African Journal of Advanced Pure and Applied

AT
S ‘%, Sciences (AJAPAS)
RN, Online ISSN: 2957-644X
I Volume 4, Issue 3, 2025
Page No: 245-261
AJAPAS Website: https://aaasjournals.com/index.php/ajapas/index
I1S1 2025: 1.126 SJIFactor 2024: 6.752 1.62 i) okl Jalaa

Interactions of Transition Metal lons with DNA:
A Review of AFM and FTIR Studies for Structural Insights and
Nanostructures Fabrication

Hasan Daw A. Mohamed **, Mahmoud A. Abushiba ?, Amal Guma Saaid 2,
Zenineb M. Khalifa Mohamed *
134 Chemistry Department, Faculty of Science, Azzaytuna University, Tarhuna, Libya
2 Faculty of Medicine, Azzaytuna University, Tarhuna, Libya

caal dady) Cida bl Al A2l ja :DNA 958 (aaad) e 4B jualiad) il gaf cBle s
QuSI Al ymaatg o g oill aaal) Ay A il agll AFM M) (5 681 jgaag FTIR #1aall
4y i il
4Amwhchuwj‘3dgmam&\ ‘Zqﬁy\djjuﬂ\djmel%dméﬁﬁﬁ\}mwn

Lol A 5055 5 31 el e slall A0S (o Lua) and 4311
L €5 e 30 Al ccpalall 208 2

“Corresponding author: hasanly274@gmail.com

Received: June 16, 2025 | Accepted: August 08, 2025 |  Published: August 18, 2025

Abstract:

DNA possesses a diverse a range of chemical functionalities that allow it to interact with transition metal ions,
influencing its structural stability and serving as a valuable template for nanostructure fabrication. This review
focuses on the application of Fourier Transform Infrared Spectroscopy (FTIR) and Atomic Force Microscopy
(AFM) to explore these interactions. FTIR offers molecular-level insights into how metal ions coordinate with
phosphate groups and nitrogenous bases, while AFM visualizes the resulting nanoscale changes in DNA
morphology. Investigations of metal ions such as Cu?*, Ag*, Ni**, Co?*, Fe?*, Zn*", and Rh** reveal varying binding
behaviors, structural impacts, and potential applications. A comparative analysis of Cu(ll) and Ag(l) interactions
with DNA demonstrates that copper can cause significant structural disruption and oxidative damage, whereas
silver selectively binds to guanine and adenine without inducing major conformational changes. The combined
application of FTIR and AFM provides a comprehensive understanding of DNA-metal ion interactions,
supporting their use in biosensing, nanowire fabrication, DNA-templated nanoparticles, and the development of
metal-based therapeutic agents.
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1-Introduction

Transition metals are a group of chemical elements that have incomplete d-orbitals, which allow them to exhibit
variable oxidation states and form coordination complexes with ligands. These properties make transition metals
well-suited for various biological functions. Many vital processes in living creatures are based on the complex
interactions between transition metals and biological molecules [1, 2].

Deoxyribonucleic acid (DNA) is a fundamental biomolecule that functions as the major constituent of
chromosomes and the carrier of genetic information in all living cells [3, 4]. In addition to its biological role, DNA
possesses structural and chemical properties that allow it to be used as a template for nanostructure fabrication.
Its high aspect ratio, with a diameter of roughly 2 nm and a length that ranges from nanometers to microns, make
it a good material for regulating material growth into one-dimensional structures [5, 6]. Moreover, DNA has a
rich array of chemical functionalities, including its anionic phosphodiester backbone and the nitrogenous bases.
These characteristics allow DNA to interact with a range of chemical species, such as transition metal ions [4, 7].
Interactions between DNA and transition metals can take place through various types of mechanisms. This
involves coordinating with the oxygen atoms of the phosphate groups in the DNA backbone or with donor atoms
on the nitrogen bases. Additionally, metal ions can bind to DNA by intercalating between base pairs or through
electrostatic attraction [4, 8, 9]. These interactions are significantly influenced by several factors, including DNA
concentration, the length and composition of DNA sequences, the type and concentration of metal ions, their
oxidation states, temperature, and salt concentration [4, 10].

Such interactions have significant implications in biochemistry [11], medicine, and nanotechnology [4, 11].
Transition metal binding can induce notable changes in DNA structure, such as denaturation of the native
conformation (B-form), aggregation, condensation, and disruption in base pairing and stacking [8, 12, 13]. These
alterations are essential for understanding the mutagenic potential of metal ions and for the development of metal-
based chemotherapeutics [14]. In addition, they are essential for the fabrication of DNA/metal-based
nanostructures [4-7].

The study of metal ions binding to DNA has long been a focus of DNA nanotechnology, coordination chemistry,
and bioinorganic chemistry [11]. Two powerful analytical techniques, Fourier Transform Infrared Spectroscopy
(FTIR) and Atomic Force Microscopy (AFM), are commonly used to investigate these interactions [15-18].
Changes in vibrational frequencies related to DNA functional groups are detected by FTIR, revealing chemical
interactions, while, morphological changes, such as condensation, aggregation, and the formation of networks or
nanowires can be detected with the use of AFM imaging.

Although extensive research has been conducted on the interactions between metal ions and DNA, little is known
about their molecular and structural effects. There remains a specific gap in linking FTIR-detected binding events
with morphological changes observed by AFM. By combining findings from both methods, with a focus on Cu(ll)
and Ag(l), this review aims to elucidate their unique effects on DNA structure and highlight the implications for
the creation of nanostructures and biological applications.

2. Chemical Basis of Interactions Between Transition Metal lons and DNA

Coordination chemistry significantly controls the interaction between transition metal ions and DNA. Transition
metal ions exhibit varying oxidation states and partially filled d-orbitals; therefore, they can function as flexible
coordination centers for creating stable complexes with different donor atoms on the DNA molecule [2].

This section begins by explaining the functional groups in DNA that allow it to interact with transition metal ions
and their complexes. It then outlines the reaction mechanisms involved in these interactions. Finally, the chemical
factors influencing DNA-transition metal binding are discussed.

2.1. Chemical Functionalities of DNA Molecule

The main constituents of DNA include a ribose sugar, phosphate groups, and nitrogenous bases [3, 4]. Together,
these components form nucleotides, which provide various sites for interaction with transition metal ions. These
sites on DNA include the grooves of the double helix, the negatively charged phosphate groups on both strands,
and the electron-donating atoms of the nitrogenous bases. A schematic representation of common metal ion
binding sites on the DNA structure is shown in Figure 1. For adenine (A) and guanine (G) bases, the most frequent
binding sites are the endocyclic nitrogen donors at positions N7 and N1. Additionally, although less common,
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metal ion binding may occur at guanine’s O6 position. In the case of pyrimidines, interactions typically involve
the N3 position of thymine and cytosine [4, 19, 20].
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Figure 1: The structure of the DNA molecule with common metal ion binding sites [5].

2.2 Basic Interaction Mechanisms of DNA and Transition Metal lons

Coordinative bonds and non-covalent interactions are the two main ways that DNA and metal ions interact.
Coordinate inner-sphere binding represents the first type of interaction that occurs between transition metal ions
and nucleic acids. In this mode of interaction, electron donor atoms from the DNA bases coordinate directly with
the unoccupied orbitals of the transition metal ions. The majority of transition metals undergo chemical reactions
with the N7 atoms of adenine and guanine, as well as the N3 atoms of cytosine and thymine. Compared to
electrostatic or groove interactions, this type of binding is often more stable and specific. As a result of this mode
of transition metal-DNA interaction, the hydrogen bonds between adjacent nucleobases may be disrupted, leading
to destabilization of the DNA double helix structure [4, 14, 21, 22].

As represented in Figure 2, when transition metals bind to DNA, particularly at G—C-rich regions, they can
catalyze the generation of reactive radicals from hydrogen peroxide (H=0-), resulting in DNA strand breaks or
oxidative damage. Reactive oxygen species (ROS) produced by other metal ions, including copper (I1) and iron
(1), can cause oxidative damage to nucleobases or breakage of the DNA backbone [23-25].

