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ABSTRACT: Reliable, label-free, and ultraselective detection of Pb** and Ag" ions is of @ @
paramount importance for toxicology assessment, human health, and environmental | \
protection. Herein, we present a novel recyclable fluorometric aptasensor based on the

Pb** and Ag'-induced structural change of the GC-rich ssDNA (guanine cytosine-rich ) SR
single-strand DNA) and the differences in the fluorescence emission of acridine orange @ ‘ ) :
(AO) from random coil to highly stable G-quadruplex for the detection of Pb** and Ag* ¢
ions. More interestingly, the construction and principle of the aptasensor explore that the | I

GC-rich ssDNA and AO can be strongly adsorbed on the CaSnO;@PDANS surface

through the 7—7 stacking, hydrogen-bonding, and metal coordination interactions, which . \[\ _

exhibit high fluorescence quenching and robust holding of the GC-rich ssDNA. However, .%\:/“{{ }g:/{;

in the presence of Pb*", the specific G-rich ssDNA segment could form a stable G- o N

quadruplex via G4—Pb*" coordination and capture of AO from the CaSnO;@PDANS U

surface resulting in fluorescence recovery (70% enhancement). The subsequent addition o

of Ag" ion induces coupled cytosine base pairs in another segment of ssDNA to get folded into a duplex structure together with the
G-quadruplex, which highly stabilizes the G-quadruplex resulting in the maximum recovery of AO emission (99% enhancement).
When the Cys@Fe;O,Nps are added to the above solution, the sensing probe was restored by complexation between the Cys in the
Cys@Fe;0,Nps and target metal ions, resulting in the fabrication of a highly sensitive recyclable Pb** and Ag" assay with detection
limits of 0.4 and 0.1 nM, respectively. Remarkably, the Cys@Fe;O,Nps can also be reused after washing with EDTA. The utility of
the proposed approach has great potential for detecting the Pb** and Ag' ions in environmental samples with interfering
contaminants.

1. INTRODUCTION
Heavy metals are tightly regulated in biological structures and

and Ag' ions in the blood can damage the cardiovascular,
neurological, reproductive, and developmental systems of the

play critical roles in various physiological processes. The toxic
metal-ion homeostasis disruptions are related to a host of
serious illnesses, including cancer and AIDS. Thus, the heavy-
metal jons are very hazardous and life-threatening for humans,
animals, and marine life, and the most harmful metals are Pb*",
Ag', Hg?*, Cd*, As*", AI*, etc.”” These metal compounds do
not decompose in water, and they combine with other
pollutants to produce more toxic compounds that could
cause serious damage to the ecology and organisms. Though
some elements in trace amounts are essential to life (e.g., Fe,
Ag, and Al), they become toxic if their presence is in excess.
Especially, lead and silver ions (Pb*" and Ag") are known for
their toxic, nondegradable, and carcinogenic nature as they are
frequently released into the environment through industrial
sewages.‘%’4

Lead and silver ions are widely found in electric storage
batteries, paint pigments, pipes, photography, pharmacy, and
jewelry, and their coexistence results in the contamination of
air, water, food, and soil, which have the capacity to damage
the entire biological system. Even low concentrations of Pb**
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human body and may lead to convulsions and death.”® For
example, Pb*>" or Ag' ions can bind to several negatively
charged groups, such as sulthydryl in enzymes and proteins in
the body, which affect many metabolic pathways in the cell,
such as energy production, protein, and nucleic acid synthesis,
thus affecting the cell functionality and development. More-
over, the Pb*" and Ag' ions adsorbed by the human body
replace certain essential metal elements like Ca®", Mg**, and
Zn?*, which leads to acute damage in the bones.”” Therefore,
it is of paramount importance to develop a rapid, highly
accurate, and relatively cost-effective method for the detection
of Pb** and Ag" in real samples.
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Figure 1. (a) FT-IR spectra of CaSnO; and CaSnO;@PDANS and (b) high-resolution FT-IR spectra of the M—O bond.

So far, numerous analytical techniques have been established
in the detection of Pb*" and Ag" ions, such as high-pressure
liquid chromatography (HPLC), atomic absorption spectros-
copy (AAS), inductively coupled plasma atomic emission
spectroscopy (ICP-OES), flame atomic absorption spectros-
copy (FAAS), and cloud point extraction method, etc.'”"°
These extensively used instrumental analytical methods have
significant drawbacks, such as involvement of costly equip-
ment, difficulty in sample preparation, need for a well-trained
analyst, etc. Moreover, currently, fluorescence, electrochemi-
luminescence, photoluminescence, colorimetric, and SPR
methods were used, but these common optical methods also
have some limitations, including time consumption, low
compatibility, frequent electrode fouling, low reproducibility,
selectivity, and stability. In response to these limitations, the
past decades have seen great progress in the development of
heavy-metal sensors based on guanine—lead [G4—Pb**] and
cytosine—silver [C—Ag"—C] coordination chemistry using
colorimetric, fluorescence, and electrochemical detection
techniques,>®'"~"? among which the fluorescence technique
is the most convenient, economically feasible, and companion-
able for the sensitive and specific detection of Pb** and Ag"
ions.

Recently, increased attention is focused on the label or label-
free DNA-based fluorescence biosensor using various nano-
materials’””" for the detection of targets because of their
unique chemical or physical properties.'”**** Currently, three
kinds of approaches involving the nanomaterial-based DNA
fluorescence method are established for the detection of toxic
metal exposure: The first approach involves the usage of DNA
as a specific binding ligand for metal sensing due to extreme
specific coordination interaction between the metal (Pb** and
Ag®) and DNA base pairs. Guschlbauer et al. reported that
Pb** could interact with the guanine (G) base to form a stable
G-quadruplex structure via G4—Pb** from the random coil
DNA structure. Ono et al. reported that Ag* could influence
the conformational switch of a cytosine (C)-rich DNA from a
random coil to the duplex DNA through the C—Ag'—C
coordinate bonds. Thus, the specific G4—Pb** and C—Ag'—C
interaction ensures excellent selectivity for the Pb** and Ag"
detections instead of other metal ions. The second approach
involves the usage of fluorophore, an important fluorescent
signal probe for all of the DNA-based fluorescence biosensors.

