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Abstract: X-ray Photoelectron Spectroscopy (XPS) has been used to study the
interactions of heavy metal ions with DNA with some success. Surface sensitivity
and selectivity of XPS are advantageous for identifying and characterizing the
chemical and elemental structure of the DNA to metal interaction. This review
summarizes the status of what amounts to a large part of the photoemission in-
vestigations of biomolecule interactions with metals and offers insight into the
mechanism for heavy metal-bio interface interactions. Specifically, it is seen that
metal interaction with DNA results in conformational changes in the DNA
structure.

Keywords: DNA; DNA coordination chemistry; mercury; X-ray photoemission
spectroscopy.

1 Introduction

The interaction of metals with DNA is important as heavy metals are frequently
toxic and a global public health issue. In particular, metals are known to have
significant bio interactions and include the metals/metalloids such as chromium
(Cr), copper (Cu), arsenic (As), cadmium (Cd), and silver (Ag) aswell as the obvious
heavy metals mercury (Hg) and lead (Pb) [1]. In addition, heavy metals have been
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reported to affect the biological system by disturbing biological processes such as
metabolism, damage repair, and detoxification [2]. Depending upon the physical
and chemical properties, the formation of reactive species by the process of
autoxidation, the blockage of some functional group by the metal ions in the
biomolecules, and displacement of specific metal ions from the biomolecules are
the three major mechanisms by which the heavy metal ions affect the biological
system [3, 4].

Much of the X-ray photoemission investigations of heavy metal interactions
with biomolecules have centered on DNA. There are two general categories of
interactions of DNAwith heavymetal ions. First, the interaction between themetal
ions and DNA can lead to strand breaks in the DNA, as shown in Figure 1 [5].
Secondly, there are DNA molecules, called DNAzymes, which are catalytically
active and use metal cofactors for the purpose of enzymatic functions [6]. The
sensors with these catalytic DNA are reported to have higher selectivity towards
specific metal ions [7]. Due to its sensitivity and selectivity, even in the complex
environment, DNAzymes based biosensors are insensitive towards other atoms
and metal ions present in the biomolecules [8–10]. Barlow et al. [11] discussed the
preferential binding nature of amino acids towards a specific metal surface.
Studies conducted by Marti et al. [12] demonstrated that the bond was formed by

Figure 1: Double helix structure of DNA with hydrogen bonds, phosphodiester bond [left], to
illustrate that the binding of metal ions can occur to either interstrand or intrastrand of the
double-stranded DNA [right] [5].
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the carboxylate group of histidine on the gold surface and by the amino group of
histidine on the copper surface. The study of the interaction of peptides with the
metal oxides is critical because peptides can bind to inorganic surfaces as hetero
linkers leading to the formation and development of controlled assemblies of
nanoparticles [13].

Surface studies of biological systems are very challenging because, i) molecules
based on organocarbon can be damaged by the surface probes, ii) biological mole-
cules are highly complex in comparison to any other inorganic or organic system,
iii) surface analysis is done in ultrahigh vacuum (UHV) system which is a very
different environment compared to the normal aqueous media typical of biological
systems, and iv) the irregular shape of biological surface specimens [14]. While the
very valuable results of photoemission studies of heavy metal interactions with the
various biomolecules must be interpreted cautiously. Yet the photoemission studies,
nonetheless, aid in understanding the influence of a physical environment on the
biological system [15]. The XPS core level binding energies are characteristic of not
only a particular element but can be used for the identification and characterization
of the chemical shifts that result from changes in the chemical bonding environment
[16]. The photoemission is final state spectroscopy, and the measured core level
binding energy is not only influenced by the change in the electronic charge density
of both the initial and the final states. The core level binding energy shift has a direct
dependence on the change in electronic charge densities and can also be perturbed
towards higher binding energies in the case of dielectric or nonmetallic systems [17].