In the second type of reaction between DNA and metal ions, the negatively charged phosphate groups on the DNA
backbone can bind positively charged metal cations through electrostatic forces. For example, silver ions (Ag")
attach to the DNA backbone through such interactions. Normally, counter ions such as sodium (Na*) or
magnesium (Mg?*) ions screen the negative charges of the phosphate groups in the DNA backbone. However, in
the presence of metal ions, an ion-exchange process can occur, as demonstrated by the successful loading of silver
ions onto the backbone [26, 27]. Additionally, this mode of interaction involves outer-sphere binding through
hydrogen bonding between coordinating ligand molecules and nucleobases and/or phosphate groups [20-22].
Divalent cobalt cations (Co?") bind indirectly to DNA through hydrogen bonds formed between the coordinating
water molecules of the metal ions and the oxygen atoms of the phosphate backbone [28]. Manganese ions (Mn?")
also interact through an outer-sphere mechanism, similar to that observed for Co*". Despite being comparatively
weak and generally non-specific, the outer-sphere mechanism works as an initial step toward more specific
binding types, such as covalent bonding or intercalation. These interactions may affect biological functions such
as transcription and replication by altering the DNA’s overall charge distribution and condensation state [28, 29].
Additionally, both covalent and non-covalent bonds can be formed between transition metal complexes and DNA.
Covalent binding occurs when the central metal ion forms a direct bond with the phosphate backbone or a
nitrogenous base. On the other hand, positively charged metal complexes can interact non-covalently with DNA
through intercalation, electrostatic interactions, and groove binding within the major or minor grooves along the
exterior of the DNA helix [30].
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Figure 2: Metal ions can bind to one or two sites on the same strand (intrastrand) or the opposite strand

(interstrand), or they can intercalate in complex form between the bases. Metal ion binding can cause either
single-strand breaks (ssb) or double-strand breaks (dsb) [25].

Specific metal complexes that have a planar geometry can attach to the grooves of the DNA helix. Minor groove
binding is more prevalent, particularly in AT-rich sequences, due to its narrower size and greater accessibility.
However, cations can also localize within the major groove, especially in GC-rich regions. The binding of metal
ions to DNA is strongly influenced by the nucleotide sequence [31, 32].

Some metal complexes can also engage in intercalative binding. In this type of interaction, planar aromatic
transition metal complexes insert themselves between adjacent base pairs of the DNA double helix. The insertion
disturbs the natural stacking of the base pairs, causing the helix to partially unwind. An example of this reaction
mechanism is the interaction between Hg?* and DNA.

The interaction of mercury (Hg?") ions with DNA provides an additional illustration of the inner sphere binding
mechanism. Strong covalent T-Hg-T crosslinks can form when Hg?* ions replace the hydrogen bonds in the DNA
duplex, bringing two opposing thymine bases together [33, 34]. As shown in Figure 3, three T-Hg-T base pairs
can form in a short trimer duplex upon binding of Hg?" ions in this manner [34-36].
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Figure 3: A diagrammatic representation illustrating how the addition of Hg?" ions leads to the formation of
three T-Hg-T base pairs in a small trimer duplex [34].
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3. Techniques for Studying DNA-Metal lon Interactions

Fourier transform infrared spectroscopy (FTIR), and Atomic force microscopy (AFM) are essential techniques
for studying the interactions between metal ions and DNA. FTIR helps determine where and how metal ions bind
by detecting changes in the chemical bonds of DNA, such as those in the nitrogenous bases and the phosphate
backbone. AFM offers nanoscale images of DNA that demonstrate how metal ion binding alters the structure and
form of DNA. Combining these two techniques improves our understanding of how metal ions affect DNA
chemically and physically.

This section starts by explaining how FTIR can be used to understand interactions between metal ions and DNA.
It then introduces AFM as a nanoscale technique for investigating structural changes in DNA upon metal ions
binding.

3.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy is a commonly utilized technique for analyzing molecular vibrations and chemical bonding. It
works by measuring how a sample absorbs infrared light, which reveals information about its functional groups
and structural changes at the molecular level.

3.1.1 Principles of FTIR

Fourier transform infrared (FTIR) spectroscopy is a type of vibrational spectroscopy that provides intrinsic
information about the functional groups in a sample. It measures the absorption of infrared light, giving precise
details about functional groups and structural changes at the molecular level. The principle of this technique is
based on how infrared light interacts with matter. When infrared radiation passes through a sample, specific
frequencies of the light that coincide with the natural vibrational frequency of the chemical bonds within the
substance are absorbed. The molecules are excited to higher vibrational states as a result, and the energy
differential between the two vibrational states is in the mid-infrared range. A plot of the intensity of infrared
radiation as a function of energy produces a spectrum unique to each compound. FTIR spectra display absorption
bands corresponding to the vibrational frequencies of atomic bonds within molecules. Since each compound
contains a unique combination of atoms, no two molecules exhibit identical spectra. Therefore, functional groups
and compounds can be identified by their FTIR spectra, as many functional groups possess characteristic
vibrational frequencies [37, 38].

3.1.2Principle of FTIR in Biomolecular Studies

Fourier transform infrared spectroscopy is a well-known, effective, and non-destructive technique for analyzing
DNA's vibrational characteristics, which are closely linked to its structural properties [39]. Studies on small
quantities of biomedical material in different physical states can be performed, which is one of the main
advantages of these spectroscopic methods. Another advantage is the elimination of the need for additional
reagents or biochemical indicators, which significantly diminishes sample preparation time and analysis costs.
Conformational changes during B—A and B-Z transitions, as well as those induced by DNA—metal ion interactions
with Mn?*, Co?*, Ni?*, Cu?*, Cd?", Mg?*, and Pt**, can be effectively studied using IR spectroscopy [40].

The structure of the DNA molecule gives rise to a detailed FTIR spectrum, in which several bands have been
attributed to specific vibrational modes of particular atomic groups. The FTIR spectrum of DNA shows four
different spectral areas. Bands associated with the C=0, C=N, C=C, and N-H stretching vibrations of bases are
absorbed in the 1800-1500 cm™ range. These bands can be influenced by alterations in base stacking and base
pairing interactions. Bands in the 1500-1250 cm™ range attributed to base vibrations and base-sugar interactions
are closely linked to backbone chain conformational changes and the rotation of glycosidic bonds. Between 1250
and 1000 cm™, sugar-phosphate vibrations, such as C-O stretching vibrations and PO, symmetric and
asymmetric stretching vibrations, are present. These vibrations exhibit a high degree of sensitivity to backbone
structural changes. Bands linked to sugar vibrations that correspond to the different nucleic acid sugar puckering
modes (C2'-endo and C3'-endo) are characteristic of the 1000—-800 ¢cm™ range [16, 40-43]

3.1.3 FTIR Spectroscopic Indicators of DNA-Transition Metal Interactions

FTIR spectroscopy can reveal insights into structural changes and binding sites in DNA upon metal binding by
observing spectrum variations. This technique identifies metal-binding sites by analyzing changes in the intensity
and shifts of specific bands associated with the phosphate backbone and DNA bases [41, 44]. Typically, these
changes occur in bands related to phosphate backbone vibrations (both asymmetric and symmetric stretching),
functional groups of nucleobases (such as carbonyl and amino), and sugar ring vibrations. These alterations
indicate coordination or structural disruptions caused by metal binding. For instance, shifts in the position or
intensity of v(P=0) bands suggest that metal ions are binding to the phosphate groups of the DNA backbone. On
the other hand, alterations in base-specific bands indicate that metal ions bind to certain nucleobases [16, 18].

3.1.4 Examples of Transition Metal-DNA Interactions Investigated by FTIR
The interactions between transition metal ions and DNA have been widely studied using FTIR spectroscopy,
which provides valuable insights into binding modes, coordination sites, and structural alterations. In this review,
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we present examples of FTIR studies on the interactions between transition metals and DNA molecules. This
includes Ag'—DNA [17] and Cu*>*~DNA [16]. FTIR spectral comparison of metal-free and metal-bound DNA
allows for the assessment of structural changes induced by transition metal ions.