30581

The third approach involves the usage of a nanomaterial as a
DNA adsorbent and fluorescence quencher due to several
interactions such as 7— stacking, electrostatic, van der Waals,
metal coordination, and hydrogen bonding, which enhances
the sensitivity of the detection (sensing ability). Based on this
phenomenon, a large variety of nanomaterials are established,
including graphene oxide (GO), metal—organic framework
(MOF), metal oxide, MoS, nanosheets, silver and gold
nanoparticles, etc.”* "> They are widely used in the fabrication
of heavy-metal sensors because of their adsorption and
fluorescence quenching capability, which promotes sensing
performance.

Several research groups are now oriented on the develop-
ment of interconnected nanomaterials between the organic
polymers and metal oxide to completely investigate the
composite material for a wide variety of applications in optical,
photoelectric, and photocatalytic fields. Hence, the research
outline in this paper focuses on the synthesis of a novel
CaSnO;@PDANS using a metal coordination mechanism,
which exhibits high quenching and DNA adsorption ability.
Metal coordination is the principal mechanism for fabricating
materials, while its application in DNA adsorption and
fluorescence quenching is rarely explored. Polydopamine
(PDA) as an organic polymer is considered as the most
common material due to its appropriate thermal stability,
simple and cost-effective production methods, excellent
biocompatibility, biodegradability, and surface coating proper-
ties compared to other polymers. The PDA has found
widespread applications in drug administration, photothermal
treatment, tissue engineering, cell adhesion, and biosensors.>’
PDA nanoparticles have the ability to adsorb DNA and quench
fluorescence, which results in new analytical possibilities. The
PDA is also a good metal ligand, which initiated the research
line for being a good platform for creating coordination-based
DNA-adsorbing and fluorescence quenching materials.*”
Hence, the current research is focused on the incorporation
of the PDA with CaSnO; to synthesize the CaSnO;@PDA
nanosphere, which reveals better DNA adsorption and
fluorescence quenching ability compared to pure PDA or
CaSnO;.

Herein, the polydopamine-terminated CaSnO; inorganic—
organic composite nanosphere was prepared using a simple
ultrasonication method, which is used to immobilize the GC-
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rich ssDNA and decrease the AO intensity. Moreover, a
suitable specific GC-rich ssDNA sequence possessing a higher
affinity to form duplex along with G-quadruplex was
developed. Hence, the research proposed a facile target
metal enhancing the fluorescence strategy by integrating 7—7
stacking and metal coordination interaction of CaSnO;@
PDANS with specific GC-rich ssDNA to develop a Pb*" and
Ag" recyclable aptasensor. The superiority of this biosensor
platform states that the Pb**- and Ag*-ion detection probe was
recycled using Cys@Fe;O,Nps, and it can be reused by
treating with EDTA. Compared with the conventional Pb**
and Ag" aptasensor, this method provides acceptable recycling
sensing results with excellent sensitivity and selectivity.

2. RESULTS AND DISCUSSION

2.1. Characterization. The morphology, crystallinity, and
chemical bonding of CaSnO; and CaSnO;@PDANS were
characterized successively. FT-IR spectroscopy confirmed the
existence of several functional groups and chemical bonding of
PDA, which were successfully assigned on the surface of
CaSnO;, and the results are illustrated in Figure la. For a pure
CaSnO; nanomaterial, the peak around 1103 cm™' was
attributed to the stretching vibration of the Sn—OH bond.
The peaks below 700 cm™ corresponded to the metal—oxygen
bonding, as revealed in Figure 1b. Especially, Sn—O bonds
were observed at 470 and 412 cm™!, and a specific
characteristic band was observed at 525 cm™!, which is the
stretching vibration of the O—Sn—O bonding. Moreover, the
calcite possessed a less intense peak at 873 cm™", which may be
attributed to the presence of calcium and oxygen in the as-
synthesized CaSnO;. For PDA, two clear characteristic
absorption bands around 1388 and 1567 cm™' are due to
the C—N—-C and C=N stretching vibration modes,
respectively. Comparatively, CaSnO;@PDANS displays the
characteristic absorption bands of both CaSnOj; and PDA,
which evidently implied the successful incorporation of the
PDA on the surface of CaSnO;.*>**

Furthermore, the XRD measurements of CaSnO; and
CaSnO;@PDANS are shown in Figure 2. The obtained
diffraction patterns of CaSnOj reveal the presence of several

CaSnO;
CaSnO;@PDA
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Figure 2. XRD patterns of CaSnO; and CaSnO;@PDANS.

peaks at 260 = 18.8, 21.8, 30.9, 33.3, 37.0, 38.3, 47.8, 50.6, 57.4,
62.4,69.8,73.8, and 77.9, which can be attributed to the (101),
(110), (020), (112), (021), (121), (022), (221), (213), (312),
(133), (233), and (234) planes, respectively. They clearly
indicate the formation of a standard single perovskite phase
with an orthorhombic crystal structure (JCPDS 01-077-
1797). The spectral patterns show sharp peaks, indicating
the crystalline nature of CaSnO;. Moreover, the XRD pattern
of CaSnO;@PDANS reveals the absence of noticeable peaks.
However, the intensity of CaSnO;@PDANS peaks is low
rather than that of CaSnO; peaks, which suggests that the PDA
nanofibers were successfully grown on the surface of the
orthorhombic CaSnO;, resulting in consequential changes in
morphology as nanosphere.

