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ABSTRACT : Inorganic cations were important in a variety of chemical, biological, industrial, and environmental
processes. Many DNA-based sensors were used to detect cations over the last two decades. Apart from strong genetic
information, the chemical structure of DNA had been shown to be ideal for metal binding via both the phosphate backbone
and nucleobases. DNA was highly stable, inexpensive, and simple to modify. For metal sensing, two types of functional DNA
were used: aptamers and DNAzymes. Because metal binding aptamers were difficult to isolate, only a few had been
reported. In the other side, DNAzymes were effective metal sensing tools due to their catalytic activity, there was no need
for metal immobilization. Each cationic element and the known DNA sequences for its sensing was discussed in this review.
We concentrated on reviewing the majority of the published researches about DNA-cationic sensors. Finally, several
specific applications were discussed.
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I. INTRODUCTION

Metal ions were linked to the evolution of the biological environment, industrial manufacturing and human
existence. A large number of metal ions were released into the environment. However, because metal ions couldn't
be degraded in general, continuous development of the food chain resulted in progressive serious pollution of metal
ions in the environment. As a result, the qualitative and quantitative detection of metal ions is becoming
increasingly important [1]. The most important metal ions were calcium and magnesium. The importance of
calcium as a metal ion in the biological environment explained the extensive work in developing sensors for Ca?*
detection. Although many Ca?* binding proteins were known, few nucleic acids could bind Ca?*selectively. Because
of their high stability and programmability, DNA-based biosensors were very important [2]. The determination of
calcium level was critical for a diversity of applications, including industrial and household water hardness control,
medical diagnosis, and food assessment [3]. Calcium was an essential mineral in the skeletal system, making up 99
% of the calcium in bones and teeth. Milk was a rich source of calcium, which might aid in the prevention of
disorders such as osteoporosis [4]. Magnesium ranked eighth in abundance in the Earth's crust. It was found in large
magnesite, dolomite, and mineral deposits [5]. In cells, magnesium was the fourth most prevalent metal ion (per
mole). It functioned as a cofactor in over 300 enzyme systems that controlled a wide range of biochemical reactions
in our bodies, such as protein synthesis, nerve and muscle function, blood glucose control, and blood pressure
regulation. Energy production, oxidative phosphorylation, and glycolysis all required magnesium. It helped in bone
structural development and was required for the synthesis of DNA, RNA, and antioxidants [6]. Because magnesium
ions were acknowledged as one of the most valuable cations for many physiological and pathological functions, the
selective and specific detection of magnesium ions with chemosensors attracted the attention of researchers and
became essential in biomedical and biological studies [7]. Very sensitive and quantitative methods for the detection
of metal ions were developed, including atomic absorption/emission spectroscopy (AAS) [8], X-ray fluorescence
spectrometry (XRF) [9], inductively coupled plasma/atomic emission spectrometry (ICP-MS) [10] cold vapor
atomic fluorescence spectrometry (CVAFS) [11] and others. However, they were restricted for in-situ usage
because of the complicated sample preparation processes, the need for trained personnel, the high cost of
instrumentation, and the risk of sample metamorphism during storage and handling. As a result, developing rapid,
low-cost, simple, and reliable techniques for in-situ and real-time measurements of metal ions would be extremely
desirable and difficult. Biosensors were widely used for metal ion detection in environmental monitoring, food
inspection, and disease diagnosis as a quick and on-site testing platform [12]. DNA-based sensors were used to
detect metal ions due to their high selectivity, good sensitivity, signal amplification, and nanostructured
construction. DNA was a molecule that contained the instructions that an organism required to live, develop and
reproduce. These instructions were placed inside each cell. It contained data used in our daily metabolism and
physiological activities, and it influenced the majority of our characteristics [13]. DNA was made up of nucleotide
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molecules. Each nucleotide was made up of a sugar, a phosphate, and a nitrogen base. The poly anion DNA could
electrostatically attract metal cations. Hard metals could be bound by DNA phosphates, and other bases of DNA
could coordinate metal cations [14]. In DNA biosensors, single-stranded DNA (ss-DNA) molecules served as the
target recognition element and were referred to as probe ss-DNA. The principle was based on the probe ss-DNA
hybridizing with complementary target ss-DNA or the analyte molecules disrupting the structural integrity of the
probe ss-DNA. Both methods resulted in changes in mass transport, emission, light absorption, or proton
concentration, resulting in the generation of a signal. The signal was then converted into a measurable response by a
suitable transducer element, such as an electrochemical, optical, or thermal element, allowing the signal to be
measured as current, light, or potential [15].

1.1. Electrochemical biosensors

A sensor was an apparatus which responded to a physical stimulus, such as light, heat, pressure, or magnetism, and
transferred an electrical signal which represented the measured change of any fundamental property of the
component material. The word "sensor" in English was derived from the Latin word sentire that means to feel.
Chemical sensors that used an electrode as a transducer when an analyte was present were known as
electrochemical sensors [16]. They translated chemical reactions of the target species on electrodes into electrical
signals which exhibited alterations in potential, current, and conductivity. The advantage of the electrochemical
methods was that they presented high selectivity, very low detection limits, and needed a very small volume of
sample to produce signals. Electrochemical devices composed of a system of either two or three electrodes. An
ideal three-electrode cell composed of working electrode which made of gold, platinum, and/or carbon, a reference
electrode which was usually a silver-silver chloride electrode (Ag/AgCl), and a platinum wire which used as a
counter/auxiliary electrode [17]. There were three major types of electrochemical sensors: amperometric,
potentiometric and conductometric. When using a potentiometric sensor, a local equilibrium was created at the
sensor's interface, where the membrane potential or electrode potential was measured. The potential difference
between two electrodes could be utilized to determine the sample composition. Amperometric sensors used the
applied potential between a reference and a working electrode to stimulate the oxidation or reduction of an
electroactive species and then measured the resulting current. Conductometric sensors, on the other hand, relied on
the measurement of conductivity at a sequence of frequencies [18]. Electrochemical biosensors, a type of chemical
sensors, exhibited high sensitivity, low detection limits and the high specificity of biological recognition processes.
These devices comprised a biological recognition element (proteins, enzymes, nucleic acids, antibodies, tissues,
cells) which selectively reacted with the target analyte and created an electrical signal which was related to the
analyte concentration. Electrochemical biosensors were classified into two types based on the biological recognition
process's nature: biocatalytic devices and affinity sensors. Enzymes, cells, or tissue slices were used in biocatalytic
devices to identify the target analyte and generate electroactive species. Affinity sensors relied on a specific binding
interaction between the analyte and a biological component like an antibody, nucleic acid or receptor [19]. A
general scheme for the electrochemical biosensors was shown in Figure 1.
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Figure 1. Electrochemical biosensors: biorecognition and signal transduction

1.2. Development of DNA-electrochemical biosensors

DNA was the genetic information's carrier and played a big part in regulating lots of biological processes.
Moreover, DNA proved to be an excellent building block for the creation of new devices in biosensor technology
[20]. The main idea of most DNA biosensors based on the hybridization of a precise DNA-base sequence with its
complementary strand [21]. Moreover, functional DNAs comprising DNA aptamers and DNAzymes could also be
used for the establishment of DNA biosensors achieving high selectivity [22]. DNA aptamers were single-stranded
nucleic acids or peptide molecules that were selected through in vitro systematic ligand evolution via exponential
enrichment (SELEX). The DNA aptamer could particularly bind a definite target with high selectivity and affinity,
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which were embraced as the bio-recognition elements in the construction of DNA biosensors [23]. The other type
of functional DNAs was DNAzymes, which were DNA-based enzymatic molecules selected by SELEX and were
able to catalyze the chemical and biological reactions. DNAzymes were more stable than nature enzymes, that
could be denatured and renatured more than one time without any significant lose in their catalytic activities toward
substrates. G-quadruplex/hemin DNAzyme [24] and metal ion-dependent DNAzymes [25] were the most major
types of DNAzymes which were extensively used as signal amplifiers or catalytic units for enzyme-free detection
of biomolecules with high sensitivity. Currently, the rising demand for effective and biomedical tests generated new
challenges to conventional DNA-based electrochemical biosensors. Therefore, label-free strategy introduces smart
alternatives in establishing DNA-based electrochemical biosensors [26]. The development of DNA-based label-free
electrochemical biosensors depended on either the electroactivity of target nucleic acid molecules, or the detection
of changes in electrochemical signal related to the hybridization reaction [27, 28]. In the beginning of development
of DNA-based electrochemical biosensors, label-free strategies were mostly depended on the intrinsic redox-active
properties of DNA bases, particularly using guanine electrochemical oxidation signal [29-32]. The purines guanine
(G) and adenine (A) was proved to be oxidized at positive potentials lower than pyrimidines thymine (T) and
cytosine (C) [33]. For example, Palecek utilized the direct oxidation of guanine on the mercury drop electrode for
earliest DNA detection [34]. Afterward, a series of research efforts were accomplished by the same group that put
down the basis for the development of DNA-based label-free electrochemical biosensors [35-37]. Additionally,
Wang et al developed various label-free electrochemical advances relied on redox activity of the target guanine for
DNA hybridization detection [38-40]. The electrodes were frequently improved by using high-performance
functional materials to achieve high sensitivity, which had distinctive properties, like large surface area, good
adsorption ability, excellent biocompatibility and great conductivity. So far, a series of research studies were
dedicated for the preparation of modified electrodes for label-free electrochemical detection [41, 42]. Gooding et al
developed self-assembled monolayer (SAM) technology for the adjustment of electrodes, which offered a
molecular control of the interfaces [43]. A DNA-electrochemical biosensor composed of an electrode which
represented the electrochemical transducer with a DNA probe immobilized on its surface that represents the
biological recognition element and was utilized to detect DNA-binding molecules which represented the analyte
that interacted and caused alterations in DNA structure and electrochemical properties that were further converted
into an electrical signal [44]. With rapid detection, great selectivity, high sensitivity, and much lower price than the
conventional nucleic-acid assays [45], the electrochemical DNA biosensor possessed great importance and value in
gene-expression researches, pharmacogenomics, genotyping, , pathogen categorization, drug detection, and
molecular diagnostics [46-47]. These classes of sensor connected nucleic-acid layers with electrochemical
transducers to create the biosensors [48]. The dynamics of nucleic acid hybridization determined how the
electrochemical DNA biosensor was designed. Electrochemical detection of DNA hybridization frequently included
monitoring of a current response, under controlled potential conditions, based on a complementary matching
recognition event, [49-51]. The probe-modified electrode was generally immersed in the solution that included the
target DNA. A hybrid duplex DNA was developed at the electrode's surface when the sequence of the target DNA
matched that of the immobilized oligonucleotide-probe DNA (Fig. 2). This type of hybridization event was detected
by changes in the current signals of specific electroactive indicators (which bind to the DNA duplex), which were
associated to the usage of enzyme labels or redox labels. The design of useful DNA-modified electrodes and the
selectivity of electrochemical probes were of great significance in developing electrochemical DNA biosensors
[52].
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Figure 2. General design of DNA biosensor.
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11. Metal cation sensing by DNA

