concentration of Ag* ion was present in the same
system.

2.3. Circular Dichroism Spectroscopy (CDS) Analysis.
We further examined to confirm the sensing mechanism by
using circular dichroism spectroscopy (CDS) where we have
observed the conformational changes in GR-5 DS induced by
Pb*" and Ag" ions. Figure 8a shows the peak of GC-rich SS
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Figure 8. (a) GR-S DS (6 uM); (b) GR-5 DS (6 uM) and SS (6
uM); (c) GR-5 DS (6 uM), SS (6 uM), Pb** (6 uM), and ThT (3
uM); and (d) GR-5 DS (6 uM), SS (6 uM), Pb** (6 uM), ThT (3
uM), and Ag" (6 uM).

with a concentration of 6 M. A strong positive CDS peak at
274 nm and a negative peak at 243 nm were observed and
these peaks correspond to the characteristics peak of single-
strand DNA.

Moreover, the duplex structure (ssDNA stem-loop region)
of the GR-5/GC-rich DNAzyme was developed by the 6 yuM
enzyme strand and 6 yM of the substrate strand. As a result,
Figure 8b shows that the curve has dramatically increased the
intensity of a positive CDS peak at 274 nm and a negative peak
at 243 nm when compared to the curve (a). Expectedly, Figure
8c shows the unforeseen of a new peak. The addition of Pb**
and ThT into the mixed GR-5/GC-rich DNAzyme leads to the
formation of an antiparallel quadruplex structure, and it shows
positive and negative peaks at 291 and 262 nm, respectively.”’
Upon addition of Pb** ion, the substrate strand was broken,
and the released complexes were bounded to ThT. The strong
negative peak at 457 nm shows that there was an interaction
between the GQ and ThT. Finally, when the Ag® ion was
added into the same system the CDS peak decreased as shown
in Figure 8d due to the uncoiled GQ structure into a duplex
structure (C—Ag"—C).

2.4. Optimization of Experimental Condition. The
optimization of the proposed sensor was evaluated with various
influencing factors, including the amount of MnCoPBAs-
PDANCs, GR-5 DS, the concentration of ThT, the effect of
temperature, reaction time, and evolution of the signal-to-
background ratio (S/B ratio). First, the fluorescence intensity
of the sensing system was improved by varying the amount of
MnCoPBAs-PDANC:Ss. As shown in Figure 9a, the S/B ratio of
the fluorescence intensity increased when the concentration of
MnCoPBAs-PDANCs was 80 ug/mL. After gradually increas-
ing the concentration of MnCoPBAs-PDANCS, the S/B ratio
of the fluorescence intensity decreased due to excessive
quenching effect and inhibited the release of a substrate strand
from the surface of MnCoPBAs-PDANC:S. Figure 9b illustrates
the various concentrations of GR-5 DS. The concentration of
the substrate strand is fixed as SO nM since the S/B ratio is
steadily increasing with an increase in the concentration of GR-
5 DS. It can be observed that the concentration of GR-5 DS at
50 nM causes high cleavage efliciency and creates high signal.
When the GR-5 DS concentration exceeds SO nM the S/B
ratio was decreased, then the internal cleavage effect of the
GR-S DS is not controlled. Therefore, 50 nM of GR-5 DS was
chosen as the fixed concentration for further studies. As shown
in Figure 9c, increase in the concentration of ThT dyes has
rapidly increases the S/B ratio and reached a maximum range
of 10 uM. Moreover, when the concentration of ThT is greater
than 10 uM, it does not affect the sensing system.
Subsequently, we performed the effect of reaction temperature
at the range from 15 to 37 °C. Figure 9d shows that when we
increase the temperature as well as the fluorescence intensity
(F—F,), the background noise was suppressed. However, the
fluorescence signal was decreased sharply upon further
increasing the temperature to 37 °C. As a result, increase in
temperature above 37 °C causes the poor stability of the
DNAzyme structure. Thus, 37 °C was working as the optimum
reaction temperature for the subsequent experiments.

In addition, the effect of reaction time depends upon the
catalytic cleavages of a DNAzyme, and therefore influences the
formation of GQ. As displayed in Figure e, the fluorescent
intensity of the DNAzyme complex decreased upon increasing
time and reached saturation beyond 30 min. So, the optimal
reaction time was chosen as 30 min for further experiments.
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2.5. Sensitivity and Selectivity of Pb?* and Ag"* lons.
The sensitivity response of the biosensor was investigated for
the dual detection of Pb*>" and Ag" ions. As revealed in Figure
10a,b, increasing the concentration of Pb*" ion over the range
of 3 to 9 nM, shows a significant increase in fluorescence
intensity. It was recognized that the conformational changes of
GR-5/GC-rich DNAzyme complex and the shorter GC-rich
sequence were released from the surface of MnCoPBAs-
PDANC:Ss. Further, ThT was added and allowed to react with
shorter GC-rich sequence to form a quadruplex formation.
This results in the enhancement of fluorescent intensity with
an excitation and emission wavelengths of 425 and 489 nm,
respectively. The limit of detection was estimated to be 1.6 nM
using 36/slop rules. Then, R* = 0.9969 value exhibit the linear
correlation coefficient between the concentration of Pb** ion
versus fluorescence intensity, as shown in Figure 10c.