The HRSEM analysis was done for pure CaSnO; and
CaSnO;@PDANS for further exploration of morphological
features, as revealed in Figure 3. Figure 3a,b depicts the typical
HRSEM images of CaSnO; nanoparticles, which exemplify the
flowerlike architecture with hierarchical structures. The
HRSEM images of CaSnO;@PDANS (Figure 3c,d) show
that the nanospheres were formed with the successful
incorporation of PDA on the surface of the CaSnO;
microflower, which is further verified using the HRTEM
observations (Figure 4). The HRTEM image of the CaSnO;@
PDANS exhibits a smooth and homogeneous sphere structure.
Moreover, a higher-magnification (S nm) HRTEM image was
taken to identify its internal nanostructure. The different colors
represent the core/shell nature of the nanosphere, with the
PDA being the outermost off-white layer and the inner black
core represents CaSnQ3, as shown in Figure 4¢,d. This result
proves that the nanosphere with CaSnOj; as the core and a
PDA layer as the outer shell were successfully synthesized.
From the energy-dispersive X-ray spectrum of CaSnO; and
CaSnO;@PDANS (Figure Sa,b), the calcium, tin, oxygen, and
carbon elements are obviously observed, suggesting that the
two-layer nanostructure CaSnO;@PDANS was effectively
fabricated.

XPS was employed to investigate the surface composition
and the oxidation states of the elements of CaSnO;@PDANS
shown in Figure 6. The full-range XPS analysis of CaSnO;@
PDANS revealed in Figure 6a clearly showed five characteristic
peaks of Sn 3d, Ca 2p, C 1s, N 1s, and O 1s, corresponding to
the binding energies of 485.4, 346.4, 284.4, 399.7, and 532.6
eV. The 3d Sn spectra of CaSnO;@PDANS shown in Figure
6b can be deconvoluted into two subpeaks with binding
energies of 486.7 and 495.1 eV that can be assigned to Sn 3d;,,
and Sn 3d;,,, respectively, confirming Sn in the +4 oxidation
state. Figure 6¢ depicts high-resolution spectra of the Ca 2p
distinct peaks at 346.8 and 350.4 eV, indicating the
formation of Ca 2p;, and Ca 2p;,, associated with the
oxidation state Ca*". Further, the high-resolution C 1s spectra
were fitted with two peaks at about 284.5 and 286.2 eV, which
could be attributed to sp* (C=C) and sp® (C—C) carbon,
respectively (Figure 6d). The N 1s spectra possessed a single
peak at 398.0 eV, ascribing the presence of C—N in CaSnO;@
PDANS (Figure 6e). Additionally, the broad and asymmetric
peaks for O 1s at 531.2 and 532.3 eV indicate the presence of
two types of oxygen termed adsorbed oxygen and lattice
oxygen,”’ respectively, as shown in Figure 6f. Moreover, the
functionality of the CaSnO;@PDANS determined using the
XPS was compatible with the corresponding FT-IR spectra.

2.2. Effect of DNA Sequence on Fluorescence
Enhancement. The fluorescence-enhancing ability strongly
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CaSnO;

Polydopamine

Figure 4. HRTEM images of CaSnO;@PDANS (a—d).

depends on the nature of the GC-rich ssDNA base pair CaSnO;@PDANS, which resulted in the enhancement of

sequence. This is because only a stable DNA G-quadruplex fluorescence intensity. Accordingly, the fluorescence-enhancing
structure can strongly capture the AO from the surface of ability was analyzed using five different kinds of ssDNA to
30583 https://doi.org/10.1021/acsomega.1c04319
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Figure 5. EDX spectra of CaSnOj; (a) and CaSnO;@PDANS (b).
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Figure 6. (a) XPS spectra of the obtained CaSnO;@PDANS. (b—f) High-resolution XPS spectra of Sn 3d, Ca 2p, C 1s, N 1s, and O 1s of

CaSnO;@PDANS, respectively.

determine the suitable variant for improving the sensing
performance. To estimate the influence of DNA sequence on
fluorescence enhancement, DNA1, DNA2, DNA3, DNA4,
DNAS (each 500 nM), and SO0 nM AO were separately
incubated with CaSnO;@PDANS in a Tris-HCI buffer. The
appropriate concentration of Pb*" and Ag" was applied to
induce fluorescence recovery. Finally, the fluorescence
enhancement was plotted as a function of DNA sequence, as
shown in Figure 7.

In this research, the transformation of DNA structure
involved specially designed DNA, which is rich in guanine and
cytosine with specific loops. The transition of DNA structure

30584

would form a duplex along with G-quadruplex conformation
induced by Pb>" and Ag' ions. The fluorescence intensity
histogram clearly illustrates that DNA3 possesses higher
fluorescence, which indicates the formation of a highly stable
G-quadruplex due to the selective DNA sequence, length,
orientation, and nature of the loops.

DNA3: 3-TAGGGTTGGGTATGGGAAGGGTCCCTC-
CAACCTATACCTTCCACCCA-5’

The interesting and best-sensing response by DNA3 is due
to four specific guanine tracks, each having three guanine
bases. The addition of Pb** ions results in the combination of
four guanine bases obtained from four guanine tracks. They

https://doi.org/10.1021/acsomega.1c04319
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PDANS. Figure 9a reveals the fluorescence emission spectra of
0+ AO/GC-rich ssDNA and CaSnO;@PDANS under different
280 . conditions with a maximum excitation wavelength of 490 nm.
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Figure 7. Fluorescence emission vs various DNA.

form a square planar structure, which is termed a guanine
tetrad realized through Hoogsteen hydrogen bonding. Then,
the four guanine tetrads stack on each other to form a G-
quadruplex. Further, the duplex formation along with G-
quadruplex occurs after the addition of Ag" because of the long
cytosine-rich second segment of DNA3, which highly stabilizes
the G-quadruplex structure. Especially, DNA3 also has a short
loop length compared to others, which could help in the
formation of a highly stable G-quadruplex (Figure 8). Thus, we
conclude that DNA3 possesses strong ability to form a duplex
structure along with G-quadruplex using specific G- and C-rich
segments with appropriate loops. As a result, it is selected for
the highly sensitive and selective detection of target metal ions.