Natural DNA was a duplex with nucleobases protected by a phosphate backbone. As a result, linking such
DNA to precise metal recognition was difficult. The bases in single-stranded oligonucleotides could also
participate in metal coordination by forming 3D binding pockets. Many DNA sequences with significant metal
binding affinity and specificity were reported over the last two decades [53]. By using pure electrostatic
interactions, metal ions were treated as point charges that diffused around DNA polyanions. Metal binding to
the phosphate backbone stabilises the DNA duplex (for example, by increasing the melting temperature of the
DNA, Tm). This pure electrostatic picture, however, ignored the chemical nature of metal ions and DNA. Group
1A and 2A metals, for instance, mostly interacted with DNA phosphate and duplex DNA stability was
maintained even with 1 M Na+ or Mg2+ [54] However, both phosphate and bases interacted with the first row
of transition metals, including Cd2+, Pb2+ and trivalent lanthanides. They started to destabilize duplex DNA
beyond a few puM since they could coordinate with DNA bases, therefore internucleobase hydrogen bonds
disruption [55].
2.1. Alkali Metal lons

The alkali metals included Li+, Na+, K+, Rb+, and Cs+ that could directly affect their interaction with

DNA. These cations were utilized as common buffer salts for a long time to screen charge repulsion in DNA. A
few methods were utilized to quantitatively study their binding to DNA, such as molecular dynamics simulation
[56] nuclear magnetic resonance NMR [57,58] atomic force microscopy (AFM) [59] electrochemistry [60], and
crystallogra-phy [61]. However, the general trend of interaction among them was quite incompatible in different
reports, which was most likely because of various experimental systems and characterization techniques [62].
Among the alkali ions, Li+, Na +, and K+ were the most vital in biology. Rb+ had almost no reported biological
functions, and Cs+ was slightly toxic. Up to now, DNA-based sensors were established for Na+, K +, and Cs+.
Lu and co- workers had successfully isolated a DNAzyme called NaA43 (Figure 3) with a rate of 0.1 min—1 in
400 mM Na+ alone, whereas other mono, di, and trivalent metals were inactive [63]. Na+ could also stabilize
G4 structures, but it was usually less effective than K+ for this function [64]. Even so, Tang et al [65] reported
that G4 structures with Na+ specificity were used for Na+ sensing. They utilized a G4 sequence named p25,
producing a hybrid-type conformation with K+ but an antiparallel one with Na+.

5"

Figure 3. Secondary structures of the NaA43.

The utilization of DNA for K+ detection based mainly on G4 DNA. G4 was a non-canonical nucleic
acid structure with diffused guanine tetrads gathered by Hoogsteen hydrogen bonding, where the O6 of guanines
coordinate with K+ [66.67]. Two or more such G-tetrads stacked together to form a G4 structure. Each two
sequential stacked G-tetrads have eight O6 groups that could coordinate with K+ (fig 4). Chaires and co-workers
studied the kinetics of K+ and Na+ induced G4 folding using three model human telomeric oligonucleotides
[68]. The results showed that the folding was a process carried out by more than one step and a fast formation of
intermediate cation oligonucleotide complexes accompanied by slower isomerizing steps. For K+- induced
folding, a single isomerization was noticed with a relaxation time T of 20—60 ms depended on the sequence. Na+
driven folding, on the other hand, composed of three exponentials with the t-values of 40—85 ms, 250—950 ms,
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and 1.5-10.5 ms, respectively, demonstrating three isomerization steps. It was noticed that the folding pathway
in the presence of K+ was easier than that in Na+.
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Figure 4. (A) Structures of guanine and isoguanine. (B) A tetraplex stabilized by monovalent cations.

To recognize its biological applications, lots of studies were reported to increase selectivity. A few
studies demonstrated nanomolar K+ sensitivity with 104-fold selectivity over Na+. With these studies, utilizing
G4 DNA for K+ detection in serum and urine was accomplished [69.72]. However, because G4 could respond
to several other metals, new DNA sequences that could better distinguish K+ from Na+ and other ions were
developed.

2.2. Alkaline Earth Metal lons

Group 2A called alkaline earth metals which included Be2+, Mg2+, Ca2+, Sr2+, Ba2+, and Ra2+.
Among them, Mg2+ and Ca2+ were the most important cations in biology, whilst Be2+ was toxic [73], Ba2+
was utilized to facilitate X-ray imaging, and Ra2+ was radioactive. The phosphate backbone of DNA was the
major binding site for these metals [74,75]. Zheng et al. examined the Mg2+-binding architectures in RNA by
utilizing RNA crystals in the Protein Data Bank (PDB) [76]. The inner-sphere binding of Mg2+ to imine
N1/N3/N7 atoms in RNA, DNA, and purine containing metabolites was re-examined by Leonarski et al, also
deduced that the inner-sphere binding to those atoms were much less common than formerly presented [77].
Few DNAzymes were active with Ca2+, including the 8-17 and 10-23 DNAzymes. Famulok et al separated a
variant of the 8-17 DNAzyme named Mg5 which is about 10-fold more active with Ca2+ than with Mg2+
[78,79]. Sugimoto et al. concluded that the 10-23 could be progressed to a Ca2+-specific DNAzyme through
rational truncations. Because Sr2+ and Ba2+ didn't have significant biological functions, their sensing function
was rarely studied except for utilizing G4 DNA. Kankia and Marky [80] utilized a mixture of calorimetry,
spectroscopy, density, and ultrasound techniques to determine the spectral properties, thermodynamics, and
hydration effects for the development of G-quadruplexes with Sr2+ and Ba+2. Qu et al [81] used thiazole
orange (TO) as a signal reporter to develop a simple Sr2+ detection attempt depended on Sr2+ induced human
telomeric DNA. Leung et al [82] created a highly selective G-quadruplex-based luminescent switch-on probe for
nanomolar strontium (ii) ions detection in sea water.