Despite the many complications, X-ray photoemission spectroscopy (XPS) has
been widely used to detect the presence of contaminants such as hydrocarbons,
silicones, or any other chemical substances that might disturb the biological
function in a system [15]. The surface sensitivity and selectivity of theXPS technique
helps in choosing an appropriate material for bioengineering purposes based on
their optical or mechanical properties [15]. The surface sensitivity of XPS with
regard to determining the composition of materials can be explained via relatively
short inelastic mean free path (IMPF), the IMPF being the average of distance
traveled by the electrons between the successive inelastic collisions [18]. The
probing depth of XPS is limited as the escape depth photoelectrons travel is a few
nanometers or less below the surface, and thus provides valuable information
regarding the surface region [19]. The XPS analysiswasused to study the changes in
the oxidation states of chromium in aerobic and anaerobic Shewanella oneidensis
cells [20]. The chemical composition at the surface of nine different Bacillus subtilis
strains were also studied using XPS analysis [21]. Angle-resolved XPS was used to
study the compatibility of blood with PVCs (pure polyvinyl chloride) and on PVC-b
(polyvinyl chloride from a blood bag) [22]. Surface oxide films on the 316L stainless
steel placed in different environments were characterized using XPS to estimate the
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construction of biocompatible films in the human body [23]. Even in recent years,
there have been notable number of studies utilizing the XPS technique as one of the
tools to explore the interaction of DNA with different forms of metals [24–26]. This
review seeks to illustrate the value in using X-ray photoemission spectroscopic
methods to obtain insights into the mechanisms involved in heavy metals-bio
interface interactions.

2 XPS study of the interaction of nucleotide bases
with metals

The nucleotide bases adenine (A), cytosine (C), guanine (G), and thymine (T) are the
basic constituents of DNA. While the nucleic acids are not DNA, XPS taken to
investigate how nucleotide bases interact with metals does provide some essential
reference XPS spectra. There has been a significant amount of effort, using XPS, to
understand the interaction of these nucleotide bases with some metal surfaces
[27–29]. Tsud et al. [30] investigated the adsorption of adenine adlayers on Cu(111)
using adenine coverages of 1.6 and 0.4 molecular monolayers (ML) [30]. The
adenine adlayerswere initially deposited on theCu(111) at 25 °C via the evaporation,
and then the XPS measurements were carried out after annealing at different
temperatures [30].

Figure 2 (a and b) and Figure 2 (c and d) shows the core level C 1s, N 1s XPS
spectra for 1.6 monolayers (ML) and 0.4 ML adenine coverage on Cu(111), respec-
tively. The C 1s core-level spectra in both the cases for the initial deposition of
adenine on Cu(111) shows three distinct components A, B, andC,where component
A is the representative of the C6 carbon, component B represents C2, C4, C8 carbons
and component C represents C5 carbon of the adeninemolecule [31, 32]. In the case
of 1.6 ML adenine, 0.4 eV shift of C 1s spectra towards the lower binding energy at
the annealing temperature of 75 and 100 °C is observed, indicating the effect of core
hole screening in the case of lower adenine coverage. If we compare the photo-
emission C 1s core level spectra of both cases, there is no significant change in the
component A up to 125 °C for 1.6 ML adenine and up to 100 °C for 0.4 ML adenine.
However, a decrease in the intensity of component A of the C 1s core level spectra
was observed at higher temperatures and since this component represents C6
carbon, it is expected that the bonding between Cu(111) substrate and the adenine
changes, likely in the region of C6 carbon [30].

As shown in Figure 2 (b and d), in the case of N 1s spectra, initially after the
deposition of adenine, the D and E components are prominently observed for both
of the coverages of adenine on Cu(111). The D component was assigned to the

442 E. Mishra et al.



amino nitrogen whereas E component was assigned to the imino nitrogen [30].
However, after annealing at 100 °C, a decrease in intensity alongwith a 1.0 eV shift,
towards smaller binding energies, was observed for 1.6MLadenine onCu(111). This
N 1s core level binding energy shift indicates a significant change in the environ-
ment of the nitrogen atom and could include contributions from hydrogen
bonding. The D component of the N 1s core level spectra was then attributed to N9
atom [33]. The E component becomes significant after annealing 1.6ML adenine on
Cu(111) to 125 °C and to 100 °C for 0.4 ML adenine on Cu(111). The nitrogen atoms in
adenine havemultiple bonding configurations, affecting the E component in the N
1s spectra including shifts in binding energy. After annealing at 200 °C, the pres-
ence of F component in the N 1s spectra at a binding energy of 397.0 eV was

Figure 2: XPS core-level spectra of (a) C 1s, (b) N 1s for 1.6 monolayers (ML) adenine coverage on
the Cu (111) and (c) C 1s, (d) N 1s for adenine coverage of 0.4 ML on Cu (111). Image on the right is
the schematic representation of the nucleic acid adenine [30].
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attributed to the direct bonding of adenine N to the copper substrate [34]. The
presence of bond between Cu(111) and adenine is confirmed by the 0.2 eV shift
towards the higher binding energy of E component in the N 1s spectra with F
component being absent [30]. Therefore, the XPS studies of the adenine layers on
Cu substrate confirms the presence of bonding between the Cu substrate and
adenine. This does really provide insight into how the twopolynucleotide chains of
DNA might interact with a metal like copper.