2.3. Effect of CaSnO3@PDANS on the Sensor Ability.
The AO/GC-rich ssDNA probe along with the target metal
ion is used as a sensing platform for evaluating the AO
fluorescence quenching ability and the DNA discrimination
ability between the ssDNA and G-quadruplex using CaSnO;@

In CaSnO;@PDANS, no emission peak was observed (curve
A), inferring that CaSnO;@PDANS did not cause interference
tangibly with fluorescence experiments. Meanwhile, the AO/
GC-rich ssDNA probe reveals intense fluorescence emission
(curve B). However, in the presence of CaSnO;@PDANS, the
fluorescence emission was quenched to about 98% (curve C).
This is because CaSnO;@PDANS possesses strong ability to
adsorb both AO- and GC-rich ssDNA through n—7 stacking
(between nucleobases and aromatic rings of PDA), hydrogen-
bonding (between —NH, and —C=0 groups of DNA and
—NH, and —OH groups of PDA), and metal coordination
interactions. When target metal ions were added to the above
solution, about 99% fluorescence was recovered due to the
formation of a highly stable G-quadruplex (curve D). These
changes illustrate that CaSnO;@PDANS was not able to
adsorb the G-quadruplex DNA due to the weak affinity of the
G-quadruplex to the CaSnO;@PDANS surface. Therefore, the
above results indicate that CaSnO;@PDANS possesses
excellent fluorescence quenching ability and discrimination
capability between the GC-rich ssDNA and the G-quadruplex.

Furthermore, a comparison was made between CaSnO,@
PDANS and graphene oxide, MoS, nanosheet, PDANps, and
CaSnO;, and the fluorescence quenching performance is
revealed in Figure 9b. The AO/GC-rich ssDNA was mixed
with the same concentration of CaSnO;@PDANS, graphene
oxide, MoS, nanosheet, PDANps, and CaSnO;. It was found
that CaSnO;@PDANS showed the highest quenching
performance and low signal background fluorescence due to
the FRET process between the emission spectrum for the
energy donor AO and the absorption spectrum for the energy
acceptor CaSnO;@PDANS.

On the other hand, Ca** and Sn*' also contribute to the
intrinsic DNA adsorption and the fluorescence quenching
process due to the binding of the phosphate skeleton in DNA
to the calcium and tin cations in CaSnO;@PDANS. According
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Figure 10. (a) CaSnO;@PDANS UV—vis absorption spectra (curve a) and AO emission spectra (curve b). (b) Fluorescence spectra of AO

emission in the presence of various quantities of CaSnO;@PDANS.

to the hard—soft—acid—base concept, Ca*, being a hard Lewis
acid, has a tendency to bind very firmly to phosphate (a hard
Lewis base), which exhibits high quenching and adsorbing
performance. At the same time, graphene oxide, MoS,,
PDANps, and metal oxides reveal low quenching performance
compared to CaSnO;@PDANS. The fluorescence quenching
efficiency was estimated by the formula QE = (F, — Fy/Fp) X
100%, where F; represents the fluorescence emission of pure
AO and F represents the fluorescence emission following the
addition of CaSnO;@PDANS to AO. According to the results,
the fluorescence quenching efficiency of CaSnO;@PDANS
reached up to 98%. Hence, it is established that CaSnO;@
PDANS can be applied as an excellent fluorescence quencher
and DNA adsorbent for the fluorescent biosensor.

2.4 FRET between AO and CaSnO3@PDACNS. From
Figure 10a, the emission spectra of the AO largely overlap the
absorption spectra of CaSnO;@PDANS. Hence, CaSnO;@
PDANS effectively quenches the fluorescence of AO due to the
FRET. According to the FRET process, the AO acts as an
energy donor in this system, while CaSnO;@PDANS acts as
an energy acceptor (quencher).

To further confirm the FRET, the emission spectra of AO
were examined in the CaSnO;@PDANS-AO system at various
amounts of CaSnO;@PDANS. When the concentration of the
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donor AO was held constant at SO uL (500 nM), the
fluorescence intensities of the AO steadily decreased with
increasing amount of CaSnO;@PDANS from 0 to 1000 uL as
revealed in Figure 10b. This implied that when more
CaSnO;@PDANS (acceptor) was introduced, more energy
was transferred from AO to CaSnO;@PDANS, which resulted
in the quenching of fluorescence intensity.

2.5. Proposed Sensing Mechanism of the Pb?** and
Ag* Aptasensor. The detailed principle of the proposed
targets enhanced fluorometric aptasensor strategy for Pb** and
Ag" detection is presented in Schemes 1 and 2. Generally, this
anticipated aptasensor was based on the structural change of
DNA and the difference in the fluorescence intensity of AO
from a GC-rich ssDNA to a highly stable G-quadruplex. This is
because the stable G-quadruplex DNA can significantly
enhance the AO fluorescence, whereas ssDNA or dsDNA
does not. Initially, the fluorometric aptasensor probe was
fabricated by the adsorption of GC-rich ssDNA (specifically
designed guanine-rich and cytosine-rich segment DNA) and
AO onto the CaSnO;@PDANS surface via m—n stacking,
hydrogen-bonding, and metal coordination interactions,
resulting in low AO fluorescence signals owing to the FRET
process as revealed in Figure 11a(b).
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Scheme 1. Schematic Illustration of the Recyclable Fluorometric Detection of Pb** and Ag* Using the CaSnO;@PDANS/GC-
Rich ssDNA/AO Detection Probe
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Scheme 2. Vivid Illustration of Regeneration of a Sensing Probe by the Addition of Cys@Fe;O0,Nps
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In the presence of Pb*, due to the special induction emission gradually increased, attributing to the strong affinity
capability of Pb’* to the G-rich segment of the GC-rich between the AO and G-quadruplex DNA resulting in the
ssDNA, G-quadruplex is formed via G4—Pb** at the third removal of AO from CaSnO;@PDANS. The fluorescence

terminal of the GC-rich ssDNA. The AO fluorescence emission increase was about 70% at a maximal concentration
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of Pb** Figure 1la(c). When the Pb** concentration was
higher, the fluorescence emission remains almost unchanged.
However, in the presence of Ag" ions, it induces the coupled
cytosine residues in the C-rich segment, resulting in the folding
of a duplex along with a G-quadruplex. This is attributed to the
fact that the C—C base pair may specifically trap Ag* ion,
resulting in the formation of the C—Ag'—C complex.
Furthermore, the formed duplex structure at the 5’-terminal
of the G-quadruplex highly stabilizes the G-quadruplex,
resulting in a high recovery (99%) of AO fluorescence, as
revealed in Figure 1la(d). When the L-cysteine-decorated
magnetic nanoparticle (Cys@Fe;O,Nps) was added to the
above solution, it strongly attracts the Ag" and Pb** ions due to
the complex capabilities of the multiple —SH, —NH,, and
—COOH groups in the Cys. The metal ions and electrostatic
adsorption also played a significant role in metal adsorption.
This results in the regeneration of the starting sensing probe
signifying the decrease in fluorescence signal, as shown in
Figure 1la(e). Under UV irradiation, the fluorescence is
increased, and the reduced modalities were visible to the naked
eye, as seen in Figure 11b(a—e). Furthermore, Cys@Fe;O,Nps
were also reused by treating Fe,;0, (Pb**-Cys-Ag") with an
EDTA solution, as illustrated in Scheme 3.