2.3. Transition Metals

Most of transition metals could easily lose their bound water molecules because of inner-sphere coordination,
leading to a high DNA binding affinity metals desire DNA bases to the phosphate backbone with binding
affinity as follow Hg2+ > Cu 2+ > Cd 2+ > Zn2+ > Mn 2+ > Ni 2+, Co 2+ > Fe+2 [83]. Comparison of the
coordination strength of several metal ions with DNA (Cu2+, Zn 2+, Mn 2+, Ca 2+, and Mg2+) was reported by
Hackl et al [84]. This study demonstrated that Cu2+ was the most effective ions to compact DNA, because of its
strong coordination with DNA bases. Cuenoud and Szostak picked out a DNA-ligating DNAzyme in the
presence of Cu2+ [85], Carmi and co-workers isolated a few DNA-cleaving DNAzymes using Cu2+ and
ascorbate [86, 87]. Wang et al. proposed a G-rich chain which forms a G4 structure stabilized by Cu2+, which
could catalyze the enantioselective Friedel—Crafts reaction [88]. Zhan et al. introduced a ssDNA named Cul00
which went through specific folding in the presence of Cu2+ permitting a turn-off sensing of Cu2+ by SYBR
Green | (SGI) [89]. Breaker and co-workers preferred DNA-cleaving DNAzymes with only Zn2+ through
circular library. A tiny DNAzyme called I-R3 was developed with a rate of 1 min—1 in the presence of 2 mM
Zn2+. This DNAzyme was then utilized in the construction of a biosensor which reported a detection limit of 1
nM Zn2+ [90]. The Yarus group first discovered RNA aptamers via immobilizing Zn2+ on a column. The
isolated sequences had a Kd of 100—-400 uM Zn2+ [91]. In 2000, Sugimoto and coworkers mentioned a few
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Zn2+- dependent RNA aptamers which could combine with the HIV-1 Tat protein [92]. Ditzler and co-workers
presented two parallel ribozyme selections via Mg2+ and Fe2+, respectively. Self-cleaving ribozymes were
isolated in each case, proving that Fe2+ was definitely as good as Mg2+ for RNA catalysis [93]. Wrzesinski et
al. choosed RNA aptamers for Co2+ by immobilizing Co2+ on a resin. Two RNA aptamers were isolated with a
binding affinity of low mM Co2+ [94].
2.4. Noble Metals

Silver, gold, platinum, and palladium were all examples of noble metals. These noble metals didn't
participate in fundamental biological processes and weren't endogenous metals in living things. Furthermore,
such metals were resistant to oxidation, and they might be used to create stable metal nanoparticles for DNA
adsorption [95,96]. Cytosine-rich DNAs were usually utilized for Ag+ detection [97]. Lee et al. reported that
poly-C templated AgNCs could create a dimer by the addition of free Ag+ ion. This dimerization of AgNCs
changed the fluorescence from red to green, leading to Ag+ quantification [98]. Kang et al. developed a label-
free i-motif DNA sensor for the detection of Ag+ via thiazole orange as a fluorescent stain [99]. Tan et al.
designed AMP/Th3+ coordination polymers that initially emitted a very weak luminescence. On the other hand,
in the presence of Ag+, the same sample turned out to be strongly luminescent because of the enhanced transfer
of energy from adenine to Th3+ [100]. Au3+ could form coordination polymers with nucleobases, nucleotides,
and nucleosides. For instance, Wei and Wang generated nanoparticles via mixing adenine and Au3+, and they
proposed a coordination mode on adenine as shown in (fig 5). The nanoparticles were made of aggregated small
2—3 nanoclusters.

Figure 5. Scheme of coordination between Au3+ and adenine.

2.5. Electrochemical DNAzyme Biosensors for Metal lons

Because of their amazing characteristics, like high sensitivity, low production cost, simple
instrumentation, and good response speed, electrochemical methods were developed to establish DNAzyme-
based biosensors used for metal ions detection. Plaxco and coworkers [101] established a DNAzyme-based
electrochemical biosensor for Pb2+ detection (Figure 6a). A redox-active compound methylene blue was
utilized with a DNAzyme strand and sticked on a gold electrode through a thiol-gold interaction. The DNAzyme
was then hybridized to its substrate strand that banned any contact between methylene blue and the electrode. In
the presence of Pb2+, the substrate was cut and released. Due to this release, the enzyme strand became more
flexible and enhanced the electrochemical communication between the redox label and the electrode, generating
an electrochemical signal related to the concentration of the present Pb2+. The biosensor possessed a detection
limit of 300 nM and was effectively employed to detect Pb2+ in soil samples. Shao and coworkers [102] utilized
reporter DNA functionalized with AuNPs to enhance the sensitivity and to intensify the electrochemical signal
of a DNAzyme biosensor, resulting in a detection limit of 1 nM (Figure 6b).
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Figure 6. (a) Schematic of an electrochemical Pb2+ sensor based on the conformational change of a DNAzyme,
(b) Schematic of a label-free electrochemical Pb2+ sensor with gold nanoparticle—functionalized reporter DNA
as a signal amplifier.

Hg2+ and Ag+ could selectively bind certain DNA bases to develop strong metal base complexes. These
complexes could, in turn, stabilize DNA mismatches in the DNA duplex [103, 104]. Based on this phenomenon,
different signal transduction mechanisms, such as colorimetry, fluorescence and electrochemistry, were applied
to establish DNA mismatch—based biosensors for Hg2+ and Ag+. Guanine-rich fragments of DNA could blend
into four-stranded structures called G-quadruplexes that were distinguished by stacked arrays of four guanine
bases. Besides, hydrogen-bonding forces, metal ions such as K+ and Pb2+ could stabilize G-quadruplexes [105,

106].

2.6. Electrochemical sensor for calcium estimation

Many methods like molecular fluorescent chelators were developed by Tsien and co-workers [107], flame
atomic absorption spectroscopy (FAAS) [108] and nuclear magnetic resonance (NMR) analysis [109] had been
established to estimate Ca2+. Heidari’s group invented a paper based microfluidic device for colorimetric assay
of Ca2+ and Mg2+ based on sticker templates with specific designs and a highly controllable waterproof eye
pencil [110]. Javey’s group designed a wearable electrochemical platform for nonstop monitoring of Ca2+ with
an elastic printed circuit board [111]. Wu et al. extended the palette of genetically encoded fluorescent Ca2+
indicators based on protein engineering [112]. However, the limit of detection was relatively high with current
electrochemical, colorimetric, or fluorescent techniques, which might also require intense handling [113].
Although accurate results provided by these methods, they were not suitable for analysis of large number of
ecological samples. In addition, it could be informed that the forementioned methods required proficiency and
virtuous infrastructure. But, when there are many samples, ion sensors are very valuable for the monitoring of
heavy metals, because they are suitable, rapid, easy to operate, no sample pre—treatment required, appropriate
for online monitoring and low cost. Many ion-selective electrodes were made for the determination of calcium.
Vijayalakshmi and Thamaraiselvi [114] established an effective calcium ion selective electrode using ionophore
based on surface modified Zeolite. The electrode showed typical response for Ca (II) ion with a working range
of 1.0 x 10-4 M to 1.0 M. The proposed sensor exhibited relatively good selectivity and high sensitivity for Ca
(11) over mono—valent cations. It could be used within the pH range of 5.57 to 6.24. The effect of medium and
the selectivity coefficient values were assessed using fixed interference method found to give an improved
response. It was also effectively used in the analysis of calcium ion concentration in several real samples.
Alizadeh et al [3] developed Ca+2 plastic membrane electrode, using nano-sized Ca2+ imprinted polymers as
ionophore. The electrode exhibited response time of 10 seconds, Nernstian slope of 30.3 (+0.4) mV decade-1, a
dynamic linear range of 1x10-6-1x10-1 M and DL of 7.5x10-7 M was obtained for the electrode. Yang et al
[115] developed a composite mediator layer of reduced graphene oxide (RGO)-coated black phosphorus (BP). A
perfect Nernstian response was obtained with a linear range 1.0x10-6-1.0x10-1 M, a response slope of 28.3
mV/decade, and detection limit of 7.2 x 10-6 M. Vijayalakshmi and Thamaraiselvi [116] developed a new,
effective calcium ion selective electrode using ionophore based on Schiff base. The lifetime of the proposed
electrode was 3 months with good reproducibility of E.M.F values. The thermodynamic parameter value AG,
AH and AS of the electrode had effectively determined. Van Dat et al [117] developed a fine tip Ca2+ selective
electrode. The LOD was 3.16x10-8 mole L-1 and the slope was close to 30 mV.