3 XPS study of phosphomolybdic acid (PMA)/
adenine or thymine/[AuCl4]

− or [Ag]+

nanostructures

The interaction of the phosphomolybdic acid (PMA) with the nucleobases
adenine/thymine and silver/gold metal ions was utilized to construct composite
nanostructures [35]. Six nanostructures were synthesized in this study, the syn-
thesized composites being: i) PMA and adenine composite (PMA/A), ii) PMA,
adenine and [AuCl4]

− composite (PMA/A/Au), iii) PMA, adenine and [Ag]+ com-
posite (PMA/A/Ag), iv) PMA and thymine composite (PMA/T), v) PMA, thymine
and [AuCl4]

− composite (PMA/T/Au) and vi) PMA, thymine and [Ag]+ composite
(PMA/T/Ag). In addition, XPS was used to study the changes in the chemical
states of the six different nanostructure composites during the process of self-
assembly [35].

Figure 3 shows the N 1s, O 1s and C 1s core level XPS spectra for adenine (A),
PMA/A, PMA/A/Ag, PMA/A/Au and thymine (T), PMA/T, PMA/T/Ag andPMA/T/Au
as labelled. In XPS, two different chemical states of nitrogen are evident from
N 1s core level components at binding energies of 400.3 and 398.8 eV corre-
sponding to the amine group, and ring nitrogen respectively. The interaction of
PMA with purine, via protonation, is indicated by the binding energy shift to-
wards the higher values for aniline and purine nitrogen along with the binding
energy shift towards the lower value for the imidazole ring. The shift of N 1s
spectra towards the higher binding energy is observed for PMA/A/Au indicating a
possible interaction of imidazole nitrogen and [AuCl4]

− [35]. Since the [AuCl4]
−

and [Ag]+ in the composite nanostructures were present as anion and cation
respectively, the positively charged [Ag]+ cation forms a stronger bond with the
PMA [36, 37] giving rise to an extra peak in the N 1s spectra of PMA/A/Ag. The
appearance of three different nitrogen components at 397.9, 399.4 and 401.1 eV,
in the N 1s XPS spectra, indicate the bonding of the PMA with the ring nitrogen.
The O 1s core level spectra of the pure PMA shows two distinct peaks at 531.2 and
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532.6 eV corresponding to two different chemical states. The shift of the O 1s core
level peak at 531.2 eV towards the lower binding energy of 530.9 eV was observed
for PMA/A, PMA deprotonation and the binding of protonated nucleobase with
PMA being the main cause. No significant change in the spectral profile of O 1s
was observed after the addition of the Au anion to PMA/A, however the addition
of silver cations seemed to affect the O 1s peak profile significantly, indicating the
interaction of silver cations with PMA and an interaction of [AuCl4]

− anions with
the nucleotide [35].

Figure 3: XPS N 1s, O 1s and C 1s core level spectra for adenine (A), PMA/A, PMA/A/Ag, PMA/A/Au
and thymine (T), PMA/T, PMA/T/Ag and PMA/T/Au [35].
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The XPS spectra of N 1s for thymine has two distinct chemical states at 400.6
and 401.9 eV corresponding to two distinct heterocyclic nitrogens in thymine.
Adding thymine to PMA caused the N 1s peaks to shift towards the lower bind-
ing energies of 399.2 and 401.5 eV, as evident in the N 1s spectra of PMA/T. For
PMA/T/Ag, there is no significant change in the peak profile, however, the peak
profile changes for PMA/T/Au [35]. The C 1s XPS spectra indicates that there
are two distinct chemical states for pure thymine, one at 286.3 eV corresponding
to the carbon-nitrogen bond and the other at 289.4 eV corresponding to the
carbon oxygen bond. For PMA/T, the C 1s spectral shift to a lower binding energy
value of 288.8 eV, from 289.4 eV, is thought to indicate the carbonyl oxygen
protonation [35].