3.1.4.1 FTIR Analysis of DNA-Cu?* Interactions

Numerous studies have employed FTIR spectroscopy to investigate the binding of Cu?* ions to DNA, providing
insights into their specific effects on DNA structure. These studies have shown that the nature of the interactions
varies depending on the concentration of the metal ions [22, 44-46]. Copper cations interact electrostatically with
negatively charged phosphate groups of DNA at very low concentrations. Conversely, as the concentration of
metal ions increases, Cu?* favors coordinative bonding with the donor atoms of DNA's nucleobases. Several
models have been proposed to describe the exact nature of Cu?* binding to DNA. These include coordination of
Cu?* ions with the N7 atom of guanine and a phosphate oxygen from the DNA backbone in a 'sandwich complex,’
binding between two adjacent guanines on the same DNA strand, or chelation involving both a guanine (N7, O6)
and a cytosine (N3, 02) from different strands [47]. In the following, an example of FTIR analysis of the
interaction between Cu(ll) ions and DNA will be explained in detail.

Recent studies based on FTIR data have shown that DNA/Cu?* coordination involves copper ions binding to both
the oxygen atoms of the phosphate groups in the DNA backbone and the nitrogenous bases of the DNA molecule
(Figure 4). The coordination of copper cations to the phosphate groups is evident from notable changes in the
intensity of the band attributed to the PO2~ symmetric stretch (1096 cm™), which is significantly reduced.
Additionally, the P-O/C-O stretching in the phosphate backbone is shifted to a lower frequency (1063 cm™). It is
also evident that there is a greater splitting of the P-O/C-O backbone and deoxyribose C-C stretches. Furthermore,
the asymmetric PO2" vibration (1248 cm™) is noted to shift to a lower frequency (1242 cm™). On the other hand,
evidence for the direct coordination of Cu?* to DNA nucleobases is provided by changes in band positions and
intensities observed in the 1300—1750 cm™ region of the spectrum, which corresponds to nucleobase vibrations.
These changes include a reduction in band intensity and a shift to a higher frequency (1535 cm™) of the in-plane
cytosine/guanine vibration. Additionally, the guanine ring vibration shifts by -8 cm™, appearing at 1477 cm™
upon Cu?'/DNA complexation. The 1570-1700 cm™ region of the FTIR spectrum also exhibits changes in both
band intensities and positions.

The nucleobase vibrations in the 1570-1700 cm™ region of the spectra also show apparent changes in band
positions and intensities. The shift of C=0 stretching vibrations of nucleobases to lower wavenumbers is indicative
of coordination with metal ions [16].
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Figure 4: DNA FTIR spectra in the 600-2000 cm™ range compared to the Cu?>*/DNA complex [16].
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3.1.4.2 FTIR Analysis of DNA-Ag* Interactions

Silver cations (Ag') have gained significant interest because of their antimicrobial activity, distinctive
electrochemical behavior, and strong affinity for forming stable interactions with nucleic acids. To gain insight
into the coordination mechanisms and conformational changes involved, FTIR spectroscopy enables the
identification of specific binding sites and structural alterations in DNA during its interaction with Ag* ions [17].
Instead of interacting with the phosphate backbone, Ag* ions, whether at high or low concentrations, are known
to preferentially bind to nitrogen-containing bases in DNA. An infrared spectroscopic study of the DNA/Ag*
complex made from a 1:5 molar ratio of Ag(I) and calf thymus DNA indicates that Ag* binds to guanine but not
to adenine, thymine, cytosine, or the phosphate groups of the DNA backbone [17, 48].

In a comprehensive FTIR study, the interactions between DNA and Ag* ions were investigated across a range of
molar ratios [17]. FTIR analysis indicated that at low concentrations of silver ions (Ag/DNA, r = 1/80), Ag*
selectively binds to the N7 position of guanine, as evidenced by shifts and changes in the intensity of FTIR bands
associated with guanine. These changes include an approximately 20% increase in the intensity of the band at
1717 cm™ (assigned to carbonyl vibrations of guanine and thymine), along with a downshift of this band to 1712
cm . On the other hand, the bands corresponding to in-plane vibrations at 1222 cm™, 1609 cm™ (A and C), 1492
cm™ (Cand G), and 1663 cm™ (T, G, A, and C) (PO~ asymmetric stretch) did not exhibit any noticeable spectral
shifts. The detected changes in the spectra indicate that Ag* has a tendency to bind more readily to the N7 atom
of guanine in G-C base pairs [49].

Moreover, the lack of alterations in the vibrational bands of cytosine at 1529 and 1429 cm™ suggests that Ag(I)
interacts exclusively with the N7 site of guanine, rather than forming a chelate involving both N7 and O6 without
proton transfer. As the concentration of silver rises (r=1/2), the adenine peak at 1609 cm™ shows a notable increase
in intensity of approximately 20% compared to unmodified DNA, along with a shift to a lower wavenumber (1600
cm?), as illustrated in Figure 5. Conversely, additional bands observed at 1717, 1663, 1492, and 1222 cm™
exhibited a slight decrease in intensity when interacting with Ag*. These spectral findings may suggest that the
Ag cation binds to the N7 position of adenine bases at increased concentrations.

FTIR spectral analysis shows that Ag* complexation does not cause a conformational change in DNA; the
molecule retains its native B-form structure. Ag"/DNA interaction did not exhibit distinct infrared spectra that are
commonly linked to B-to-A or B-to-Z transitions. These spectra include shifts in the bands at 836 cm™
(phosphodiester vibrations), 1222 cm™ (asymmetric phosphate stretching), and 1717 cm™ (carbonyl vibrations of
guanine and thymine). However, minor spectral changes, including a slight shift of the 836 cm™ band to 833 cm™
and reduced intensity of the sugar-phosphate band at 1053 cm™, suggest indirect modifications in the sugar-
phosphate backbone geometry without a full conformational change [17]. Now, it is worthwhile to make a
comparative summary of FTIR Findings and the biological implications of Cu(ll) vs. Ag(l)-DNA interactions, as
illustrated in the table 1.

Table 1: comparison of the FTIR results with the biological consequences of interactions between Cu(ll) and
Ag(l) and DNA.

Aspect Cu? interactions Ag" interactions

Binding si Phosohate backbone + nucleobases Mainly guanine (N7); adenine at high
inding sites . - :

(guanine, cytosine) concentration.

FTIR spectral -Shifts in phosphate and base bands. -Shifts mainly in guanine bands.

Changes -Intenisity changes - Minor backbone changes
-Potential local structural changes and
Effect on DNA partial distortion due to multisite No major conformational change; B-form
conformation coordination. preserved

-Possible backbone and base perturbation.

-Selective base binding likely inhibits

~Cu(l1) redox activity may cause DNA functions without structural

oxidative damage and strand breaks.

Biological : o : damages.
L2 -Can disrupt DNA stability and functions |, .. . . . .
implications by binding backbone and bases. Antimicrobial et:‘ifr?g;[zémked to guanine

-Maintains DNA structural integrity.

Summary Interpretation:

= Cu(ll) interacts with DNA by coordinating with nucleobases and the phosphate backbone, leading to structural
disruptions and potential DNA damage due to its redox activity.

= Ag(l) binds selectively, primarily targeting guanine bases while maintaining the conformation of the DNA
backbone. This preserves the overall structure of the DNA but may disrupt biological processes due to its
specific binding to bases.

= These differences highlight their unique biological roles: Cu(ll) acts as a redox-active metal that can induce
oxidative DNA damage and structural changes, while Ag(l) functions as a stable, non-redox metal that
primarily inhibits DNA activity through specific base interactions, which aligns with its antimicrobial
properties.
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3.2 Atomic Force Microscopy Studies of Transition Metal-DNA Interactions

AFM is a powerful nanoscale technique for examining structural and conformational changes in biomolecules
such as DNA [50], particularly in response to interactions with metal ions. Transition metals such as Cu?, Fe**,
Ag*, and Rh*" have a strong tendency to bind to DNA, often leading to structural modifications, crosslinking, and
even cleavage of the DNA backbone. AFM provides a direct and detailed topographical view of these
modifications, enabling instantaneous analysis of DNA-metal interactions [16-18].