2.7. Electrochemical sensor for magnesium estimation

HUA LU et al [118] presented an innovative PVC membrane electrochemical biosensor for Mg2+ ions using
chlorophyll a as bio electro active membrane carrier, The sensor exhibited a Nernstian slope of 30.41 mV
decade—1 for Mg+2 concentration range from 1x10-5 M to 1x10 -1 M. Also, the response time and selectivity
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for Mg+2 compared to certain other cations have been studied. Vinod K Gupta et al [119] made-up magnesium
(11)-selective sensors from poly (vinyl chloride) (PVC) matrix membranes comprising neutral carrier, benzo-15-
crown-5 (1) as ionophore. The membrane having a composition crown:PVC:sodium tetraphenyl borate
(NaTPB):dioctyl phthalate (DOP) in the ratio 10:150:3:150 had the best performance. This membrane
functioned very well over a wide concentration range 1.0x10—5 to 1.0x10—1 M of Mg2+ with a perfect
Nernstian slope of 31.0+1.0 mV decade—1. The response time was 15 seconds and the membrane could be used
over a long period of 4 months with good reproducibility. The electrode worked well in a wide pH range 2.2-9.8
with good selectivity over a number of mono-, di-, and trivalent cations. Sulekh et al [120] fabricated a PVC-
membrane-based Mg (I1) selective electrode by using methyl phenyl semicarbazone (MPS) as a neutral carrier.
The sensor exhibited a Nernstian response of 28.4mV decade—1 for Mg (II) ion over a wide concentration range
1.0x10-8 to 1.0x10—1 M, and detection limit 1.7x10—9 M with a fast response time (<10s for concentration
>1.0x10-3 and < 15s for concentration of > 1.0x10—6 M) and could be used over a long period of 8 months
without significant divergence in potentials. The proposed sensor presented good selectivity and high sensitivity
for Mg (Il) over a mono-, di-, and trivalent cations and could be used in a wide pH range of 1.0-9.5. Neda
hajizadeh [121] made a coated graphite electrode for determination of Mg2+ in pharmaceutical supplements.
The constructed sensor showed an ideal Nernstian slope (30.1 mV Decade-1) over a wide concentration range
(1x10-6- 1x10-1 Mol L-1). The response time and life span of the suggested electrode were 20 seconds and 2
months respectively. S. Khalil et al [122] generated an optimum composition for magnesium liquid membrane
sensor depended on the reaction of magnesium ions with the macro cyclic reagent 1,4,7 - triazacyclononane -
1,4,7 - tris — methylene methylphosphinic acid. The created sensor exhibited a perfect Nernstian slope ( 30.5
mV), limit of detection ( 6.2 x 10-7 M), response time ( 15 s ) and long lifetime ( 180 days ), the pH effect on
the sensor potential and the main analytical parameters were studied. The sensor was successfully used to
estimate the concentration of magnesium ions in some pharmaceutical preparations. Huifang zhang et al [123]
designed an innovative “off-on” fluorescent probe depended on 1, 8-naphthalimide derivative for the detection
of Mg2+ in ethanol solution, the probe exhibited a fast detection process (45 s), high fluorescence enhancement
(up to 15-fold), a good binding constant (6.17x105 M-1) and low detection limit of (5.01x10-8 M). Chunwei Yu
et al [124] produced a novel Mg2+-selective fluorescent probe P With optimum conditions, the suggested probe
P exhibited a wide linear range of 5.0 X 10—7 — 6 X 10-6 M and a detection limit of 1.7 x 10—=7 M Mg2+ in
ethanol-water solution (9:1, v/v, 20 mM HEPES, pH = 10.0). Guangwen Men et al [125] established a
fluorescent sensor specific to Mg2+ used for quantitative determination of magnesium in drinking water, The
sensor exhibited high sensitivity and selectivity with a wide detection range (0-40 uM), a low detection limit
(2.89x10-7 mol/L) and fast response time (< 0.5 s).

I11. Developing Applications

Metal ion measurement was important for a variety of applications. Such DNA-based metal sensors were
intended to gradually replace conventional analytical instruments for initial on-site monitoring. Sensors with
high sensitivity and selectivity could achieve this.

3.1. Environmental Monitoring

Metal monitoring in the environment was a common analytical task. Heavy metal outbreaks were
frequently reported in the media. Therefore, both government agencies and home users required dependable and
affordable metal sensors. The US EPA established maximum contamination concentrations of some metal ions
in drinking water and the majority of these concentrations could be detected by DNA-based sensors,
demonstrating the potential environmental impact of such sensors [126,127]. Environmental water samples were
less complicated than biological samples because there were no concentrated proteins in the matrix. Other
samples involved dust, soil and paint were examples of environmental solid samples, A standard method used to
extract metals from these solid samples for analysis. The performance of DNA-based sensors for real sample
detection might be affected by ionic strength and temperature. While the majority of research in academic
laboratories was only for proof-of-concept purposes, there were examples of commercialized DNAzyme-based
sensors. ANDalyze Inc., based in Champaign, IL (USA), created a portable fluorometer to read the kinetics of
DNAzyme-based sensor signals, thereby avoiding the calibration issue associated with fluorescence intensity
measurements. Sensors for a few common heavy metals had received EPA certification and were commercially
available.

3.2. Intracellular Sensing and Imaging

Intracellular metal concentration measurement was critical for understanding bioinorganic chemistry,
physiology and metal poisoning. DNA usage for intracellular sensing was an interesting but difficult concept.
First, because DNA was a polyanion, it couldn't cross the cell membrane on its own, necessitating the use of a
delivery vehicle. These delivery vehicles were frequently made of cationic polymers or lipids, which made them
cytotoxic. After entering cells, DNA must escape from endosomes/lysosomes in order to reach the intended
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measurement site (e.g., cytoplasm). Microinjection or engineering lipid-based vehicles which could directly fuse
with the cell membrane could improve delivery. DNA-based nanomaterials for intracellular sensing and imaging
were also emerged [128,130]. For instance, Spherical nucleic acids, for instance (a nanoparticle with densely
grafted DNA) could go through cells without the use of a transfection agent [131-133]. DNA dendrimers created
by self-assembly had also been shown to enter cells efficiently [134]. These nanostructures, however, must still
deal with the endosome/lysosome escape issue. Another factor to consider for intracellular sensing was metal
binding affinity. K* (>100 mM), Na* (10 mM), and Mg?* (1 mM free Mg?*) were the most abundant metals in a
cell, while Ca?* was only present in trace amounts. Most transition metal ions, such as Zn?*, Cu?* and Fe®*, had
very low free metal concentrations due to binding by proteins and other biomolecules like GSH [135]. Most
DNA, on the other hand, bound transition metals with low micromolar affinities. As a result, measuring
transition metals in physiological conditions was difficult for DNA. The majority of recent research
concentrated on cell cultures. DNA probes must work in animal models via tail vain injection to have a real
clinical impact. Some difficulties in using aptamers for in vivo targeted drug delivery were observed, most
likely due to the high negative charges on nucleic acids, which cause nonspecific protein adsorption and rapid
systematic clearance [136]. Despite these obstacles, it's believed that developing DNA-based sensors for
intracellular metal detection was a viable option. The Lu group had already made significant advancements.
They first attached uranyl-specific 39E DNAzyme to the surface of AuNPs, which served as both a carrier for
intracellular DNAzyme delivery and a fluorescence quencher [137]. Tan and colleagues used the L-DNAzyme
instead of natural D-DNA to detect metal ions in serum and living cells to improve DNA stability during
transfection and resistance to nuclease degradation [138]. Ca?* and Mg?* metal concentrations in serum were
measured using DNAzymes [139,140]. DNAzymes were found to be stable in serum for hours, which was
sufficient for standard measurements [141]. G4 DNA was used to analyse K* levels in serum [142]. Urine, in
addition to blood, was a common biological sample for metal analysis. G4 DNAs were also used to detect K* in
urine [143]. Aptamers had also been investigated for their use in metal detection in other biological fluids such
as saliva [144,145].
3.3. DNA Nanotechnology

Metal-specific DNAzymes and aptamers were also useful for research in DNA nanotechnology.
DNAzyme catalyzed chemical reactions; for instance, provided chemical energies for the motion of DNA
nanodevices. Mao and colleagues built an autonomous tweezers-like nanomachine that contained the 10-23
DNAzyme and used the cleavage reaction to activate the tweezers [146]. They also created a "DNA walker," in
which a DNAzyme (the walker) walked along a DNA track that was powered by a DNAzyme cleavage reaction
as well as a strand-displacement process [147]. Following that, various DNA machines, such as "stepper" [148]
and "rotor" [149], were reported to use metal-activated DNAzymes or aptamers as a critical component. While
these devices were a long way from being useful, they could be combined with biosensors for analytical
applications to achieve signal amplification and simultaneous detection of multiple metal ions. Recently, DNA
nanotechnology had facilitated intracellular sensing applications of DNAzymes and aptamers, as demonstrated
by the above-mentioned construction of DNA dendrimers and DNA tetrahedrons.

3.4. Metal Speciation

Understanding environmental chemistry and biology required knowledge of metal speciation. For
instance, Cr* was less toxic than Cr (VI). Hg?* and organomercury were both toxic in different ways. Metal
ions associated with dissolved organic matter (DOM) had a lower bioavailability and could thus be detoxified
[150]. Other important species information in biology included Fe?*/Fe** and Cu?*/Cu*. Because Fe?* and Cu*
were unstable at room temperature, they were only important in biological systems. Most instrumentation
methods, however, only measured total metal concentration without specifying oxidation state. Biosensors
might be more useful in this regard because they could provide such information.

3.5. Pharmaceutical and theranostic applications

DNAzyme diagnostic and therapeutic applications were also reported [151]. Min and colleagues, for
instance, adsorbed a fluorophore labelled DNAzyme on grapheme oxide (GO) [152]. The recognition of mMRNA
desorbed the DNAzyme from GO, resulted in an increase in fluorescence. Simultaneously, the DNAzyme was
activated to cleave the target mMRNA. Furthermore, DNAzymes were used as a regulator for stimuli-responsive
drug release using metal ions. The Willner group demonstrated this by trapping fluorophores and anticancer
drugs in the pores of mesoporous silicananoparticles. After that, the pores were sealed with either DNAzymes or
metal binding aptamers [153-154] The capped DNA was cleaved (for DNAzymes) or folded (for aptamers) in
the presence of target metals, resulting in content release.
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IV. Conclusion
Metal ion measurement was important for a variety of applications. Such DNA-based metal sensors were
intended to gradually replace conventional analytical instruments. Besides being the genetic information's
carrier, DNA proved to be an excellent building block for the creation of new devices in biosensor technology.
This paper presented an overview of DNA-electrochemical biosensors and different metal cations sensed by
DNA-electrochemical biosensors. Finally several developed applications were mentioned.