The selectivity study of this sensing system was performed
to identify the interference of other metal ions. The other
competitive metal (M** and M") ions such as Ba, Mg, Ca, Zn,
Cd, Mg, Cd, Cu, Co, Fe, Mn, K, and Ag were introduced into
the GR-5/GC-rich DNAzyme complex. It can be seen from
Figure 10d that other interfering metal ions does not cause any
significant changes in fluorescent intensity. The selectivity
toward Pb** ion was confirmed by fluorescence enhancing
effect, due the selective cleaving of RNA site from the substrate
strand by Pb>* ion.”® In addition, the specific selectivity of
another metal ion (Ag") by using a specific sequence of GC-
rich substrate strand. This process was observed in the
MnCoPBAs-PDANCs-mediated GR-5/GC-richDNAzyme@
Pb>*@ThT@GQ_system.

Furthermore, subsequent addition of Ag* ion has effectively
turned-off the fluorescence intensity. Figure 11a,b shows that a
continuous increase in the concentration of Ag® ion has a
gradual decrease in the fluorescence intensity. Figure Illc
shows a perfect linear relationship (R* = 0.9978) detected in

the range of 6 to 20 nM and the detection limit is 4.2 nM,
which was determined by using the 3c¢/slop rule. The
DNAzyme/MnCoPBAs-PDANCs complex-based fluorescent
biosensor had superior sensitivity in the detection of Pb** and
Ag" ions. The advantages of the present sensing system were
compared with the previously reported biosensors as shown in
Tables 1 and 2. Our sensing system has exhibited a high
sensitivity for dual detection of Pb*>" and Ag" ions.
Subsequently, Ag" ion was added into this complex, it
produced the duplex structure. The structure of GQ/ThT has
uncoiled to release the ThT dye that leads to a decrease in
fluorescence intensity. However, sensing assay performed for
co-existing metal ions, showed no interfere as shown from

Table 1. Comparison of Various Nanomaterials Used to
Determine Pb** Ions”

materials method LOD real sample ref
guadruplex/GO/AO FLS 3 nM lake and tap 39
water
GR-5 DS FLS 3 nM river water 40
Ag NCs/DNA FLS 3 nM tap and lake 41
water
AuNPs/DNAzyme FLS S nM tap water 42
L-DNAzyme FLS 3 nM river water 43
DNA-catalyzed porphyrin FLS 23.5nM  not 44
metalation mentioned
aptamer-functionalized FLS S7nM  tea and 45
(UCNPs) waste
water
MnCoPBAs-PDANCs- FLS 1.6 nM  tap and lake this
mediated GR-5/GC-rich water work

DNAzyme

“FLS-Fluorescence spectroscopy, GO-graphene oxide, and UCNPs-
upconversion nanoparticles.
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Table 2. Comparison of Various Nanomaterials Used to
Determine Ag* Ion”

real
materials method LOD sample ref
2-Aminopurine/DNA FLS 3.0 nM  lake water 46
SYBER Green FLS 43 nM not 47
reported
GO FLS 5.0 nM  river water 14
L-Aspartic Acid Capped FLS 30 nM drinking 48
CdS QDs water
MnO, nanosheet/DNA FLS 9.1 nM tap and 49
lake
water
MnCoPBAs-PDANCs- FLS 42nM  tap and this
mediated GR-5/GC-rich lake work
DNAzyme water

“FLS-Fluorescence spectroscopy, QDs-quantum dots.

Figure 11d. Thus, the proposed biosensor was successfully
examined for the dual detection of Pb** and Ag" ions.

2.6. The Practical Utility of Real Water Sample (RWS).
The GR-5/GC-rich DNAzyme/MnCoPBAs-PDANCs were
investigated for the practical applicability by detecting Pb**
and Ag" ions in the environmental water samples. The tap and
lake water were collected near SRM IST campus, Tamilnadu,
India and then filtered to eliminate insoluble impurities. This
sensing system was spiked with different concentrations of
Pb** and Ag" ions, and the experimental results are reported in
Table 3. The satisfactory recovery of Pb** and Ag" ions were
verified in the range from 96.05 to 105.05% and 96.0S to
105.05%, respectively. Hence the fluorescent biosensing
method was successfully executed for environmental water
samples with satisfactory accuracy and it is suitable for practical
use.