The Au 4f XPS spectra of PMA/A/Au and PMA/T/Au complexes are presented
in Figure 4 (a and b) respectively. For PMA/A/Au, in the Au 4f7/2 components, the
feature at 85.5 eV corresponds to Au(I) species, an indication of a complex for-
mation between [AuCl4]

- and adenine because of the higher binding energy than

Figure 4: Au4f XPS spectra of a) PMA/A/Au, b) PMA/T/Au andAg 3dXPS spectra of c) PMA/A/Ag,
d) PMA/T/Ag [35].
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metallic gold (Au). For PMA/T/Au, the Au 4f peak did not exhibit a significant shift
in binding energy, although a change in the Au 4f peak profile indicated weak
interactions between the [AuCl4]

- and PMA/T [35]. The Ag 3d XPS spectra is shown
in Figure 4 (c and d) for PMA/A/Ag and PMA/T/Ag respectively. The two Ag 3d5/2
features at binding energies of 369 and 368.3 eVwere observed for PMA/A/Ag, the
368.3 eV peak corresponding to the reduction of Ag+ ions by the nucleobases into
metallic silver [35]. For PMA/T/Ag, the peak at 368.6 eV is higher in comparison
to metallic silver whereas lower in comparison to Ag+ ions denoting the transfer
of electrons between the Ag+ ions and thymine [35]. These insights into the
interaction of single nucleotides with silver is important as silver is a bioactive,
and the interaction of the silver with DNA has been explored, as discussed later in
this article.

4 Characterization of mercury ions nanosensor
based on thymine functionalized Au
nanoparticles

Thymine is considered as a very effective ligand for the binding of mercury ions
[38]. Yuan et al. studied highly sensitive thymine-gold nanoparticles-based fiber
optic surface plasmon resonance nanosensor for the detection of Hg2+ ions [39].
The Au coated optic fibers were functionalized using 2-aminoethanethiol (AET)
which contains a thiol group that could form a strong bond with the Au surface.
The reaction of the amide group of the Au nanoparticles/AET systemwith thymine-
COOH, through the process of condensation, results into the formation of Au
nanoparticles/thymine. XPS was used to characterize the process of functionali-
zation in this system.

Figure 5 (a–c) shows the XPS core level spectra of N 1s, S 2p and O 1s respec-
tively for Au nanoparticles/AET system. In Figure 5 (a), the N 1s peak at a binding
energy of 399.4 eV was assigned to the N–C bonds of the AET adsorbed on the
surface of Au- nanoparticles [39]. The occurrence of doublet peaks, most likely due
to spin–orbit splitting in the S 2p spectra, in Figure 5 (b) indicates the presence of
thiol group in the system. Since optical fibers were made up of silicon dioxide, the
O 1s peak at 531.1 eV for Au nanoparticles/AET attributes to the Si–O bonding [39].
Likewise, Figure 5 (d–f) shows the XPS core level spectra of N 1s, S 2p and O 1s
respectively for Au nanoparticles/thymine system. The two distinct peaks at
binding energies of 399.2 and 400.9 eV in the N 1s core level spectra for Au
nanoparticles/thymine were assigned to O=C–N and C–N respectively [39]. This
also indicates the N–C bond formation is due to the condensation of NH2 of the
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AET and COOH of the thymine-COOH. The appearance of an additional O 1s peak
at a binding energy of 532.7 eV for Au nanoparticles/thymine was assigned
to the C–O bonding indicating the attachment of thymine-COOH on the Au-
nanoparticles/AET surface [39]. This XPS study helped to characterize the process of
mercury interaction to thymine functionalized Au nanoparticles systems.

As with the studies of adenine with single crystal metal substrates, like Cu
(111), the XPS study of adenine and thymine with PMA, [AuCl4]

− and [Ag]+ provides
some insight into the likely sites for metal coordination to a nucleic acid. This may
provide a starting point to understand how metals interact with DNA, though as
noted above, DNA is very different than a single nucleic acid.

5 Interaction of Hg (II) nanoparticles with plasmid
DNA

DNA has unique self-assembling properties which makes it suitable forming
spatially ordered 2-D, and 3-D structures [40]. This self-assembling property enables
the design and fabrication of DNA nanostructures that provide programmable and
predictable interactions with other biomolecules and various inorganic nano-
particles (NPs) [41]. The conjugation of metallic nanoparticles with DNA scaffold
leads to the development of promising biosensors and bioelectronic devices.