REFERENCES
[1] Cheng Y, Sun C, Ou X, Zhai T, Liu B, Lou X and Xia, F. (2019): Coordination-induced structural
changes of DNA-based optical and electrochemical sensors for metal ions detection, Dalton Trans, 48: 5845-
6292.
[2] Zhou W, Saran R, Jimmy Huang PJ, Ding J, and Liu J. (2017): An Exceptionally Selective DNA
Cooperatively Binding Two Ca?* ions, ChemBioChem, 18: 518-522.
[3] Alizadeh T, NaserShamkhalib A, Hanifehpourc Y, Woo Jooc S. (2016): A Ca?* selective membrane
electrode based on calcium-imprinted polymeric nanoparticles New J. Chem, 40: 8479-8487.
[4] Yu T, Zhou W and Liu J. (2018): Screening of DNAzyme mutants for highly sensitive and selective
detection of calcium in milk, Anal Methods, 10: 1740- 1746.
[5] Zamani HA, Nezhadali A and Saghravanian M. (2008): Magnesium-PVC Membrane Sensor Based on
4,5-Bis (Benzoylthio)-1,3-Dithiole-2-Thione, Analytical Letter, 41: 2727-2742.
[6] Zheng X, Cheng W, Ji C, Zhang J, and Yin M. (2020): Detection of metal ions in biological systems: A
review, Analytical Chemistry 39: 231-246.
[7] Gedanken A, sadhanala HK and S. Pagidi S. (2020): High Quantum Yield Boron-doped Carbon Dots:
Ratiometric Fluorescent Probe for Highly Selective and Sensitive Detection of Mg?* ions, J. Mater Chem. C,
DOI: 10.1039/D0OTC05081D.

[8] Narin I, Soylak M, El¢i L and Dogan M. (2000): Determination of trace metal ions by AAS in natural
water samples after preconcentration of pyrocatechol violet complexes on an activated carbon column, Talanta,
52: 1041-1046.

[9] Lorber KE. (1986): Monitoring of heavy metals by energy dispersive x-ray fluorescence spectrometry,
Waste Manage. Res, 4: 3-13.

[10] Hightower JM and Moore D. (2003): Mercury levels in high-end consumers of fish, Environ. Health
Perspect, 111: 604-608.

[11] Wang ZH, Yin YG, He B, Shi JB, Liu JF and GB, J. (2010): I-cysteine-induced degradation of organic
mercury as a novel interface in the HPLC-CV-AFS hyphenated system for speciation of mercury, Anal. At.
Spectrom, 25: 810-814.

[12] Cooper J and Cass T. (2004): Biosensors, Oxford University Press, USA.
[13] Khalid M. Abu-Salah KM, Zourob MM, Mouffouk F, Alrokayan SA, Alaamery MA and Ansari AA.
(2015): DNA-Based Nanobiosensors as an Emerging Platform for Detection of Disease, Sensors, 15: 14539-
14568.

[14] Zhou W, Saran R, and Liu J. (2017): Metal Sensing by DNA, American Chemical Society, 117: 8272-
8325.

[15] Saidura MR, Abdul Aziz AR, Basirun WJ. (2017): Recent advances in DNA-based electrochemical
biosensors for heavy metal ion detection: A Review, Biosensors and Bioelectronic, 90: 125-139.

[16] Simdes FR, Xavier MG. (2017): Electrochemical Sensors, Nanoscience and its Applications, 155-178.
[17] Naveen MH, Gurudatt NG, Shim YB. (2017): Applications of conducting polymer composites to
electrochemical sensors: A review, Applied Materials Today, 9: 419-433.

[18] Stradiotto NR, Yamanaka H and Zanoni MV. (2003): Electrochemical Sensors: A Powerful Tool in
Analytical Chemistry, J. Braz. Chem. Soc., 14: 159-173.

[19] Ronkainen NJ, Brian Halsall H and Heineman WR. (2010): Electrochemical biosensors, Chemical
Society Reviews, 39: 1747-1763.

[20] Du Y, Dong S. (2017): Nucleic acid biosensors: Recent advances and perspectives, Anal. Chem, 89: 189-
215.

[21] Ferapontova EE. (2017): Hybridization biosensors relying on electrical properties of nucleic acids,
Electroanalysis, 29: 6-13.

[22] Tang Y, Ge B, Sen D and Yu HZ. (2014): Functional DNA switches: Rational design and electrochemical
signaling, Chem. Soc. Rev. 43: 518-529.

[23] Tan W, Donovan MJ, Jiang J. (2013): Aptamers from cell-based selection for bioanalytical applications,
Chem.Rev, 113: 2842-2862.

https://bfszu.journals.ekb.eg/journal Page76




Bulletin of Faculty of Science ,Z I i I 2022

[24] Golub E, Albada HB, Liao WC, Biniuri Y, Willner 1. (2016): Nucleoapzymes: Hemin/G-quadruplex,
DNAzyme-aptamer binding site conjugates with superior enzyme-like catalytic functions, J. Am. Chem.Soc,
138: 164-172.

[25] Zhao XH, Gong L, Zhang XB, Yang B, Fu T, Hu R, Tan W, Yu R. (2013): Versatile DNAzyme-based
amplified biosensing platforms for nucleic acid, protein, and enzyme activity detection, Anal. Chem, 85: 3614-
3620.

[26] Pale¢ek E, Doréak V. (2017): Label-free electrochemical analysis of biomacromolecules, Appl. Mater.
Today 9: 434-450.

[27] Zhao XP, Liu FF, Hu WC, Younis MR, Wang C, Xia XH. (2019): Biomimetic nanochannel-ionchannel
hybrid for ultrasensitive and label-free detection of microRNA in cells, Anal. Chem. 91: 3582-3589.

[28] Alvarez-Martos |, Ferapontova EE. (2016): Electrochemical label-free aptasensor for specific analysis of
dopamine in serum in the presence of structurally related neurotransmitters, Anal. Chem. 88: 3608.

[29] Ariksoysal D, Karadeniz H, Erdem A, Sengonul A, Sayiner A, Ozsoz M. (2005): Label-free
electrochemical hybridization genosensor for the detection of hepatitis B virus genotype on the development of
lamivudine resistance, Anal. Chem. 77: 4908.

[30] Lusi EA, Passamano M, Guarascio P, Scarpa A, Schiavo L. (2009): Innovative electrochemical
approach for an early detection of microRNAs, Anal. Chem. 81: 2819-2822.

[31] Eskiocak U, Ozkan-Ariksoysal D, Ozsoz M, Oktem HA. (2007): Label-free detection of telomerase
activity using guanine electrochemical oxidation signal, Anal. Chem. 79: 8807-8811.

[32] Ozkan-Ariksoysal D, Tezcanli B, Kosova B, Ozsoz M. (2008): Design of electrochemical biosensor
systems for the detection of specific DNA sequences in PCR-amplified nucleic acids related to the catechol-O-
methyltransferase Val108/158met polymorphism based on intrinsic guanine signal, Anal. Chem.80 : 588-596.
[33] Oliveira-Brett AM, Piedade JA, Silva LA, Diculescu VC. (2004): Voltammetric determination of all
DNA nucleotides, Anal. Biochem. 332 321-329.

[34] Palecek E. (1960): Oscillographic polarography of highly polymerized deoxyribonucleic acid, Nature 188:
656-657.

[35] Palec¢ek E. (1988): Adsorptive transfer stripping voltammetry: Determination of nanogram quantities of
DNA immobilized at the electrode surface, Anal. Biochem. 170: 421-431.

[36] Jelen F, Yosypchuk B, Kourilova A and Novotny L, Palecek E. (2002): Label-free determination of
pictogram quantities of DNA by stripping voltammetry with solid copper amalgam or mercury electrodes in the
presence of copper, Anal. Chem. 74: 4788-4793.

[37] Palecek E, Billova S, Havran L, Kizek R, Mic¢ulkova A, Jelen F. (2002): DNA hybridization at
microbeads with cathodic stripping voltammetric detection, Talanta 56: 919-930.

[38] Wang J, Jiang M, Fortes A, Mukherjee B. (1999): New label-free DNA recognition based on doping
nucleic-acid probes within conducting polymer films, Anal. Chim. Acta 402: 7-12.

[39] Wang J, Kawde AN. (2001): Pencil-based renewable biosensor for label-free electrochemical detection of
DNA hybridization, Anal. Chim. Acta 431: 219-224.

[40] Wang J, Kawde AN, Erdem A, Salazar M. (2001): Magnetic bead-based label-free electrochemical
detection of DNA hybridization, Analyst 126: 2020-2024.

[41] Yang F, Wang P, Wang R, Zhou Y, Su X, He Y, Shi L, Yao D. (2016): Label free electrochemical
aptasensor for ultrasensitive detection of ractopamine, Biosens. Bioelectron. 77: 347-352.

[42] Bozokalfa G, Akbulut H, Demir B, Guler E, Gumus ZP, Demirkol DO, Aldemir E, Yamada S, Endo
T, Coskunol H, Timur S, Yagci Y. (2016): Polypeptide functional surface for the aptamer immobilization:
Electrochemical cocaine biosensing, Anal. Chem. 88: 4161-4167.