3. CONCLUSIONS

In summary, we have prepared self-assembled polydopamine
grafted 3D MOF nanocubes (MnCoPBAs-PDANCs)-GR-5/
GC-rich DNAzyme complex for subsequent detection of Pb*"
and Ag" ions. Of the challenging note, the tailored 3D
MnCoPBAs-PDANCs has effectively quenched with GR-5/
GC-rich DNAzyme, it benefits the successful development of
sensors in this modification route. The Pb** ions selectively
cleave the substrate strand at the MOF nanocubes surface to
release the shorter GC-rich sequence, meanwhile the
thioflavin-T (ThT) fluorescent dye induced G-quadruplex
system assisted signal amplification (turn-on). Subsequently,
C—Ag"—C chelation releases the ThT, resulting in diminishing
of fluorescence intensity (turn-off). This sensing method has
achieved the detection limit of 1.6 and 4.2 nM for Pb** and
Ag" ions correspondingly, which was noticeably superior to
that of similar sensing assays. Overall, this approach shows

simple, reliable, and outstanding analytical performance for the
selective and sensitive detection of Pb*>" and Ag" ions in real
water samples, which may also probably applied for the sensing
of environmental and biological applications.

4. EXPERIMENTAL SECTION

4.1. Materials and Instruments. Dopamine, thioflavin-
T(3,6-dimethyl-2-(4-methylaminophenyl)benzothiazolium cat-
ion), potassium hexacyanocobaltate(III) (K;[Co(CN),]),
manganese acetate (Mn(COO),.4H,0), tris(hydroxymethyl)-
aminomethane, and metal nitrates, metal halides such as lead
nitrate, mercury nitrate, silver nitrate, calcium chloride, nickel
chloride, potassium acetate, cobalt chloride, copper chloride,
cadmium chloride, ferric chloride, magnesium chloride, zinc
chloride, barium chloride, ferrous chloride, manganese
chloride, and other standard chemicals were purchased from
the Sigma-Aldrich and SRL chemicals. The buffer is prepared
from Tris (20 mM), KCI (200 mM), and MgCl, (10 mM)
(pH = 7.5). The 10 mM ThT stock solution was prepared in
Milli-Q_water and stored at 4 °C under dark condition. All
these chemical reagents were analytical grade or reagent grade
and directly used as received without further purification. The
enzyme strand and substrate strand DNA were obtained from
Allied Scientific Products (Kolkata, India) and their GR-5
DNAzyme probes are given as follows

GR-5 DS: (5'-CCAAAGTGCTCCGAGCCGGTC-
GAAGCTCTCCC-3')

GC-rich for SS:

(- TAGGGCCCCGGGCCCCCCGGGCCCCGGGA-
GAGCTrAGGCACTTTGGGTAGGG-3')

The MnCoPBAs-NCs and MnCoPBAs-PDANCs morphol-
ogies were observed by using the FEI Quanta FEG 200
scanning electron microscope (SEM) at an accelerated voltage
of 20 kV. The transmission electron microscopic (TEM)
images of the MnCoPBAs-NCs were analyzed at an operating
voltage of 2000 kV on a JEOL/JEM-2100. The crystalline
nature of the MnCoPBAs-NCs and MnCoPBAs-PDANCs
were evaluated at Cu Ka radiation (a = 1,54 A) using X-ray
diffraction (XRD) analysis source (PAN analytical (40 kV)
X’pert power diffractometer). An Agilent Technology FT-IR
spectrometer (USA) was used to find the Fourier transform
infrared (FT-IR) spectra. A fluoromax-4 spectrofluorometer
model (HORIBA Scientific, France) has been used to record
fluorescence and emission spectra with a 10 nm slit width for
both excitation and emission. For the samples, excitation and
emission wavelengths were measured at 425 nm and 489 nm,
respectively. Circular dichroism (CD) measurements had been
carried out via the JASCO J-815 spectrometer (JASCO
International Co. Ltd., Japan). These spectra have been
measured at a wavelength range of 200—500 nm using a 1.0

Table 3. Determination of Persistence for Pb** and Ag" Ions in RWS Using the Proposed Strategy

detected + SD

recovery (%)

samples spiked (nM) Pb**

2.101* + 0.56¢
4.203" + 0.42)
6.257* + 1.31"
2.102" + 0.647
3.972" + 0.74
6.021" + 1.177

tap water

lake water

[ N S S e N L

Ag' Pb** Ag
1.921* + 0.56” 105.05 96.05
4.123* + 0.65 105.07 105.05
6.101* + 2.217 104.28 101.6
2.012° + 0.757 105.1 100.6
3.972 + 0.117 96.05 96.05
6.032" + 0.29” 100.35 100.5
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mm path length quartz cuvette. Analysis of X-ray photo-
electron spectroscopy (XPS) was determined on an ESCALAB
MK II X-ray photoelectron spectrometer using Mg as the
source of excitation.