2.6. Optimization of Bioassay Condition. To obtain
better sensing performance of the proposed aptasensor, various
experimental conditions were optimized, including the
concentrations of CaSnO;@PDANS, AO, and GC-rich
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ssDNA, and the effect of reaction time, pH, and temperature,
by comparing the relative fluorescence changes.

The CaSnO;@PDANS concentration utilized in this sensing
system has a significant impact on the AO fluorescence
quenching response. As a result, the fluorescence quenching
efficacies of various CaSnO;@PDANS concentrations were
studied. As shown in Figure SSa, the fluorescence emission at
530 nm of 500 nM AO decreases as the amount of CaSnO,@
PDANS increases. However, when the concentration of
CaSnO;@PDANS was above 25 pg/mL, the AO emission
remained unchanged. From the above results, a concentration
of CaSnO;@PDANS at 25 ug/mL was selected for the
following analysis. Subsequently, the AO emission of the
sensing system was improved by varying the concentration of
GC-rich ssDNA, as the amount of highly stable G-quadruplex
formed depends on the concentration of GC-rich ssDNA. The
AO emission reached the maximum level due to the formation
of the highly stable G-quadruplex with respective targets (Pb*"
and Ag"). Therefore, the AO fluorescence emission ultimately
depends on the concentration of GC-rich ssDNA. Accordingly,
the concentration of GC-rich ssDNA was optimized within
50—700 nM, as shown in Figure S5b. The experimental results
clearly show that the fluorescence intensity reached the utmost
level when the concentration of GC-rich ssDNA was 500 nM.
Further, the fluorescence intensity remains constant as a higher
concentration of negatively charged DNA may result in steric
hindrance or electrostatic repulsion. Therefore, the optimal
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Figure 12. (a) Fluorescence emission spectra of the optimized aptasensor in the presence of different concentrations of Pb** (0, 0.25,0.5,1,2, 3, 4,
S, 10, 15, 20, 25, 30, 35, 40, and SO nM). (b) Integrated fluorescence spectra against Pb>* concentrations. (c) Linear plot of F/F, versus
concentration of Pb?* ions (0—5 nM); the inset shows the linear working equation.

concentration of GC-rich ssDNA (500 nM) was established as
the fixed concentration for further studies.

Similarly, the fluorophore (AO) concentration was opti-
mized from S0 to 700 nM (Figure SSc). The experimental
results show that the AO fluorescence emission reached the
maximum level at 500 nM of AO. Therefore, 500 nM AO was
selected as the optimized concentration for this sensing system.
The adsorption and desorption kinetics of AO on CaSnO;@
PDANS were studied by tracking changes in the AO emission
over time. The kinetics of the fluorescence quenching reaction
is quicker, and the emission of the fluorescence is reduced
within 15 min. However, in the presence of target metal ions,
the fluorescence gradually increased with incubation time,
reaching a saturated fluorescence emission in 25 min. The
experimental outcomes clearly show that the adsorbing and
desorbing kinetics of AO on CaSnO;@PDANS for 15 and 25
min were necessary for effective sensing processes, respectively
(Figure S5d). Furthermore, the pH of the reaction is a crucial
parameter for the accurate detection of targets. A pH value
below 7 for the Pb** and Ag" ions has reduced the affinity
toward the guanine and cytosine bases due to the protonation
of nitrogen atoms in the bases. When the pH is greater than 7,
the fluorescence response is poor because of the partial
participation of the hydroxide ions. Therefore, different pH
values were optimized, as shown in Figure SSe. The
fluorescence intensity values increased when the pH was 5—
7.3. After increasing the pH of the solution to 7.3, the
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fluorescence intensity values slowly decreased. The perform-
ance of the sensing system was chosen for an optimized pH of
7.3. The influence of the reaction temperature on the
performance of the sensing system was studied, and the
optimized temperature was found to be 37 °C (Figure S5f).
2.7. Sensitivity and Selectivity Performance of the
Pb?* Aptasensor. The quantification was conducted on the
basis of the optimal experimental conditions mentioned above.
The relationship between the Pb**-ion concentration and
fluorescence enhancement is shown in Figure 12. Figure 12a
depicts the response of fluorescence spectra to a series of
concentrations of Pb** ions. The intensity of the fluorescence
increased significantly as the concentration of Pb** ions
increased from 0 to 50 nM, which was consistent with an
increased folding of the G-rich segment of the ssDNA into a G-
quadruplex. This would reach saturation when the concen-
tration of Pb’* was above SO nM (Figure 12b) and the
fluorescence emission ratio showed a good linear relationship
with the Pb** concentration between 0 and 5 nM as shown in
Figure 12c. The detection limit for Pb** was 0.4 nM, which
was achieved using the 3c¢/slope method (where o is the
standard deviation of blank), which is significantly lower than
the maximum allowable level of Pb** concentration in drinking
water and food (U.S. Environmental Protection Agency EPA:
72 nM and International Agency for Research on Cancer
IARC: 4826 nM).”® Therefore, our recyclable aptasensor
detects Pb** quantitatively even at low concentrations, and can
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Figure 13. Selectivity of the Pb>* sensor system. (a) Fluorescence response of the sensor in the presence of 50 nM Pb** ions and 100 nM of other
metal ions. (b) Fluorescence dissimilarity toward Pb** ions and different metal ions by the naked eye under UV light.

be applied in real samples. As shown in Table S1, the suggested
fluorometric aptasensor outperformed other previously re-
ported sensors.