Figure 5: XPS core level spectra of (a) N 1s, (b) S 2p (c) O 1s for Au nanoparticles/AET system and
(d) N 1s, (e) S 2p (f) O 1s for Au nanoparticles/thymine system [39].
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X-ray photoelectron spectroscopic studies have shown that the electronic
structure of DNA gets modified due to its interactions with the monovalent and
divalent metal cations like silver (I) and mercury (II) [42, 43]. Plasmids are DNA
molecules with a circular double-stranded structure having self-replication
property without depending on chromosomal DNA for replication [44]. The cir-
cular plasmid DNA was isolated from the DH5α bacterial cell and made to interact
with themercuric acetate salt solution. Both themercury salt reacted plasmids and
the pure plasmid were studied using scanning probe microscopy (SPM) and X-ray
photoelectron spectroscopy [43]. The SPM images of the plasmid before and after
its interaction with the mercury salt are shown in Figure 6.

The pure circular plasmid DNA [Figure 6 (b)] starts getting linearized after the
reaction with the mercury salt as shown in Figure 6 (c and d), destructing the
circular shape of the DNA [43]. The arrows in Figure 6 (c) points to the linear and
circular DNA plasmid structure. In addition, formation of Hg nanoparticles within
the DNA bases has also been noticed [43]. XPS results also indicate a strong
interaction between the DNA bases and Hg nanoparticles.

Figure 6: AFM images of (a) pure unreacted mica surface (b) pure plasmid DNA on the mica
surface, after the interaction of plasmid with (c) 0.1 mM solution of mercuric acetate salt,
(d) 10 mM solution of mercuric acetate salt [43].
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Figure 7 (a–c) display XPS spectra of the elemental components of DNA such as
carbon, oxygen, and phosphorus, respectively. These core levels were investigated
bothbefore andafter the reactionofDNAwith themercuric salt. TheXPS spectrumof
C 1s core level of pure plasmid displayed components associated with –CH3 group
(282.4 eV), hydrocarbon component (284.6 eV), carbon bound to nitrogen (285.7 eV),
carbon bound to an amino group (286.4 eV), and carbon bound to amide group
(287.8 eV) [43]. Unlike the pure plasmid, mercury reacted plasmid showed
enhancement of the features corresponding to the amino group and the amide
group, suggesting strong perturbations to these components [43]. When mercury
reacts with plasmid DNA, the nitrogen site of the nucleobases of the plasmid DNA

Figure 7: XPS core-level spectra of (a) C 1s, (b) O 1s, (c) P 2p of Hg-plasmid (upper) and pure
plasmid (lower) and (d) Hg (4f ) of Hg plasmid [43].
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formsbondswith themercury ions insteadof carbon leading to the absenceof amino
and amide feature in C 1s and the appearance of an extra feature in N 1s as shown in
Figure 8. Therefore, the perturbation in DNA means the selective interaction of the
nitrogen of the nucleobases in the plasmid DNA with the Hg2+ ions.

The O 1s core-level spectra of mercury reacted plasmid DNA displays a 0.6 eV
shift towards the lower binding energies in comparison to the pure plasmid DNA
suggesting that the electronegativity in oxygen is increased due to the mercury
conjugation. This also brings into light the possible rupture of G-C pairing leading
to the cleavage of H-bond after the Hg (II) conjugation with plasmid DNA. The
mercury reacted plasmid DNA shows a similar feature as the pure plasmid DNA for
the P core level spectra suggesting that there is no significant interaction of the
mercury ions with the phosphodiester bond of the DNA. The Hg 4f core level
spectrum of mercury reacted plasmid DNA as shown in Figure 7 (d) displays two
features due to 4f7/2 and 4f5/2 at 101 and 106 eV respectively [43]. The binding
energy features at 100.7 and 105.1 eV represent 4f7/2 and 4f5/2 atomic subshells of
the metal purine pyrimidine complex. The features with Hg 4f binding energies at
102.3 and 106.5 eV were attributed to the hydrogen bond’s cleavage between the
purine and pyrimidine in the metal purine complex [43].