4.2. Synthesis of 3D MnCoPBAs-NCs. The MnCoPBAs-
NCs were synthesized through a co—grecipitation reaction
technique according to the literature.”” Briefly, 12.9 mg of
Mn(CH;C00),4H,0 and 0.3 g of PVP (K-30) were first
dissolved in 40 mL of aqueous solution and then magnetic
stirring was continued for 30 min. Then, the reaction mixture
was well dispersed using deionized water and ethanol (v/v =
1:3), and the stirring was continued to form a transparent
solution. Thereafter, 10 mL of K;[Co(CN),] (13.2 mg)
solution was added dropwise into the above solution and
stirred for 30 min and then the reaction was continued for 12
h. Finally, the precipitate was filtered, washed numerous times
with ethanol and water. The obtained product was dried at
room temperature for 6 h.

4.3. Synthesis of 3D MnCoPBAs-PDANCs. The 3D
MnCoPBAs-polydopamine nanocubes (MnCoPBAs-
PDANCs) were synthesized by following the modified
procedure.51 Typically, 0.03 M Mn(CH;COO0),4H,0 and
0.06 M dopamine were first dissolved using 40 mL of
deionized water and ethanol (1:3) solution. The suspension
was constantly stirred for sufficient time. The coordination
polymer of dopamine chelated with Mn** was obtained as the
product. The schematic representation of the above product is
shown in scheme 2. Consequently, 0.04 M K;[Co(CN),] was

Scheme 2. Schematic Representation of the Synthesis of
MnCoPBAs-PDANCs

MnZ»
)
+ _—

¢ YA Organic Linker
/‘:W‘) Ka[Co(CN)s]

o
o'
O\
A
S

LI ¢

Dopamine

MnCo-dopamine intermediate

MnCoPBAs-PDANCs

added dropwise to the above mixture under vigorous stirring.
The suspension was stirred for 24 h at room temperature to
complete the polymerization. Finally, the black precipitate is
obtained by centrifugal separation and washed with absolute
ethanol not less than five times.

4.4. Detection of Pb?* and Ag* Sensor. The analytical
technique for dual detection of Pb*" and Ag" biosensor was
explored by the desired concentration of GR-5 DNAzyme
strand (10 uL of 3 uM) and GC-rich SS (5 uL of 3 uM) were
hybridized in a buffer solution (20 mM Tris, 200 mM KCl, and
10 mM MgCly; pH = 7.5) for 30 min at 37 °C. The Pb*"
sensor, 10 uL of a GR-5 DNAzyme strand (GR-S DS), 200 uL
of a buffer solution (50 mM of HEPES, 50 mM NaCl, and §
mM MgCly; pH = 7.4), and 80 pg/mL MnCoPBAs-PDANCs
were consecutively added into a plastic micro centrifuge tube.

After 30 min of reaction, the solution was shifted into a
cuvette. Then, the freshly prepared 10 yL of Pb*" ion was
added in a concentration range of 0 to 20 nM and then
nurtured for 40 min. Further, 60 uL of 10 uM ThT was added
and allowed to react for 30 min at 37 °C to form the
quadruplex formation of the sensing system. The enhancement
in fluorescent intensity of the solution was measured at
excitation and emission wavelengths of 425 and 489 nm,
respectively. The subsequent detection of the Ag" sensor was
performed in the above sensing system by adding 10 yL Ag*
ions in a concentration range of 0 to 50 nM. The diminished in
fluorescent intensity with excitation and emission wavelengths
at 425 and 489 nm, respectively, were observed from
fluorescence spectra.

4.5, Investigation of Real Water Samples (RWS). The
synthesized MnCoPBAs-PDANCs mediated GR-5/GC-rich
DNAzyme complex-based biosensor was investigated for the
real water samples analysis. The water samples were collected
from the SRM Institute campus, Chennai, India. First,
insoluble impurities from water samples were removed by
using a 0.22 4M membrane filter. Consequently, the various
concentrations of (2, 4, and 6 nM) Pb** and Ag" ions were
spiked in RWS, and the fluorescence studies of Pb** and Ag"
ions we performed by following the above detection procedure.
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