The selectivity of the proposed aptasensor is a very
significant parameter for practical applications as several
heavy metals are present in real water samples. Thus, the
selectivity investigation of the developed Pb*" sensor is very
much mandatory. In this study, other metals, including Hg*",
Zn*, AI**, Cu®', Fe**, Co*', Ba>, Mn?*, Cd*', and the mixture
of samples together with all of the metal ions (mix) were tested
to evaluate the selectivity of the constructed fluorometric
sensor. As shown in Figure 13a, the mentioned interference
does not generate a response of the fluorometric sensor even at
a much elevated concentration, but the Pb** ion exhibits a high
fluorescence emission due to the formation of a stable G-
quadruplex at a G-rich terminal of the ssDNA. Additionally,
these fluorescence response processes can be seen with the
naked eye under UV irradiation. The testing sample containing
Pb** ions turned green in color, while the other solutions
remained colorless (Figure 13b). The experimental result
proves the excellent selectivity of the proposed biosensor,
indicating its potential application in the analysis of complex
samples.

2.8. Sensitivity and Selectivity Performance of the
Ag* Aptasensor. Furthermore, the subsequent addition of
the Ag" ion effectively enhances the fluorescence intensity,
which clearly indicates the efficiency of our detection system
toward Ag' too. Figure 14a describes the changes in the
fluorescence intensity of AO upon incubation with Ag" ions.

When the concentration of Ag" was increased from 0 to 25
nM, the fluorescence signal of AO was more intensified
compared to the Pb?* sensor, which was due to the increased
stability of G-quadruplex. The formation of a duplex along with
G-quadruplex at a C-rich segment of the DNA enabled the
attainment of saturation when the concentration of Ag" was
above 25 nM (Figure 14b). The signal response of Ag"
concentration was linear in the range of 0—5 nM (Figure
14c), and the detection limit was 0.1 nM (according to the 36/
slope method, where ¢ is the standard deviation of blank),
which was significantly lower than the maximum allowable
level of Ag" concentration in drinking water and food as
defined by the U.S. Environmental Protection Agency, which is
10 nM.®> Therefore, our recyclable aptasensor exhibits a
quantitative detection limit that enables its suitability for the
detection of Ag* even at low concentrations in real samples.
Table S2 compares the linear ranges and detection limits of
Ag" using various sensors. In contrast to the previously
reported sensors, the LOD of our proposed method is quite
low.

To verify the biosensing specificity toward the Ag* sensor,
control experiments were performed by adding disruptors to
the detecting samples. As shown in Figure 15a, metal-ion
disruptors such as Co**, AI**, As**, Pb**, Fe**, Cu’*, Hg**, K",
and the mixture were added in the presence of Pb**-ion
solution that does not significantly enhance the AO
fluorescence emission. At the same time, there is an apparent
enhancement of AO fluorescence from the Pb** sensor limit
because of their high affinity between Ag" and C—C mismatch
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nM); the inset shows the linear working equation.

base pair in the 5'-terminal of G-quadruplex, resulting in the
formation of a duplex structure. This demonstrates that the
proposed sensor also had excellent selectivity for Ag* ions.
Even though several other metal ions were present, these
variations were easily detectable by the naked eye under UV
irradiation. The sample containing Ag* ions turned into a dark
greenish-yellow color, whereas the solution containing other
metal jons did not reveal any color change, retaining the base
green color as revealed in Figure 15b.

The proposed sensor selectivity for other organic com-
pounds was also investigated, as shown in Figure 16a,b. It was
discovered that none of the organic components triggered any
interference, even at high concentrations. Furthermore, the
detecting mechanism and the operating method of this sensor
were much simpler than those mentioned in certain earlier
reports on the detection of two or more metal ions (Table S3).
Therefore, the above results clearly showed that the proposed
sensor is established as the most selective nucleic acid-based
sensor for Pb*" and Ag".

2.9. Recyclability of the Aptasensor Probe. Reducing
the detection cost through recycling of the sensing probe
(CaSnO;@PDANS/GC-rich ssDNA/AQO) was considered
pragmatic. It was important to observe that the majority of
the existing Pb*>* and Ag* subsequent biosensors could not be
recycled. The outlined research revealed the construction of a
recyclable Pb** and Ag" biosensor using Cys@Fe;0,Nps. To
recover its “original” detection probe CaSnO;@PDANS/GC-
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rich ssDNA/AQ, the pH and time of solution were optimized
as shown in Figure 17a,b. The extent of the detection probe
was recovered in appropriate amounts at pH of 7.3 and 7.4. It
is important to note that the recovery experiments were
conducted with an optimized pH of 7.4. The time needed for
the recovery of the detection probe for the maximum extent
was within 150 s. Thus, the release of the bound Pb** and Ag*
ions was carried out at the buffer solution of a physiological pH
7.4 over 150 s.

Initially, in the sensing mechanism described in Scheme 2,
the addition of Pb** into the CaSnO;@PDANS/GC-rich
ssDNA/AO probe resulted in the formation of the Pb?*-
stabilized G-quadruplex, leading to the recovery of AO
emission. Next, the Ag* ion was induced into the CaSnO,@
PDANS/Pb**-AO-G-quadruplex, resulting in the formation of
a duplex structure at the end of 5'-G-quadruplex, which highly
stabilized the G-quadruplex structure, resulting in a maximum
recovery of AO emission. After the first reaction with Pb** and
Ag", Cys-Fe;O,Nps were added into the above solution, which
strongly interacts with the target metal ions to form the Fe;0,
(Pb>*—Cys—Ag") complex, which was confirmed by the EDX
spectrum as shown in Figure S6. Further, an external magnetic
field was applied to separate the Fe;O, (Pb**—Cys—Ag")
complex from the sensing system, resulting in the regeneration
of the starting sensing probe. Hence, the recyclability of such
biosensors for the subsequent recognition of Pb** and Ag" was
assessed through consecutive reaction cycles. Figure 18

https://doi.org/10.1021/acsomega.1c04319
ACS Omega 2021, 6, 30580—-30597


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04319/suppl_file/ao1c04319_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04319/suppl_file/ao1c04319_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04319?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04319?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04319?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04319?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Fluorescence intensity (a.u.)