3.2.1 Principle and Applications

AFM is a highly effective imaging method that reveals atomic-level surface characteristics by detecting the
intermolecular forces between a sharp probe tip and the sample surface as it scans line by line. Interactions at
nanometer distances cause the tip to deflect, and this deflection generates detailed topographical maps. Unlike
scanning tunneling microscopy (STM), AFM does not rely on electrical conductivity between the tip and the
sample, making it suitable for a wide range of materials, including insulators, conductors, and biological samples.
However, AFM has some limitations, such as a relatively small scanning area, sensitivity to height changes in the
micrometer range, and the potential for tip deformation during scans [51-53].

AFM has the capability to function in two main modes depending on the nature of the sample: contact and tapping,
figure 5. In contact mode, the tip and sample remain in continuous contact, and the tip deflects due to repulsive
forces between the two, providing an image feedback signal. Although this mode offers high-resolution images,
it may damage soft materials such as biological or organic specimens because of the constant pressure. The probe
does not remain in contact with the sample surface when in tapping mode. This mode is primarily influenced by
attractive van der Waals forces, changing the imaging environment to lessen mechanical stresses and protect
delicate samples. Tapping mode is favored for examining the structural changes in DNA prior to and following
the binding of metal ions [51].

Figure 5: Schematic diagram illustrating (a) contact mode and (b) tapping mode operations of AFM techniques.

3.2.2 AFM as a Tool for Visualizing DNA-Metal lon Interactions

AFM imaging can effectively visualize individual DNA molecules immobilized on solid substrates [54]. Using
this tapping probe microscopy technique, it is possible to detect structural and morphological changes in DNA
caused by metal ion binding. The alterations involve condensation, aggregation, kinking, or fragmentation of
DNA strands, indicating the extent and mode of metal ion binding. The advanced capabilities of AFM allow
precise measurements of variations in height, length, and curvature of DNA strands at the nanometer level,
providing valuable information about the structural changes induced by metal binding [16-18].

In AFM imaging, it is essential to isolate and examine individual structures to assess their structural morphologies.
Molecular combing can be used effectively align DNA structures onto silicon-based substrates [55-57]. This
method enables the deposition of DNA and DNA/metal ions at densities optimal for AFM imaging, dense enough
for easy identification yet sufficiently sparse to allow the analysis of individual structures [58].

3.2.3. Observed Effects of Metal lons on DNA

To gain meaningful insight into the structural and morphological changes in DNA produced by metal binding,
AFM studies should be carried out on DNA samples both before and after exposure to metal ions. The following
sections discuss AFM studies of DNA before and after interaction with Cu?*, and Ag" ions.
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3.2.3.1 AFM Studies of DNA-Cu?* Interactions

The binding of Cu (I1) cations to the DNA structure mainly takes place via coordination with donor atoms of the
DNA bases as well as with oxygen atoms of the phosphate backbone [16]. This can induce structural and
morphological alterations in DNA, including condensation, clustering, bending, or breaking apart of DNA strands
[59, 60]. AFM makes it possible to directly observe how Cu?* binding alters the structure and morphology of
DNA [16].

In order to elucidate changes in DNA structure, AFM imaging was conducted on both bare DNA and DNA treated
with an aqueous solution containing Cu?*, followed by subsequent chemical reduction [16]. AFM images of DNA
after chemical treatment showed noticeable changes in structural morphology, including an increase in DNA
height from 1.0-1.5 nm prior to exposure to metal ions, to 2.5-7.0 nm after copper binding (see Figure 6). Such
an increase in DNA height is likely as a result of the binding of copper to the DNA structure. Additionally, a
number of grains were detected within the DNA strands, exhibiting a morphology similar to "beads-on-a-string"
(zoomed-in region in figure 6b).

Figure 6: AFM images of DNA alone (a), and DNA after exposure to chemical treatment with Cu(NO3),, and
ascorbic acid (b). A section of DNA/Cu structure highlighting the "bead-on-a-string morphology" is shown in
the inset image [16].

These grains are created as a result of a substantial portion of the DNA strands being split and subsequently
collapsing [60, 61]. Moreover, figure 6b shows structures with small lengths (indicated by the white arrow). The
appearance of such small fragments can be attributed to non-specific cleavage, resulting in the breaking of DNA
strands [59, 60].

Furthermore, AFM imaging shows that the attachment of Cu(ll) ions to DNA results in the formation of an
irregular network structure (see Figure 7b). This irregularity likely arises from the ability of Cu?* to coordinate
with the electron-rich sites on the bases, disrupting base pairing and locally destabilizing the double helix. Such
disruption creates of nucleation sites that can interact with other base regions, and as crosslinking increases, a
DNA network structure is formed [62].

3.2.3.2 AFM Studies of DNA-Ag™ Interactions

AFM enables the direct observation of structural alterations in DNA when it interacts with silver(l) ions. The
binding of Ag* causes structural changes and compaction or aggregation of DNA strands, likely due to its
interaction with nitrogen atoms in DNA bases, which partially disrupts base pairing and helix stability [63, 64].

Figre 7: AFM image of DNA alone (a), and DNA-Cu(ll) ions [62].
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In the study of DNA interaction with Ag(l) ions, AFM imaging reveals significant morphological changes upon
Ag* binding. AFM images of DNA/Ag" complexes at different metal ion concentrations are depicted in Figure 8.
Prior to exposure to Ag*ions, DNA molecules exhibited a random coil structure with a height of 0.18 nm (Figure
8a). In contrast, after chemical treatment with Ag" ions, the DNA structure showed notable alterations. At low
Ag" concentration (Figure 8b), DNA maintained a predominantly linear structure with a height of 1.25 nm but
showed signs of partial collapse and compaction. As the concentration of Ag" increased (Figure 8c), the DNA
gradually formed globular, particle-like structures with a height of 1.52 nm, indicating pronounced compaction
and eventual strand condensation. Overall, the increase in DNA/Ag" complex height suggests enhanced
molecular compaction [63].

Figure 8: Selected AFM images of (a) bare DNA, (b) DNA/Ag* complexes at [Ag'] = 1 uM, and (c) DNA/Ag"
complexes at [Ag'] = 10 uM. Corresponding cross-sectional profiles are shown below each image [63].

FM imaging shows that binding Ag* to poly(dGdC) does not alter the DNA’s contour length or height. Although
the overall structure remains stable, Ag" binding is likely to cause a shift in one nucleotide along the strand,
bringing the C—C and G-G bases into alignment between the strands. These incompatible pairs are held together
through Ag* coordination, showing a thermodynamic preference for C-Ag*—C and G—-Ag*—G pairings instead of
the conventional GC base pairs [65].

A comparative summary of the AFM Findings of Cu(ll) vs. Ag(l)-DNA interactions is presented in table 2.

Table2: Comparison of the AFM results for Cu(ll) vs. Ag(l)-DNA interactions
DNA-Cu? Interactions DNA-Ag* Interactions
Interacts with the oxygen atoms of the Primarily binds to the nitrogen atoms of
phosphate backbone and donor atoms of DNA bases; it can create mismatched pairs
DNA bases. C-Ag—Cand G-Ag—G.
Causes condensation, clustering, bending, Induces compaction and aggregation; at
and fragmentation of DNA strands; higher concentrations forms globular,

Feature

Principal sites
of binding

Morphological

Effects produces “beads-0n-a-string” morphology particle-like structures
Height Increases from ~1.0-1.5 nm (bare DNA) to Iancrzesai?Z];rf{: \;([);8; n;n(gajf E?ZNrﬁ% ;c;
Changes 2.5-7.0 nm after Cu** binding ' £l '

high [Ag'].

Significant strand breakage and formation No major fragmentation reported:;

Fragmentation

of small fragments due to non-specific
cleavage.

compaction without extensive breakage.