[43] Gooding JJ, Darwish N. (2012): The rise of self-assembled monolayers for fabricating electrochemical
biosensors--an interfacial perspective, Chem. Rec. 12: 92-105.

[44] Diculescu VC, Chiorcea-Paquim AM, Oliveira-Bret AM. (2016): Applications of a DNA-
electrochemical biosensor, 79: 23-36.

[45] Zhang S, Wright G, Yang Y. (2000): Materials and techniques for electrochemical biosensor design and
construction, Biosens. Bioelectron. 15: 273-282.

[46] Wei F, Sun B, Liao W, Ouyang JH, Zhao XS. (2003): Achieving differentiation of single-base mutations
through hairpin oligonucleotide and electric potential control, Biosens. Bioelectron, 18: 1149-1155.

[47] Lim AC, Yean CY, Ravichandran M, Lim BH, Lalitha P. (2011): A rapid DNA biosensor for the
molecular diagnosis of infectious disease, Biosens. Bioelectron. 26: 3825-3831.

[48] Parab HJ, Jung C, Lee JH and Park HG. (2010): A gold nanorod-based optical DNA biosensor for the
diagnosis of pathogens, Biosens. Bioelectron, 26: 667-673.

[49] Wang J. (1999): Towards Genoelectronics: Electrochemical Biosensing of DNA Hybridization Chem. Eur.
J, 5:1681- 1685.

https://bfszu.journals.ekb.eg/journal Page77




Bulletin of Faculty of Science ,Z I i I 2022

[50] Willner 1, Patolsky F, Weizmann Y and Willnerm B. (2002): Amplified detection of single-base
mismatches in DNA using microgravimetric quartz-crystal-microbalance transduction, Talanta 56: 847-856.

[51] Guiducci C, Stagni C, Zuccheri G, Bogliolo A, Benini L, Samori B and Ricco B. (2004): DNA
detection by integrable electronics, Biosens. Bioelectron, 19; 781-787.

[52] Liu A, Wang K, Weng S, Lei Y, Lin L, Chen W, Lin X and Chen Y. (2012): Development of
electrochemical DNA biosensors, Trends in Analytical Chemistry, 37: 101-111.

[53] ZhangX, Kong R and Lu Y. (2011): Metal lon Sensors Based on DNAzymes and Related DNA
Molecules, Annu. Rev. Anal. Chem, 4: 105.

[54] Tan Z, Chen S. (2006): Nucleic Acid Helix Stability: Effects of Salt Concentration, Cation Valence and
Size, and Chain Length, Biophys. J, 90: 1175-1190.

[55] Eichhorn Gl and Shin YA. (1968): Interaction of Metal lons with Polynucleotides and Related
Compounds. XII. The Relative Effect of Various Metal lons on DNA Helicity, J. Am. Chem. Soc, 90:
7323-7328.

[56] Young MA, Jayaram B and Beveridge D. (1997): Intrusion of Counterions into the Spine of Hydration in
the Minor Groove of B- DNA: Fractional Occupancy of Electronegative Pockets, J. Am. Chem. Soc, 119: 59-
69.

[57] Heddi B, Foloppe N, Hantz E and Hartmann B. (2007): The DNA Structure Responds Differently to
Physiological Concentrations of K* or Na*, J. Mol. Biol, 368: 1403-1411.

[58] Cesare Marincola F, Denisov VP and Halle B. (2004): Competitive Na* and Rb* Binding in the Minor
Groove of DNA, J. Am. Chem. Soc. 126: 6739-6750.

[59] Vlassakis J, Williams J, Hatch K, Danilowicz C, Coljee VW and Prentiss M. (2008): Probing the
Mechanical Stability of DNA in the Presence of Monovalent Cations, J. Am. Chem. Soc. 130: 5004-5005.

[60] Wang K, Zangmeister RA and Levicky R. (2009): Equilibrium Electrostatics of Responsive
Polyelectrolyte Monolayers, J. Am. Chem. Soc, 131: 318-326.

[61] Tereshko V, Wilds CJ, Minasov G, Prakash TP, Maier MA, Howard A, Wawrzak Z, Manoharan M
and Egli, M. (2001): Detection of Alkali Metal lons in DNA Crystals Using State-of-the-Art X-Ray Diffraction
Experiments, Nucleic Acids Res, 29: 1208-1215

.[62] Li Z, Niu T, Zhang Z, Feng G and Bi S. (2012): Effect of Monovalent Cations (Li*, Na*, K*, Cs*) on
Self-Assembly of Thiol-Modified Double-Stranded and Single-Stranded DNA on Gold Electrode. Analyst, 137,
1680-1691.

[63] Torabi SF, Wu P, McGhee CE, Chen L, Hwang K, Zheng N, Cheng J and Lu Y. (2015): In Vitro
Selection of a Sodium-Specific DNAzyme and Its Application in Intracellular Sensing, Proc. Natl. Acad. Sci. U.
S. A, 112: 5903-5908.

[64] Vummidi BR, Alzeer J and Luedtke NW. (2013): Fluorescent Probes for G-Quadruplex Structures,
ChemBioChem, 14: 540-558.

[65] Sun H, Chen H, Zhang X, Liu Y, Guan A, Li Q, Yang Q, Shi Y, Xu S and Tang Y. (2016):
Colorimetric Detection of Sodium lon in Serum Based on the G-Quadruplex Conformation Related DNAzyme
Activity, Anal. Chim. Acta, 912: 133-138.

[66] Bhattacharyya D, Mirihana Arachchilage G and Basu S. (2016): Metal Cations in G-Quadruplex
Folding and Stability, Front. Chem, 4: 38.

[67] Mekmaysy CS, Petraccone L, Garbett NC, Ragazzon, PA, Gray R, Trent JO and Chaires JB. (2008):
Effect of O6-Methylguanine on the Stability of G-Quadruplex DNA, J. Am. Chem. Soc, 130: 6710-6711.

[68] Gray RD and Chaires JB. (2008): Kinetics and Mechanism of K* and Na* Induced Folding of Models of
Human Telomeric DNA into G-Quadruplex Structures, Nucleic Acids Res, 36: 4191-4203.

[69] Huang CC and Chang, HT. (2008): Aptamer-Based Fluorescence Sensor for Rapid Detection of
Potassium lons in Urine, Chem. Commun: 1461-1463.

[70] Qin H, Ren J, Wang J, Luedtke NW and Wang E. (2010): G-Quadruplex- Modulated Fluorescence
Detection of Potassium in the Presence of a 3500-Fold Excess of Sodium lons, Anal. Chem, 82: 8356-8360.

[71] Zhang S, Zhang R, Ma B, Qiu J, Li J, Sang Y, Liu W and Liu H. (2016): Specific Detection of
Potassium lon in Serum by a Modified G-Quadruplex Method, RSC Adv, 6: 41999-42007.

[72] Yang L, Qing Z, Liu C, Tang Q, Li J, Yang S, Zheng J, Yang R and Tan W. (2016): Direct Fluorescent
Detection of Blood Potassium by lon-Selective Formation of Intermolecular G-Quadruplex and Ligand Binding,
Anal. Chem. 88: 9285-9292.

[73] Strupp C. (2011): Beryllium Metal Il. A Review of the Available Toxicity Data, Ann. Occup. Hyg. 55: 43-
56.

[74] Dix DE and Straus DB. (1972): DNA Helix Stability. I. Differential Stabilization by Counter Cations,
Arch. Biochem, Biophys, 152: 299-310.

https://bfszu.journals.ekb.eg/journal Page78




Bulletin of Faculty of Science ,Z I i I 2022

[75] Langlais M, Tajmir-Riahi HA and Savoie R. (1990): Raman Spectroscopic Study of the Effects of Ca?*,
Mg?*, Zn?*, and Cd?* lons on Calf Thymus DNA: Binding Sites and Conformational Changes, Biopolymers, 30:
743-752.

[76] Zheng H, Shabalin IG, Handing KB, Bujnicki JM and Minor W. (2015): Magnesium-Binding
Architectures in RNA Crystal Structures: Validation, Binding Preferences, Classification and Motif Detection,
Nucleic Acids Res, 43: 3789-3801.

[77] Leonarski F, D’Ascenzo L and Auffinger P. (2017): Mg?* lons: Do They Bind to Nucleobase Nitrogens?
Nucleic Acids Res, 45: 987-1004.

[78] Peracchi A. (2000): Preferential Activation of the 8-17 Deoxyribozyme by Ca?* lons: Evidence for the
Identity of 8-17 with the Catalytic Domain of the Mg5 Deoxyribozyme, J. Biol. Chem, 275: 11693-11697.

[79] Faulhammer D and Famulok M. (1996): The Ca?* lon as a Cofactor for a Novel RNA-Cleaving
Deoxyribozyme, Angew. Chem., Int. Ed. Engl, 35: 2837-2841.