400 (a)

W

th

[=]
1

300-
250-.
200-.
150-:

100 4

th
(—
1 A

Pb'" Pb** pp** Pb*T PHT Pb*T Pb*T PHT PbYT Mix
+ + + + + + + +
K Cu2+ Fe3+ Ag+ Hg2+ A13+ C02+ ASS+
Metal ions

Figure 15. Selectivity of the Ag* sensor system. (a) Fluorescence response of the sensor in the presence of 25 nM Ag* and 100 nM of other metal
ions with 50 nM Pb** ions. (b) Fluorescence dissimilarity toward Ag* and other metal ions with Pb** ions by the naked eye under UV light.

250 4 (a)

5 200 -

u.)

150 4

Fluorescence intensity (a

o
=
1

¥

b [T

Blank DMSO EtOH Pb*"  Ether

Organic compounds

Acetone Hexane

~a

Fluorescence intensity (a.u

400 4

350 4

o
=
=
i

[
o
=
i

200 4
150 -
100 4

50 4

(b)

Pb

1+

i+ it 1+

Ph Ph Ph
- L L
DMSO EtOH Ag’

szb be"' P.bﬂ+
+ + +

Ether Acetone Hexane

Organic compounds

Figure 16. Selectivity of the sensor for Pb** (a) and Ag* (b) detection over other common organic compounds. The concentrations of Pb** and
Ag" are 50 and 25 nM,, respectively. The concentration of other organic compound is 1 yM.

describes the results of the cyclic detection of Pb** and Ag*

ions. It was demonstrated that the proposed aptasensor could

be used at least three times without any major changes in the

fluorescence intensity, which established its recyclable nature.
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Moreover, almost 65% of the sensing probe was recovered via

magnetic-driven separation after three consecutive cycles.

2.10. Reusability of Cys@Fe;O0,Nps by EDTA. Ethyl-

enediaminetetraacetic acid (EDTA) is a well-recognized metal
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chelator because of its extreme adsorbing capacity of metal
cations. It provides six potential sites for bonding with metal
ions, including four carboxyl and two amino groups.39 Thus,
desorption of Pb** and Ag" ion capping was done on the
surface of Cys@Fe;O,4Nps using EDTA solution (0.1 mol/L).
The Pb**- and Ag'-ion-capped Cys@Fe;O,Nps were mixed
with 10 mL of EDTA solution. After 1 h of treatment, the Pb**
and Ag" ions were desorbed from the Cys@Fe;O,Np surface
and got dissolved in the EDTA solution. The solution was then
filtered through a 0.2 ym membrane. The solid compound was
carefully collected and washed numerous times with distilled
water and dehydrated at 60 °C. In addition, the Pb**- and Ag*-

ion desorption from Cys@Fe;O,Nps was confirmed by EDX
spectrum as shown in Figure S7.

2.11. Analytical Application. The applicability of our
sensor was evaluated by targeting heavy metals in actual
samples. The actual samples (lake water and tap water) were
collected adjacent to the SRMIST campus in Tamil Nadu,
India. The samples were centrifuged, and the supernatants
were used for quantitative analysis. Some amount of Pb** and
Ag" was added to the lake water and tap water samples to
simulate natural water with various concentrations (S, 10, and
15 nM) of Pb** and Ag" ions. The reaction results are shown
in Table 1, which reveals that the recovery of Pb** and Ag* was
between 95 and 102%, which indicated that the novel sensing
probe system is remarkable for practical applications.

3. CONCLUSIONS

A novel recyclable fluorometric aptasensor (CaSnO;@
PDANS/GC-rich ssDNA/AQ) was successfully developed to
detect the Pb*>" and Ag" ions by measuring the difference in
AO emission (AAQ,,,) before and after the DNA interaction.
The AAO,,, values were monitored using photoluminescence
spectroscopy, and naked eye observation was performed under
UV irradiation. Sensitive detection of Pb** and Ag® ions was
achieved at levels as low as 0.4 and 0.1 nM, respectively, which
are much lower than the EPA limits of Pb** (72 nM) and Ag"
(10 nM) in drinking water. Moreover, the Pb*>" and Ag" probe
exhibits high selectivity over other possible interference ions,
fulfilling the requirements of several practical applications and
excellent recyclability. Specifically, cysteine-modified magnetite
nanoparticles (Cys@Fe;O,Nps) possess the ability to recycle
the starting sensing probe, enabling the consecutive detection
of targets. Furthermore, the Cys@Fe;O,Nps can also be
reused after being treated with EDTA. Considering the facts

Table 1. Determination of Pb** and Ag" Ions in Actual Samples Using Our Proposed Sensor”

samples spiked (nM) detected to Pb** + SD
lake water S 5.05" + 1.12
10 10.26" + 0.28
15 14.89% + 1.3
tap water S S.1F + 112
10 9.89" + 1.21”
15 14.90° + 1.2”

“x, mean values of three determinations; y, standard deviation.
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recovery (%) detected to Ag" + SD recovery (%)

101.4 5.02% + 2227 101.4
101.3 9.50" + 1.89” 97.3
99.3 15.5* + 1.8 99.3
100.5 5.50" + 1.02Y 101.4
98.95 10.12* + 0.99" 99.3
97.4 14.50% £+ 0.527 96.3
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Scheme 4. Schematic Illustration of the Preparation of CaSnO; Microflower
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established, this aptasensor could be used as a realistic
analytical tool for probing the Pb** and Ag" ions due to its
economical benefits. Hence, the design strategy of the
mentioned aptasensor could definitely help in the development
of a new fluorescence biosensor for the successful discrim-
ination of other metal ions.

4. EXPERIMENTAL SECTION

4.1. Chemicals and Methods. Calcium nitrate, tin
chloride, dopamine, acridine orange, L-cysteine, EDTA, and
tris hydrochloride buffer salt were obtained from Sigma-
Aldrich. The sensing-related DNA samples were procured from
Integrated DNA Technologies, and the DNA sequences used
in this paper are listed as follows.