Creates irregular, uneven DNA network

Maintains general contour length at low

network growth

Network : L . [Ag'], but shifts nucleotide alignment (C—C
. structures via crosslinking from multiple L . )
formation ) A and G-G base pairing) without extensive
Cu?* coordination sites .
network formation
Helix Stabilit Disrupts base pairing, locally destabilizing Partially disrupts base pairing; promotes
Impact y double helix; nucleation sites lead to non-canonical C-Ag™—C and G-Ag™—G

alignments, altering pairing specificity

According to AFM investigations, Ag* mostly promotes regulated compaction and altered base pairing with little
disruption of the backbone, while Cu?* causes substantial DNA damage and network formation.
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4. Linking AFM and FTIR Results of DNA-Metal lons Interactions

Itis crucial to understand the interactions between metal ions and DNA in order to explain their roles in biological
function, structural alterations, and possible nanotechnological applications. To understand such reactions, FTIR
and AFM can be used as complementary techniques. With remarkable resolution and accuracy at the nanoscale,
AFM can offer crucial information about DNA structural changes [66]. FTIR spectroscopy can provide insight
into structural modifications of DNA upon metal ion binding and help identify specific binding sites by analyzing
changes in the intensity and position of DNA-related bands [41, 67].

By combining the structural and morphological findings obtained from AFM imaging with the specific binding
site information delivered by FTIR, the reaction mechanism between metal ions and DNA, as well as their effects
on DNA structure, can be elucidated. For example, compact globular forms of DNA condensation may be detected
in AFM, while FTIR data reveal alterations in the intensity and/or band position of the phosphate stretching bands,
suggesting the binding of metal cations to the phosphate groups of the backbone. Similarly, FTIR can confirm the
binding of metal ions with donor atoms in DNA bases by detecting changes in the spectral features of the base-
related bands, while AFM concurrently shows disruption of base pair hydrogen bonding and destabilization of the
double helix. The impact of metal ions on DNA structure, which is significant in areas spanning from biophysics
to nanomedicine, can be demonstrated using the combination of AFM and FTIR techniques.

4.1 Correlating FTIR and AFM Findings on DNA-Ag* Interactions

AFM enables direct observation of structural changes in DNA upon binding with Ag** ions. The interaction occurs
because Ag" binds to nitrogen atoms in DNA bases, partially disrupting base pairing and helix stability. This
disruption leads to structural alterations, resulting in DNA strand compaction or aggregation. Ag* binding induces
significant structural changes in DNA, as demonstrated by AFM imaging. At low metal ion concentrations, DNA
maintains a linear shape with a height of 1.25 nm; however, it begins to exhibit signs of partial collapse and
compaction. As the concentration of Ag* increases, there is a clear trend toward further compaction and eventual
strand condensation, resulting in the gradual formation of globular, particle-like structures [63, 64].

FTIR studies, in turn, offer molecular-level indications of DNA-Ag" interactions. Ag" ions, regardless of their
concentration, preferentially bind to nitrogen-containing bases in DNA [17, 68, 69]. Silver primarily binds to the
N7 site of guanine at low Ag" concentrations, as shown by FTIR analysis of DNA—Ag" interactions. This is
demonstrated by a downshift (from 1717 to 1712 cm™) and an increase in the strength of guanine-related bands.
As the Ag' ion concentrations rise, the adenine peak at 1609 cm™ shows a notable increase in intensity, along
with a shift to a lower wavenumber (1600 cm™). This suggests that the Ag cation attaches to the N7 position of
adenine bases. Remarkably, despite these interactions, the DNA maintains its B-form structure. This is evident
from slight changes in the intensity and position of the sugar-phosphate backbone-related bands that are detected
[17].

Integrating AFM and FTIR findings provides a comprehensive understanding of the changes in DNA structure
induced by Ag(l) cations. At low concentrations of metal ions, AFM imaging reveals a linear-shaped structure of
DNA with partial collapse and compaction. With increasing Ag(l) concentration, further compaction and eventual
strand condensation result in the gradual formation of globular, particle-like structures. These alterations in DNA
morphology are in accordance with FTIR data. By analyzing FTIR spectra, it is found that Ag(l) cations interact
with nitrogen-containing bases in DNA. At low metal ion concentrations, the FTIR spectrum of the DNA/Ag*
complex reveals a spectral alteration in the guanine-related bands, indicating that silver binds especially to the N7
site of guanine. As the Ag* ion concentration increases, the adenine band shows a downshift with a rise in intensity,
suggesting further interaction with adenine.

Although these interactions take place, the DNA retains its B-form structure, with only minor changes observed
in the sugar-phosphate backbone bands. Combined AFM and FTIR results indicate that of silver cations binding
disrupts base pairing and induces subtle backbone changes detectable at the molecular level by FTIR. These
molecular changes corresponding to the compaction and condensation observed at the nanoscale with AFM.

4.2 Linking FTIR and AFM Results of Interactions Between DNA and Cu?* lons

The binding of Cu(ll) cations to DNA mainly occurs via coordination with donor atoms of DNA bases and the
oxygen atoms of the phosphate backbone. This interaction induces structural and morphological modifications in
DNA, including condensation, clustering, bending, and fragmentation of the DNA strands. AFM allows direct
imaging of these changes by comparing bare DNA with DNA treated with an aqueous solution containing Cu?*
ions followed by chemical reduction. AFM images of DNA/Cu structures reveal noticeable changes in structural
morphology, such as an increase in DNA height, suggesting metal ion binding. Furthermore, many grains shaped
like "beads-on-a-string" were found inside the DNA strands, indicating strand breakdown and cleavage. The
reason for these structural disturbances is that Cu?* coordinates with bases that have many electrons, which
destabilizes base pairing and encourages crosslinking, creating asymmetrical DNA networks [16].
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FTIR spectroscopy is a widely used technique for clarifying copper-DNA interactions, providing valuable
molecular insights. The FTIR data reveal that DNA/Cu?" coordination occurs when copper ions bind to the oxygen
atoms of the phosphate groups in the DNA backbone and to the nitrogenous bases of the DNA molecule. This
coordination is supported by several spectral changes: the P-O/C-O stretching shifted to 1063 cm™, the
asymmetric PO~ vibration shifted from 1248 to 1242 cm™, and the PO2~ symmetric stretch significantly decreased
at 1096 cm™. Evidence of Cu?>" coordination with DNA nucleobases is indicated by reduced intensity and
frequency shifts in the 1300-1750 cm™ region of the spectrum, corresponding to nucleobase vibrations.
Specifically, the in-plane vibrations of cytosine and guanine shift to higher wavenumbers, while the frequency of
the guanine ring vibration decreases. The combination of AFM and FTIR techniques provides a comprehensive
understanding of the molecular and structural effects of Cu(ll) on DNA. This dual approach enhances our
knowledge of metal-DNA interaction mechanisms and their applications in fields such as nanostructure
development, metal-based medicines, and biosensors.

5. Technological and Medical Applications Based on DNA-Metal lon Interactions

5.1 DNA-Directed Fabrication of Nanostructures

The design and creation of DNA-based nanostructures have been made possible by the interaction between metal
ions and DNA [70]. Specifically, DNA has been used as a programmable framework for the creation of two- and
three-dimensional nanostructures due to the coordination of metal ions or metallo-ligands to specified sites within
DNA. These modified DNA structures demonstrate enhanced thermal stability, with melting temperatures up to
40 °C higher than those of native DNA [71].

There is encouraging potential for using DNA in nanotechnology through the creation of metal-mediated base
pairs, which are formed by inserting metal ions (such as Ag*, Cu?*, and Hg?*) between DNA base pairs [70]. A
self-complementary DNA oligonucleotide containing three central imidazole nucleotides adopts a hairpin shape
in the absence of metal ions. However, when Ag(l) ions are introduced, imidazole—Ag*—imidazole base pairs are
formed, resulting in the formation of a duplex [72]. DNA-metal nanostructures offer significant potential,
especially for developing molecules with customized electrical properties [70]. The following section discusses
the fabrication of one-dimensional nanostructures based on metal ion-DNA interactions, along with their
applications.