[80] Kankia Bl and Marky LA. (2001): Folding of the Thrombin Aptamer into a G-Quadruplex with Sr?*:
Stability, Heat, and Hydration, J. Am. Chem. Soc, 123: 10799-10804.

[81] Qu K, Zhao C, Ren J and Qu X. (2012): Human Telomeric G- Quadruplex Formation and Highly
Selective Fluorescence Detection of Toxic Strontium lons, Mol. BioSyst, 8: 779-782.

[82] Leung KH, Ma VPY, He HZ, Chan DSH, Yang H, Leung CH, Ma DL. (2012): A Highly Selective G-
Quadruplex-Based Luminescent Switch-on Probe for the Detection of Nanomolar Strontium (I1) lons in Sea
Water, RSC Adv, 2: 8273-8276.

[83] Duguid J, Bloomfield VA, Benevides J and Thomas GJ Jr. (1993): Raman Spectroscopy of DNA-Metal
Complexes. I. Interactions and Conformational Effects of the Divalent Cations: Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu,
Pd, and Cd, Biophys. J, 65: 1916-1928.

[84] Hackl EV, Kornilova SV and Blagoi YP. (2005): DNA Structural Transitions Induced by Divalent Metal
lons in Aqueous Solutions, Int. J. Biol. Macromol, 35: 175-191.

[85] Cuenoud B and Szostak JWA. (1995): DNA Metalloenzyme with DNA Ligase Activity, Nature, 375:
611-614.

[86] Carmi N, Shultz LA and Breaker RR. (1996): In Vitro Selection of Self-Cleaving Dnas, Chem. Biol, 3:
1039-1046.

[87] Carmi N, Balkhi SR and Breaker RR. (1998): Cleaving DNA with DNA, Proc. Natl. Acad. Sci. U. S. A,
95: 2233-2237.

[88] Wang C, Li Y, Jia G, Liu Y, Lu S and Li C. (2012): Enantioselective Friedel-Crafts Reactions in Water
Catalyzed by a Human Telomeric G-Quadruplex DNA Metalloenzyme, Chem. Commun, 48: 6232-6234.

[89] Zhan S, Xu H, Zhang W, Zhan X, Wu Y, Wang L and Zhou P. (2015): Sensitive Fluorescent Assay for
Copper (I1) Determination in Aqueous Solution Using Copper-Specific Ssdna and Sybr Green |, Talanta, 142:
176-182.

[90] Gu H, Furukawa K, Weinberg Z, Berenson DF, Breaker RR. (2013): Small, Highly Active DNAs That
Hydrolyze DNA, J. Am. Chem. Soc, 135: 9121-9129.

[91] Ciesiolka J and Yarus M. (1996): Small RNA-Divalent Domains. RNA, 2: 785-793.

[92] Kawakami J, Imanaka H, Yokota Y and Sugimoto, N. (2000): In Vitro Selection of Aptamers That Act
with Zn?*, J. Inorg. Biochem, 82: 197-206.

[93] Popovi¢ M, Fliss PS and Ditzler MA. (2015): In Vitro Evolution of Distinct Self-Cleaving Ribozymes in
Diverse Environments, Nucleic Acids Res, 43: 7070-7082.

[94] Wrzesinski J and Ciesiolka J. (2005): Characterization of Structure and Metal lons Specificity of Co?*-
Binding RNA Aptamers, Biochemistry, 44: 6257-6268.

[95] Zhang JF, Zhou Y, Yoon J and Kim JS. (2011): Recent Progress in Fluorescent and Colorimetric
Chemosensors for Detection of Precious Metal lons (Silver, Gold and Platinum lons), Chem, Soc. Rev, 40:
3416-3429.

[96] Tracey MP, Pham D, Koide K. (2015): Fluorometric Imaging Methods for Palladium and Platinum and
the Use of Palladium for Imaging Biomolecules, Chem. Soc. Rev, 44: 4769-4791.

[97] Ono A, Cao S, Togashi H, Tashiro M, Fujimoto T, Machinami T, Oda S, Miyake Y, Okamoto | and
Tanaka Y. (2008): Specific Interactions between Silver (1) lons and Cytosine-Cytosine Pairs in DNA Duplexes,
Chem. Commun, 4825-4827.

[98] Lee J, Park J, Lee HH, Park H, Kim HI and Kim WJ. (2015): Fluorescence Switch for Silver lon
Detection Utilizing Dimerization of DNA-Ag Nanoclusters, Biosens. Bioelectron, 68: 642-647.

[99] Kang BH, Gao ZF, Li N, Shi Y, Li NB and Luo HQ. (2016): Thiazole Orange as a Fluorescent Probe:
Label-Free and Selective Detection of Silver lons Based on the Structural Change of i-Motif DNA at Neutral
pH.Talanta, 156: 141-146.

[100] Tan H and Chen Y. (2011): Ag*-Enhanced Fluorescence of Lanthanide/ Nucleotide Coordination
Polymers and Ag* Sensing, Chem. Commun, 47: 12373-12375.

https://bfszu.journals.ekb.eg/journal Page79




Bulletin of Faculty of Science ,Z I i I 2022

[101] Xiao Y, Rowe AA, Plaxco KW. (2007): Electrochemical detection of parts-per-billion lead via an
electrode bound DNAzyme assembly, J. Am. Chem. Soc. 129: 262-263.

[102] Shen L, Chen Z, Li Y, He S, Xie S, et al. (2008): Electrochemical DNAzyme sensor for lead based on
amplification of DNA—Au bio-bar codes, Anal. Chem, 80: 6323-6328.

[103] Ono A and Togashi H. (2004): Highly selective oligonucleotide-based sensor for mercury in agueous
solutions, Angew. Chem. Int. Ed, 43: 4300-4302.

[104] Ono A, Cao S, Togashi H, Tashiro M, Fujimoto T, et al. (2008): Specific interactions between silver(l)
ions and cytosine-cytosine pairs in DNA duplexes, Chem. Commun, 4825-27.

[105] Guschlbauer W, Chantot JF and Thiele D. (1990): Four-stranded nucleic acid structures 25 years later:
from guanosine gels to telomere DNA, Biomol. Struct. Dyn, 8: 491-511.

[106] Smirnov I, Shafer RH. (2000): Lead is unusually effective in sequence-specific folding of DNA, J.
Mol.Biol. 296: 1-5.

[107] Grynkiewicz G, Poenie M and Tsien RY. (1985): A new generation of Ca?* indicators with greatly
improved fluorescence properties, J. Biol. Chem, 260: 3440-3450.

[108] Stelmach E, Szymczycha-Madeja A and Pohl P. (2016): A Simplified Determination of Total
Concentrations of Ca, Fe, Mg and Mn in Addition to Their Bioaccessible Fraction in Popular Instant Coffee
Brews.Food Chem, 197: 388-394.

[109] Lopez-Castilla A, Thomassin JL, Bardiaux B, Zheng WL, Nivaskumar M, Yu X, Nilges M, Egelman
EH, lzadi-Pruneyre N and Francetic O. (2017): Structure of the Calcium-Dependent Type 2Secretion
Pseudopilus.Nat. Microbiol, 2: 1686-1695.

[110] Ostad MA, Hajinia A and Heidari TA. (2017): Novel Directand Cost Effective Method for Fabricating
Paper-Based Microfluidic Device by Commercial Eye Pencil and Its Application for Determining Simultaneous
Calcium and magnesium. Microchem.J, 133: 545-550.

[111] Nyein HYY, Gao W, Shahpar Z, Emaminejad, S, Challa, S, Chen, K, Fahad HM, Tai LC, Ota H,
Davis RW and Javey A. (2016): A Wearable Electrochemical Platform for Noninvasive Simultaneous
Monitoring of Ca?* and pH. ACS Nano, 10: 7216-7224.

[112] Li L, Ma X, Dong W, Miao P, and Tang Y. (2018): Electrochemical Determination of Ca%* Based On
Recycling Formation of Highly Selective DNAzyme and Gold Nanoparticle-Mediated Amplification,
Bioconjugate Chemistry, 29: 1021-1024.

[113] Liu SY, Wang H, Cheng Z and Liu HG. (2016): Hexametaphosphate-Capped Quantum Dots as
Fluorescent Probes for Detection of Calcium lon and Fluoride.Sens. Actuators, 232: 306-312.

[114] Vijayalakshmi A and Thamaraiselvi J. (2017): Calcium lon Selective Electrode Based on Surface
Modified Zeolite Based lonophore and its Analytical Application, ORIENTAL JOURNAL OF CHEMISTRY,
33: 396-401.

[115] Yang Q, Zhang M, Ming C, Liu G and Wang M. (2019): All-solid-state Ca?* lon-selective Electrode
with Black Phosphorus and Reduced Graphene Oxide as the Mediator Layer,Int. J. Electrochem. Sci, 14.

[116] Vijayalakshmi A and Thamaraiselvi J. (2017): Calcium lon Selective Electrode Based on Schiff Base
As lonophore & Determination of Thermodynamic Functions & Its Analytical Application, ORIENTAL
JOURNAL OF CHEMISTRY, 33: 531-536.