DNA1: 3'-CTGGAAGGAAAGGAAGGCCTACTTCGAC-
TACAGTCTCAG-5’

DNA2: 3'-TACGGATCGATGATCGGATCATCG-
CAGTCC-5’

DNA3: 3'-TAGGGTTGGGTATGGGAAGGGTCCCTC-
CAACCTATACCTTCCACCCA-5’

DNA4: 3'-TTAGGATCTGGTTACTCCGTCTACCT-5’

DNAS: 3’-TCGACGTAGCTATCGTACGCCTACCTC-
TA-5'

The stock solution of aptamer was prepared by dissolving 50
mM Tris-HCl buffer and stored at 4 °C. The nitrate salts of
lead, silver, mercury, calcium, and nickel, and the chloride salts
of cobalt, copper, barium, ferric, magnesium, ferrous,
manganese, and other standard chemicals were purchased at
the highest purity levels from SRL and Sigma-Aldrich (India).
Throughout the experiment, deionized (DI) water was used.

4.2. Structural Characterization. The excitation and
emission intensities of the sensor were recorded by a
spectrofluorometer (HORIBA JOBIN YVON Fluoromax-4),
and light from a standard xenon lamp is used as the excitation
source. Absorption measurements were performed using a
UV—vis absorption spectrophotometer (Shimadzu, UV-2600).
The morphological appearances of the CaSnO3@PDANS
were obtained using a high-resolution scanning electron
microscope (HRSEM, Nanosem 430), and the inner
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morphologies of the synthesized nanoparticles were identified
using a high-resolution transmission electron microscope (HR-
TEM, JEOL/JEM 2100). Energy-dispersive X-ray spectroscopy
(EDXS) of ISIS300 was used to recognize the distribution of
Ca®* and Sn*' ions, carbon, nitrogen, and oxygen profiles on
the surface of the CaSnOj; and the CaSnO;@PDA. A Fourier
transform infrared (FT-IR) spectrometer was used to detect
the presence of functional groups (Agilent Resolution Pro). X-
ray diffraction (XRD) measurements utilizing a PAN analytical
X'Pert powder diffractometer with Cu-K radiations were used
to determine the crystalline and amorphous nature of the
samples. The surface element composition and charge of
CaSnO3@PDANS were estimated using an X-ray photo-
electron spectrometer (XPS, PerkinElmer Phi 1600 ESCA
system) with magnesium as the radiation source. A digital pH
meter (PHS-3C) was used to optimize the pH of the sensing
system.

4.3. Preparation of CaSnO; Microflower. The CaSnO;
microflower was synthesized using a simple two-step solid-state
reaction method, as reported earlier with some major
modifications.”® In a typical process, 3 g of solid calcium
nitrate and 3 g of tin chloride were separately ground to a fine
powder using a mortar and pestle. The finely ground powder
was combined with 2 g of preweighed sodium hydroxide
followed by rapid grinding of the mixture for 60 min. During
the grinding process, white smoke comes out and an enormous
amount of heat is released. The final product was rinsed
multiple times using DI water and dehydrated at 70 °C for S h.
The resulting material was further calcined at 400 °C for 3 h to
obtain the final CaSnO; microflower, as illustrated in Scheme
4.

4.4. Preparation of CaSnO;@PDA Nanosphere.
CaSnO;@PDANS synthesis was completed at room temper-
ature employing a simple and uncomplicated ultrasonication
method. In brief, 500 mg of polydopamine was ultrasonically
treated with 500 mg of CaSnO; in 50 mL of DI H,O for 45
min. The resulting suspensions were properly filtered and
rinsed many times with DI H,O and C,H;OH before being
dried in an oven overnight at 70 °C (Scheme 3).
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Scheme 6. Schematic Representation of the Synthesis of Cys@Fe;O,Nps
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4.5. Preparation of Recyclic Probe. Cysteine-function-
alized magnetite nanoparticles (Cys@Fe;O,Nps) were synthe-
sized using the coprecipitation method discussed previously
with additional modifications.”’ 1-Cys (0.1 g) was dissolved in
20 mL of H,O with pH 4.0—6.0. Then, 2.0 g of ferric chloride
and 1.0 g of ferrous chloride were dissolved in 50 mL of H,O
and heated to 80 °C. Simultaneously, 10 mL of sodium
hydroxide solution and the prepared 20 mL of L-Cys solution
were added to the preceding solution. The mixture was heated
further for 45 min at 80 °C before being cooled to normal
temperature. The final dark precipitate was washed many times
with water to separate the pure nanoparticles. After this, the
pure Cys@Fe;O,Nps (black precipitate) were dried at 70 °C
for S h (Scheme 6). Finally, the desired recycle probe was
achieved and then characterized using FT-IR, XRD, HRSEM,
and EDXS, as shown in Figures S1—S§4, respectively.

4.6. Procedure for Pb** and Ag* Detection. A typical
analysis method for the recognition of Pb*" and Ag" is given as
follows. Initially, 500 #L of 500 nM AO and GC-rich ssDNA
were both prepared using Tris HCI buffer and mixed together.
This is followed by the addition of 25 pug/mL CaSnO,@
PDANS into the microcentrifuge tube. After 15 min, the
solution was transferred into a cuvette and the fluorescence
spectra were measured at the excitation and emission
wavelengths of 490 and 530 nm, respectively. The spectra
revealed a drop in AO fluorescence due to the quenching
performance of CaSnO;@PDANS. Following this, a freshly
prepared desired concentration of Pb** solution was added to
the overhead solution and incubated for 15 min at 37 °C,
resulting in the formation of G-quadruplex and an increase in
the fluorescence emission of AO, which is directly proportional
to the Pb*" concentration. Next, a desired amount of Ag" is
added and incubated for 10 min at 37 °C, resulting in the
formation of a duplex structure along with a G-quadruplex
structure, which results in a further increase of fluorescence
equal to the quantity of the Ag" ions. Similarly, the proposed
sensing probe was regenerated by the elimination of Pb** and
Ag" using Cys@Fe;O,Nps, resulting in the turn-off of the
fluorescence signal.
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