5.1.1 Fabrication and Applications of One-Dimension Nanostructures

Due to its unique characteristics, DNA is an ideal material to use as a guide for creating one-dimensional
nanostructures (1-D NSs). With a diameter of 2 nm and lengths varying from nanometers to microns, DNA
molecules are high-aspect-ratio structures, making them ideal for regulating material growth into 1-D shapes [5,
6, 73]. Moreover, there are numerous methods to seed DNA with various chemical species, due to the diverse
chemical functionalities provided by nucleosides and anionic phosphodiester groups. Transition metal ions are
among the chemical species that can be attached to the DNA structure through coordination with donor atoms of
phosphate backbone and/or nitrogenous bases. The interaction between metal ions and DNA is a key step in
fabricating various one-dimensional nanostructures (1-D NSs), such as one-dimensional metallic copper
nanostructures (Cu-NSs) [16], metallic iron nanowires (Fe-NWSs) [18], and metallic rhodium nanowires (Rh-NWs)
[74], through metal ions binding and subsequent conversion. These nanostructures have distinctive shapes that
make them especially useful electronics, photonics, and sensing applications [7, 75, 76].

The fabrication of 1D-NSs composed of metallic or binary inorganic compounds through interactions between
metal ions and DNA typically involves a two-step process. In the first step, metal ions (e.g., Ag*, Fe?*, Cu?*, Rh®)
bind to DNA through both covalent and noncovalent interactions. The second step involves a chemical reduction
or precipitation process, resulting in the formation of continuous metallic or inorganic one-dimensional
nanostructures (1D-NSs), see figure 9 [5, 77].

For fabricating 1D nanostructures composed of metal-based compounds, such as metal oxides or metal sulfides,
a DNA/metal ion (DNA/M™) complex is first prepared by treating DNA with M™ ions under controlled
conditions. The DNA/M™ system is then converted into 1-D nanostructures of the desired metal oxide or sulfide
through the addition of appropriate precipitation agents, such as hydroxide or sulfide anions, respectively. DNA-
metal ion interactions cab be considered a novel strategy in bottom-up nanofabrication and have been successfully
used to fabricate a number of 1-D binary semiconductor nanostructures [5, 77].
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Figure 9: Scheme presenting the two-step process used for the fabrication of DNA-templated metallic and
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Metal oxides such as Cu,O/DNA [78], and Fe3;O4+DNA nanowires [58] represent one class of binary
semiconductors synthesized using DNA-templated nanofabrication.  This class of materials could be
technologically significant in the field of nanotechnology. Magnetite nanowires Fe;Os/DNA nanowires are
particularly attractive for a range of applications, including the delivery of medications, diagnostic imaging, and
bioseparation, due to their special electrical, optical, and magnetic characteristics [79-85]. CdS/DNA [86] and
CuS/DNA [87] are examples of metal sulfide nanostructures with linear geometries created based on metal ion-
DNA interactions. These binary compounds have potential applications in chemical detectors, biological probes,
photonics, and semiconductor technology [88-90].

By first doping the metal ion of interest and then reducing it to the zerovalent metal, the two-step method for
creating one-dimensional metal nanostructures takes advantage of DNA's metal-ion binding capabilities. Seeding
DNA with metal ions can be achieved either by stretching DNA on a substrate or by combining DNA with the
applicable metal cations in solution [77]. Subsequent chemical [16, 74] or electrochemical reduction [18] of metal-
bound DNA results in the formation of metal nanoparticles along the DNA strand. Under favorable conditions,
these nanoparticles will eventually merge to form a nanowire-like morphology [5]. The use of doping/reduction
methods has been employed for the formation of a range of 1-D metal nanostructures including, silver [91],
palladium [92-95], copper [16, 96, 97], iron [18], and rhodium [74].

FTIR spectroscopy has been performed on DNA/M™ complexes to confirm the binding of metal ions to DNA
[16, 18]. The FTIR spectra show shifts and intensity changes in vibrational bands associated with the phosphate
groups and nitrogenous bases of the DNA structure. AFM imaging has been employed on the DNA/metallic
system after reduction confirms the formation of continuous 1-D nanostructures [74, 77].

When metals are confined to the nanometer scale, they exhibit a range of unique properties that are not always
present in their bulk counterparts [98-103]. These properties include photothermal properties [104], fluorescence
[105], and optical properties such as plasmon resonance bands [106]. They also offer a method to further reduce
the size of existing technologies, including electronics [107]. Moreover, metal nanostructures have distinctive
properties in nanoelectronics and photonics, making them good candidates for use in numerous fields including
catalysis [108], energy storage [109], nanobiomedicine [110],and nanorobotics [111].

5.2 Application of DNA/Metal lons Complexes in Medicine

Platinum-based metal complexes are already used in anticancer therapy, and other metal complexes are being
investigated for clinical applications. These drugs function by creating cross-linking adducts with DNA, which
causes structural alterations such folding or kinking that prevent DNA transcription and disrupt biomolecular
recognition. Compared to Pt(I1) compounds like cisplatin (figure 10), Pt(1\VV) complexes such as iproplatin and
tetraplatin (figure 10), display potential as anticancer medicines. Their octahedral structure may decrease
susceptibility to substitution reactions, thereby reducing toxicity and improving therapeutic effectiveness. The
development of improved metal-based anticancer treatments has been motivated by the limitations of platinum-
based drugs, such as their reduced efficacy and adverse side effects [70]. Two medications based on ruthenium
have advanced to various phases of clinical trials. Additionally, several other metal complexes, including various
metal ions, are currently undergoing clinical evaluation [112, 113].
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Figure 10: Structures of platinum drugs.

6. Conclusions

Transition metal ions interact with DNA through various mechanisms, including direct coordination with the
backbone phosphate groups and the bases donor atoms, electrostatic forces, and binding within the grooves of the
helix. These interactions can significantly change the shape of DNA, stability, and function. FTIR and AFM
provide complement understandings: FTIR identifies the binding locations and chemical nature of interactions,
whereas AFM discovers the resulting changes in DNA structure. When comparing Cu?" and Ag* ions, their effects
on DNA are significantly different. Silver binds more precisely to guanine and maintains the DNA B-form,
whereas copper frequently binds at many sites, often causing structural disruption and oxidative damage.
Recognizing these differences is important for both biomedical research and the precise fabrication of DNA-
templated nanostructures. Insights from combining AFM and FTIR deepen our knowledge of how metals interact
with DNA, and they open up exciting applications in nanotechnology, sensing, and novel metal-based therapies.
To gain a better understanding of DNA-metal ion interactions, future research should combine unconventional
spectroscopic, imaging, and computational techniques. Linking laboratory results to biological significance can
be enhanced by extending research to less-studied metals and carrying out in situ tests in physiological conditions.

Acknowledgements

The authors sincerely thank the Chemistry Department at the Faculty of Science, Azzaytuna University in
Tarhouna, Libya, for providing the supportive academic environment and resources essential for preparing this
review. We also appreciate the valuable guidance and constructive feedback from colleagues, which enhanced the
quality and clarity of our work.

References
[1] Laxmi, The pharma Innovation Journal, 2019, 8(3), 650-655.

[2] S. Jeyarai, Biochem Physiol, an open access journal, 2023, 12(6).

[3] L. Stryer, Biochemistry. 3rd ed. 1988, New York, USA: W. H Freeman & Co. 1089.

[4] M. Shmsi, and H. Kraats, J Inorg Organomet Polym, 2012, 23(1),4-23.

[5] A. Houlton, and S.M.D. Watson, Annu. Rep. Prog. Chem. Sect. A, 2011, 107, 21-42.

[6] R. Stoltenberg and A. Woolley, 2004, 6(2), 105-111.

[7] A. Houlton, A.R. Pike, M.A. Galindo, and B.R. Horrocks, Chemical Commun-ications, 2009(14): p. 1797-
1806.

[8] B. Lippert, Coordinative Bond Formation Between Metal lons and Nucleic Acid Bases, in Nucleic Acid-
Metal lon Interaction, 2009, The Royal Society of Chemistry, 39-74.

[9] J. Anastsssopoulou, Journal of molecular Structure, 2003,651-653, 19-26.

[10] E. Gelagutashvili, Journal of Thermal Analysis and Calorimetry, 2006, 85(2), 491-494.