[117] Van Dat N, Tuan HT, QuocPhong H, Huong HL, Dat TN and Purwadi R. (2020): The preparation of
a fine tip calcium ion selective electrode, Can Tho University Journal of Science, 12: 45-49.

[118] LU H, Zhao Y , Ma J, Li J, Wang H and Lu Z. (2001): Eletrochemical Detection of Magnesium lons
Using PVC Membrane Trapped Chlorophyll A Molecules, Molecular Crystals and Liquid Crystals Science and
Technology, 371: 391-396.

[119] Gupta VK, Chandra S and Mangla R. (2002): Magnesium-selective electrodes, Sensors and Actuators
B Chemical, 86: 235-241.

[120] Chandra S, Sharma K, and Kumar A. (2012): Mg(ll) Selective PVC Membrane Electrode Based on
Methyl Phenyl Semicarbazone as an lonophore, Journal of Chemistry, 2013: 7 pages.

[121] Hajizadeh N. (2019): Determination of Magnesium (Il) by a Coated Graphite Electrode Based on
Risperidone as an lonophore, International Journal of New Chemistry, 6: 198-214.

[122] Khalil S and Alharthi SS. (2020): lon-selective Membrane Sensor for Magnesium Determination in
Pharmaceutical Formulations, Int. J. Electrochem. Sci., 15: 9223-9232.

[123] Zhang H, Yin C, Liu T, Chao J, Zhang Y and Huo F. (2017): selective “off-on” detection of
magnesium (I1) ions using a naphthalimide-derived fluorescent probe, Dyes and Pigments, 146: 344-351.

[124] Yu C, Fu Q, and Zhang J. (2014): Synthesis and Characterization of a Mg?*-Selective Fluorescent
Probe, Sensors, 14: 12560-12567.

[125] Men G, Chen C, Zhang S, Liang C, Wang Y, Deng M, Shang H, Yang B and Jiang S. (2015): A real-
time fluorescent sensor specific to Mg?*: crystallographic evidence, DFT calculation and its use for quantitative
determination of magnesium in drinking water, Dalton Trans, 44: 2517-2528.

https://bfszu.journals.ekb.eg/journal Page80




Bulletin of Faculty of Science ,Z I i I 2022

[126] Nagraj N and Lu Y. (2011): Catalytic Nucleic Acid Biosensors for Environmental Monitoring. In
Nucleic Acid Biosensors for Environmental Pollution Monitoring; The Royal Society of Chemistry: London,
82-98.

[127] Wernette D P, Liu J, Bohn PW and Lu Y. (2008): Functional-DNABased Nanoscale Materials and
Devices for Sensing Trace Contaminants in Water. MRS Bull, 33: 34-41.

[128] Torabi SF and Lu Y. (2014): Functional DNA Nanomaterials for Sensing and Imaging in Living Cells.
Curr. Opin. Biotechnol, 28: 88—-95.

[129] Zhang J, Cheng F, Li J, Zhu JJ and Lu Y. (2016): Fluorescent Nanoprobes for Sensing and Imaging of
Metal lons: Recent Advances and Future Perspectives. Nano Today, 11: 309—329.

[130] Xiang Y, Wu P, Tan LH and Lu Y. (2014): DNAzyme-Functionalized Gold Nanoparticles for
Biosensing. In Biosensors Based on Aptamers and Enzymes; Gu, M. B., Kim, H.-S., Eds.; Springer: Berlin, pp
93-120.

[131] Banga RJ, Chernyak N, Narayan SP, Nguyen ST and Mirkin CA. (2014): Liposomal Spherical
Nucleic Acids. J. Am. Chem. Soc., 136: 9866—9869.

[132] Cutler JI, Auyeung E, Mirkin CA. (2012): Spherical Nucleic Acids. J. Am. Chem. Soc, 134,
1376-1391.

[133] Rouge JL, Sita TL, Hao L, Kouri FM, Briley WE, Stegh AH, Mirkin CA. (2015):
Ribozyme—Spherical Nucleic Acids. J. Am. Chem. Soc, 137: 10528-10531.

[134] Meng H, Zhang X, Lv Y, Zhao Z, Wang N, Fu T, Fan H, Liang H, Qiu L, Zhu G and Tan W. (2014):
DNA Dendrimer: An Efficient Nanocarrier of Functional Nucleic Acids for Intracellular Molecular Sensing.
ACS Nano, 8: 6171-6181.

[135] Canzoniero LMT, Turetsky DM and Choi DW. (1999): Measurement of Intracellular Free Zinc
Concentrations AccompanyingZinc-Induced Neuronal Death. J. Neurosci, 19, RC31.

[136] Da Pieve C, Blackshaw E, Missailidis S and Perkins AC. (2012): Pegylation and Biodistribution of an
Anti-Mucl Aptamer in MCF-7 Tumor-Bearing Mice. Bioconjugate Chem, 23: 1377-1381.

[137] Wu P, Hwang K, Lan T and Lu Y. (2013): A DNAzyme-Gold Nanoparticle Probe for Uranyl lon in
Living Cells. J. Am. Chem. Soc, 135: 5254-5257.

[138] Cui L, Peng R, Fu T, Zhang X, Wu C, Chen H, Liang H, Yang CJ and Tan W. (2016): Biostable L-
DNAzyme for Sensing of Metallons in Biological Systems. Anal. Chem. 2016, 88, 1850-1855.

[139] Gao X, Huang H, Niu S, Ye H, Lin Z, Qiu B and Chen G. (2012): Determination of Magnesium lon in
Serum Samples by a DNAzyme- Based Electrochemical Biosensor. Anal. Methods, 4: 947—-952.

[140] Zhou W, Zhang Y, Ding J and Liu J. (2016): In Vitro Selection in Serum: RNA-Cleaving DNAzymes
for Measuring Ca?* and Mg?*. ACS Sensors, 1: 600-606.

[141] Zhou W, Chen Q, Huang PJJ, Ding J and Liu J. (2015): DNAzyme Hybridization, Cleavage,
Degradation, and Sensing in Undiluted Human Blood Serum. Anal. Chem, 87: 4001-4007.

[142] Zzhang S, Zhang R, Ma B, Qiu J, Li J, Sang Y, Liu W and Liu H. (2016): Specific Detection of
Potassium lon in Serum by a Modified GQuadruplex Method. RSC Adyv, 6: 41999-42007.

[143] Huang CC and Chang HT. (2008): Aptamer-Based Fluorescence Sensor for Rapid Detection of
Potassium lons in Urine. Chem.Commun, 1461-1463.

[144] Zheng P, Li M, Jurevic R, Cushing SK, Liu Y and Wu NA. (2015): Gold Nanohole Array Based
Surface-Enhanced Raman Scattering Biosensor for Detection of Silver (1) and Mercury (11) in Human Saliva.
Nanoscale, 7: 11005-11012.

[145] Wordofa DN, Ramnani P, Tran TT and Mulchandani A. (2016): An Oligonucleotide-Functionalized
Carbon Nanotube Chemiresistor for Sensitive Detection of Mercury in Saliva. Analyst, 141: 2756-2760.

[146] Chen Y and Mao C. (2004): Putting a Brake on an Autonomous DNA Nanomotor. J. Am. Chem. Soc,
126, 8626-8627.

[147] Tian Y, He Y, Chen Y, Yin P and Mao CA. (2005): DNAzyme That Walks Processively and
Autonomously Along a One-Dimensional Track. Angew. Chem., Int. Ed, 44: 4355—4358.

[148] Wang ZG, Elbaz J and Willner 1. (2011): DNA Machines: Bipedal Walker and Stepper. Nano Lett, 11,
304-3009.

[149] Lu CH, Cecconello A, Elbaz J, Credi A and Willner 1A. (2013): Three-Station DNA Catenane Rotary
Motor with Controlled Directionality. Nano Lett, 13: 2303—2308.

[150] Inaba S and Takenaka C. (2005): Effects of Dissolved Organic Matter on Toxicity and Bioavailability
of Copper for Lettuce Sprouts. Environ. Int, 31: 603-608.

[151] Zhou W, Ding J and Liu J. (2017): Theranostic DNAzymes. Theranostics, 7: 1010—1025.

[152] Kim S, Ryoo S, Na H, Kim Y, Choi B, Lee Y, Kim D and Min DH. (2013): Deoxyribozyme-Loaded
Nano-Graphene Oxide for Simultaneous Sensing and Silencing of the Hepatitis C Virus Gene in Liver Cells.
Chem. Commun, 49: 8241-8243.

https://bfszu.journals.ekb.eg/journal Page81




Bulletin of Faculty of Science ,Zagazig

2022

[153] Zhang Z, Balogh D, Wang F and Willner 1. (2013): Smart Mesoporous SiO. Nanoparticles for the

DNAzyme-Induced Multiplexed Release of Substrates. J. Am. Chem. Soc, 135: 1934-1940.

[154] Balogh D, Aleman Garcia M A, Albada HB and Willner 1. (2015): Programmed Synthesis by Stimuli-

Responsive DNAzyme-Modified Mesoporous SiO, Nanoparticles. Angew. Chem, 127, 11818-11822.

https://bfszu.journals.ekb.eg/journal

Page82