[11] G. Sun, X. Xie, Y. song and L. Sun, Biomaterials Research, 2022, 26(9), 1-17.

[12] J. Duguid, V.A. Bloomfield, A.J. Benevides, G.J. Thomas Jr, Biophys J., 1993, 65(5), 1919-1928.

[13] V. Andrushchenko, PhD thesis, University of Calgary, 2000, 1.

[14] A. Senol, A. Akanbong, M. Sudagidan and A. K. Devrim, Rev. Roum. Chim., 2021, 66(8-9), 701-7011.

[15] S. Alex, and P. Dupius, Spectrochimica Acta Part A: Molecular and Biomolecular spectroscopy, 2007, 67(3-
4), 911-916.

[16] S. Watson, M.D, N.G. Wright, B.R. Horrocks, and A. Houlton, Langmuir, 2010, 26(3), 2068-2075.

[17] H. Arakawa, J. F. Neault and H. A. Tajmir-Riahi, Biophysical Journal, 2001, 81, 1580-1587.

[18] S. Watson, M.D, H. D. A. Mohamed, B. Horrocks and A. Holuton, Nanoscale, 2013, 5, 5349-5359.

[19] I. Bertini, Bioinorganic chemistry, 1994, University Science Books.

[20] J. Anastassopoulou, Journal of Molecular Structure, 2003, 651-653(0),19-26.

[21] J. Lynam, M, Dalton Trans, 2008, 21 (31),4067-78.

258 | African Journal of Advanced Pure and Applied Sciences (AJAPAS)



[22] T. Spiro, G, Nucleic acid-metal ion interactions. 1980, Wiley.

[23] M. Kruszewski, T. lwanenko, E. Bouzyk, I. Szumiel, Mut. Res, 1999, 434,53-60.

[24] B. Geierstanger, H. T. F. Kagawa, S. L. Chen, G. L, Journal of biological Chemistry, 1991, 266(30), 20185-
20191.

[25] O. Bonsu, M. B, D. Higgins and J. Austin, A review, 2020. 60(3), 206-215.

[26] E. Braun, Eichen, Y, Sivan, U, and G. Ben-Yoseph, Nature 1998. 391, 775-778.

[27] J. Richter, Physica E, 2003. 16 (2), 157-173.

[28] D. Munno, G, M. Medaglia, D. Armentano, J. Anastassopoulou, T. Theophanides, J. Chem. Soc., Dalton
Trans, 2000, 10, 1625-1629.

[29] J. Anastassopoulou, K. Barbarossou, V. Korbaki, T. Theophanides, P. Legrand, J-P. Huvenne, B. Sombert,
Carmona, R. Navarro, A. Hernanz (Eds.), Spectroscopy of Biological Molecules, vol. 7, Kluwer Academic
Publishers, Dordrecht, The Netheralnds, 1997, p. 233.

[30] N. Kumar, R. Kaushal, and P. Awasthi, , A review. Journal of Molecular structure, 2023. 1288.

[31] T. Chiu.K and R. E. Dickerson, Journal of molecular biology, 2000. 301,915-45.

[32] Y. Low L, H. Hernandez, C. V. Robinson, R. O'Brien, J. G. Grossmann, J. E. Ladbury and B. Luisi, Journal
of molecular biology, 2002. 24;319(1),87-106.

[33] Price, Clayton. Metal-nucleobase complexes: building blocks for supramolecular chemistry. Thesis,
University of Newcastle Upon Tyne, 1998.

[34] H. Clever, G. C. Kaul, and T. Carell, Angewandte Chemie International Edition, 2007, 46(33),6226-6236.

[35] Y. Miyake, H. Togashi, M. Tashiro, H. Yamaguchi, S. Oda, M. Kudo, Y. Tanaka, Y. Kondo, Journal of the
American Chemical Society, 2006. 128(7),2172-2173.

[36] K. Tanaka, G. H. Clever, Y. Takezawa, Y. Yamada, C. Kaul, M. Shionoya and T. Carell, Nat Nanotechnol.
2006. 1(3).

[37] R.M. Silverstein, W. Francis X. Kiemle, David J, Spectrometric ldentification of Organic Compounds.
Edition, Editor. 2005, John Wiley & Sons. p. 510.

[38] B.C. Smith, Fundamentals of Fourier Transform Infrared Spectroscopy, Second Edition. 2011: Taylor &
Francis.

[39] K. Serec, S. D. Babi¢, R. Podgornik and S. Tomi¢, Nucleic Acids Res, 2016, 30;44(17), 8456-64.

[40] S. Olsztynska-Janus, M. Gagsior-Glogowska, K. Szymborska-Matek, B. Czarnik-Matusewicz and M.

Komorowska, Trends, Research and Technologies, 2011.

[41] S. Alex and P. Dupuis, Inorganica Chimica Acta, 1989. 157(2), 271-281.

[42] A. Ouameur A. and H. A. Tajmir-Riahi, J Biol Chem, 2004. 1;279(40),42041-54.

[43] G. Dovbeshko I, N. K., Gridina, E. B. Kruglova and O. P. Pashchuk, Talanta, 2000. 2;53(1),233-46.

[44] A. Alhazmi, Scientia Pharmaceutica, 2019. 87(5) 1-13.

[45] A. Tajmir-Riahi, H. M. Naoui and R. Ahmad, Biopolymers, 1993.33(12),1819-27.

[46] C. Zimmer, G. Luck, H. Fritzsche and H.Triebel, Biopolymers, 1971.10(3), 441-63.

[47] V. Andrushchenko, Sande, J. H. V. d, Wieser, H. Biopolymers 2003, 72, 34.

[48] E. DiRico, D, Jr., P. B. Keller, and K. A. Hartman, Nucleic Acids Res, 1985. 13:251-260.

[49] S. Alex and P. Dupuis, Inorg. Chim. Acta, 1989. 157:271-281.

[50] A. J.Milling, Surface characterization methods: principles, techniques, and applications; Surfactant Science;
Taylor & Francis: 1999, viii, 412 p.

[51] N. Yao and Z.L. Wang, Handbook of Microscopy for Nanotechnology. 2005: Springer London, Limited.

[52] Y. L Lyubchenko, L. S. Shlyakhtenko, Critical Reviews in Eukaryotic Gene Expression 2016, 26, 63-96.

[53] K. Kalantar-zadeh, Fry, B, Nanotechnology-Enabled Sensors; Springer US: Boston, MA, 2008, pp 1-491.

[54] D. Pang, A. Thierryand A. Dritschilo, Molecular bioscience, 2015, 2(1), 1-7.

[55] L.Dong, T. Hollis, S. Fishwick, B.A. Connolly, N.G. Wright, B.R. Horrocks, and A. Houlton, Chem.--Eur. J.,
2007. 13(Copyright (C) 2012 American Chemical Society (ACS). All Rights Reserved.), 822-828.

[56] J.w. Li, C.L. Bai, C. Wang, C.F. Zhu, Z. Lin, Q. Li, and E.H. Cao, Nucleic Acids Research, 1998, 26(20),
4785-4786.

[57] Z. Deng, and C. Mao, Nano Letters, 2003, 3(11), 1545-1548.

[58] H. D. A. Mohamed, S. M. D. Watson, B. R. Horrocks and A. Houlton, Nanoscale, 2012, 4(19), 5936-5945.

[59] A. Erxleben, Chemistry Review, 2018, 360, 92-121.

259 | African Journal of Advanced Pure and Applied Sciences (AJAPAS)



[60] M. P. Cervantes-Cervantes, J. V. Calderdn-Salinas, A. Albores and J. L. Mufioz-Sanchez, Biol Trace Elem
Res., 2005, 103(3), 229-48.

[61] L. Yan, and H. lwasaki, Japanese Journal of Applied Physics, 2002, 41(12), 7556-7559.

[62] X. Sun, G., E. H. Cao, X. Y. Zhang, D. Liu and C. Bai, Inorganic Chemistry Communications, 2002, 5(3),
181-186.

[63] W. Y. Jiang, and S. Y. Ran, Journal of Chemical Physics, 2018, 148, 205102-1.

[64] W. Wang, G. Yang and Y. Wang, The Journal of Physical Chemistry B, 2025, 129(9, 2426-2432.

[65] Z.Reveguk, R. Improta, L. Martinez-Fernandez, R. Ramazanov, S. Richter, and A. Kotlyar, Nanomaterials,
2025, 15(5), 397.

[66] Chiorcea-Paquim, A. M., O. Corduneanu, S. C. B. Oliveira, V. C. Diculescu and A. M. Oliveira-Brett,
Electrochemical Acta, 2009, 54(7), 1978-1985.

[67] H. A. Alhazmi, Scientia Pharmaceutica, 2019, 87(1), 5.

[68] D. E. DiRico, Jr., P. B. Keller, and K. A. Hartman, Nucleic Acids Res, 1985, 13, 251-260.

[69] N. Dattagupta and D. M. Crothers, Nucleic Acids Res, 1981, 9, 2971-2985.

[70] M. H. Shamsi and H. B. Kraatz, Journal of Inorganic and Organometallic Polymers and Materials, 2012, 32,
4-23.

[71] S. Ghosh and E. Defrancg, Chemistry-A-European Journal, 2010, 16(43), 12780-12787.

[72] G.H. Clever, C. Kaul and T. Carell, Angewandte Chemie International Edition, 2007, 46(33), 6226-6236.

[73] A. Houlton, Science, 2016, 353, 1204-1205.

[74]1H. D. A. Mohamed, S. M. d. Watson, B. R. Horrocks and A. Houlton, Journal of Materials Chemistry C, 2015,
3, 438-446.

[75] R. Stoltenberg and A. Woolley, Biomedical Microdevices, 2004, 6(2), 105-111.

[76] Y. Xia, Y. Xiong, B. Lim, S. E. Skrabalak, Angewandte Chemie - International Edition, 2009, 48(1), 60-103.

[77] S. M. D. Watson, A.R. Pike, J. Pate, A. Houlton, Nanoscale, 2014, 6(8), 4027-4037.

[78] R. Hassanien, S. A. Farha Al-Said, L. Siller, R. Little, N. G. Wright, A. Houlton and B. R. Horrocks,
Nanotechnology, 2012, 23, 075601.

[79] S. Laurent, D. Forge, M. A. Port, A. Roch, C. Robic, L. Vander Elst and R. N. Muller, Chem Rev., 2008,
108(6), .2064-110.

[80] L. Lee, and T. Hyeon, Chem. Soc. Rev., 2012, 41, 2575-2589.

[81] K. Yamaguchi, K. Matsumoto and T. Fuijii, J. Appl. Phys., 1990, 67, 4493-4495.

[82] S. Mornet, S. Vasseur, F. Grasset and E. Duguet, J. Mater. Chem., 2004, 14, 2161-2175.

[83] S. Gao, Y. Shi, S. Zhang, K. Jiang, S. Yang, Z. Li and E. Takayama-Muromachi, J. Phys. Chem. C, 2008, 112,
10398-10401.

[84] T. Fried, G. Shemer and G. Markovich, Adv. Mater., 2001, 13(15), 1158-1161.

[85] S. Balakrishnan, Y. K. Gun'ko, T. S. Perova, R. A. Moore, M. Venkatesan, A. P. Douvalis and P. Bourke,
Small, 2006. 2(7), 864-869.

[86] L. Dong, T. Hollis, B. A. Connolly, N. G. Wright, B. R. Horrocks, and A. Houlton, Adv. Mater., 2007. 19(13,
1748-1751.

[87] W. U. Dittmer, and F. C. Simmel, Appl. Phys. Lett., 2004, 85(4), 633-635.

[88] G. A. Ozin, and A. C. Arsenault, Nanochemistry. A Chemical Approach to Nanomaterials, Royal Society of

Chemistry, Cambridge, 2005. 105.

[89] Barrelet, C. J., A. B. Greytak and C. M. Lieber, Nanowire Photonic Circuit Elements. Nano Lett., 2004.
4(10):p. 1981-1985.

[90] Zhai, T., X. Fang, L. Li, Y. Bando and D. Golberg, Nanoscale, 2010, 2, 168-187.

[91] E. Braun, Y. Eichen, U. Sivan and G. Ben-Yoseph, Nature, 1998, 391, 775-778.

[92] J. Richter, R. Seidel, R. Kirsch, M. Mertig, W. Pompe, J. Plaschke and H. K. Schackert, Adv. Mater., 2000,
12, 507-510.

[93] J. Richter, M. Mertig, W. Pompe, I. Monch and H. K. Schackert, Appl. Phys. Lett., 2001, 78(4), 536-538.

[94] Z. Deng, and C. Mao, Nano Letters, 2003, 3(11), 1545-1548.

[95] K. Nguyen, M. Monteverde, A. Filoramo, L. Goux-Capes, S. Lyonnais, P. Jegou, P. Viel, M. Goffman and J.-
P. Bourgoin, Adv. Mater., 2008, 20(6), 1099-1104.

[96] C. F. Monson, and A. T. Woolley, Nano Letters, 2003, 3(3), 359-363.

260 | African Journal of Advanced Pure and Applied Sciences (AJAPAS)



[97] Stoltenberg, R. M. and A. T. Woolley, Biomed. Microdevices, 2004, 6, 105-111.

[98] R. G. Gehr, and R. W. Boyd, Chem. Mater., 1996, 8, 1807-1819.

[99] Li, G. and R. Jin, Atomically Precise Gold Nanoclusters as New Model Catalysts Acc. Chem. Res., 2013, 46,

1749-1758.

[100] B. Lim, and Y. Xia, Angew. Chem., Int. Ed., 2011, 50(1), 76-85.

[101] P. Moriarty, Rep. Prog. Phys., 2001, 64, 297-381.

[102] H. F. Qian, M. Z. Zhu, Z. K. Wu and R. C. Jin, Acc. Chem. Res.,2012, 45(9), 1470-1479.

[103] N. S. Ramgir, Y. Yang and M. Zacharias, Small, 2010, 6, 1705-1722.

[104] P. K. Jain, X. Huang, I. H. El-Sayed and M. A. El-Sayed, Acc. Chem. Res., 2008, 41(12): p. 1578-1586.

[105] I. Diez, and R. H. A. Ras, Nanoscale, 2011. 3(5): p. 1963-1970.

[106] T. Nagao, G. Han, C. Hoang, J. S. Wi, A. Pucci, D. Weber, F. Neubrech, V. M. Silkin, D. Enders, O. Saito
and M. Rana, Sci. Technol. Adv. Mater., 2010, 11, 054506.

[107] C. M. Leiber, MRS Bull., 2003, 28, 486-491.

[108] Q. A. L. Lu, Wang, Y. Gong, W. Hao, H. Cheng, J. Chen, B. Li, N. Yang, W. Niu,
J. Wang, Y. Yu, X. Zhang, Y. Chen, Z. Fan, X.J. Wu, J. Chen, J. Luo, S. Li, L. Gu, H. Zhang, Nat. Chem.
2018, 10 (4), 456-461.

[109] Banerjee, P., I. Perez, L. Henn-Lecordier, S.B. Lee, G.W. Rubloff, Nat. Nanotechnol, 2009, 4 (5), 292-296.

[110] M. Yan, Q. Chen, T. Liu, X. Li, P. Pei, L. Zhou, S. Zhou, R. Zhang, K. Liang, J. Dong, X. Wei, J. Wang, O.
Terasaki, P. Chen, Z. Gu, L. Jiang, B. Kong, Nat. Commun. 2023, 14 (1), 4628.

[111] M. Urso, M. Ussia, M. Pumera. Nat. Rev. Bioeng, 2023, 1 (4), 236-251.

[112] H. Ko"pf, and P. Ko pf-Maier, Angew. Chem. 1979. 91(6): p. 509.

[113] C. G. Hartinger, S. Zorbas-Seifried, M.A. Jakupec, B. Kynast, H. Zorbas, B.K. Keppler. J. Inorg. Biochem.
2006, 100(5-6), 891-904.

261 | African Journal of Advanced Pure and Applied Sciences (AJAPAS)