Figure 8: XPS core-level spectra of N 1s of Hg-plasmid (upper) and pure plasmid (lower) [43].
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As shown in Figure 8, the N 1s spectrum of mercury reacted plasmid DNA is
broad and has been fittedwith six components. The imine component (–N=) shows
a shift of 0.7 eV towards the lower binding energy in comparison to the unreacted
plasmidDNA suggesting the perturbation due to the interaction of the nucleobases
of the plasmid DNA with the mercury ions [43]. Ab initio calculations confirm that
the transition metal cations with empty orbitals can accept electrons from the N7
atom of purines to form coordination complexes such as metal-purine-pyrimidine
complexes [45]. In this study,when the imine structure gets protonated, guanine or
adenine with the N7 atoms forms the metal purine pyrimidine complex corre-
sponding to the N 1s core level feature at 405.6 eV. The N 1s core level feature at a
binding energy of 403.1 eV for the metal purine complex is formed when the
hydrogen bond in metal-purine-pyrimidine is broken. This XPS study [43] shows
the severe perturbation of DNA molecules after its reaction with the mercuric salt.
The linearization of the plasmid DNA and the shift in the binding energy of O 1s
spectrum after Hg conjugation with plasmid DNA, leading to the cleavage of
hydrogen bond via G-C rupture is also the cause of perturbation in the groups
attached to the nucleobases [43].

6 Interaction of plasmid DNA with TiO2 surfaces

The compatibility of TiO2 with different biomolecules along with its corrosion
resistance properties and non-toxic nature could make this oxide an appropriate
material for biomedical purposes [46]. The TiO2 was sputtered in the UHV with Ar+

ions with a flux of 1 × 1013 ions/cm2s at an incident angle of 15°. Also, TiO2 was
irradiated with the fluences of 6 × 1015 and 1.8 × 1016 ions/cm2 for the duration of 10
and 30min respectively [47]. The interaction of a plasmid DNA, which consisted of
nearly 4361 base pairs isolated from the DH5α bacterial cell, was made to interact
with the TiO2 surfaces after the oxide was modified through various levels of ion
bombardment [47].

As a complement to the X-ray photoemission studies, AFM was used to study
the surface morphology before and after the interaction of the TiO2 surface with
DNAmolecules, as shown in Figure 9 [47]. Figure 10 represents the power spectral
density (PSD) function plots, derived from the AFM images of Figure 9, thus
providing topographical parameters [48] for the virgin TiO2 surface and Ar+ ions
irradiated TiO2 surface.

The log-log representation of the power spectral density plots, as a function of
wave vector (к), displays a plateau at low frequency followed by two frequency
decay regions each separated by a unit order of к magnitude. The points at which
these regions intersect are related to the intermolecular separations (ξ) and
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persistence length (P) of theDNA. The increase in (P) denotes the increased stiffness
of the DNA molecule [49]. The increase in (ξ) indicates the increase in biocompat-
ibility and hydrophilicity because the measurement of (ξ) provides an indication of
the area occupied by each DNA molecule [49]. Both (ξ) and (P) increase with an
increased interactionwith the TiO2 substrate. The inset shows the distribution of the
average plasmid diameter, which increasedwith the increase in irradiationfluences
of the TiO2 surface.

Figure 9: Left panel represents the AFM image of (a) virgin TiO2 surface, (b) TiO2 surface after
being irradiated with Ar ions with the fluences of 6 × 1015 ions/cm2, (c) 1.8 × 1016 ions/cm2. The
right panel represents the AFM images of (a) virgin TiO2 interactedwith plasmidDNA, (b) plasmid
DNA interacted with TiO2 after irradiated with the fluence of 6 × 1015 ions/cm2, and (c) 1.8 × 1016

ions/cm2 [47].
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Figure 11 represents the Ti 2p region of the XPS spectrum from virgin TiO2 and
ion irradiated TiO2 surfaces. As shown in Figure 11 (a), the XPS spectrum of the
virgin sample shows two Ti 2p features at 2p3/2 and 2p1/2 which corresponds to the
Ti4+ coordination site/oxidation state. When the TiO2 surface is irradiated with the
flux of 6× 1015 ions/cm2, alongwith Ti4+ sites, Ti2+ and Ti3+ features are seen for both
2p3/2 and 2p1/2 states (Figure 11 (b)). Ti

4+ feature is the most significant in this case
with a Ti3+/Ti4+ ratio of about 0.3. However, when the TiO2 surface is irradiatedwith
1.8 × 1016 ions/cm2, the Ti3+ component becomes themost prominent (Figure 11 (c))
with the Ti3+/Ti4+ ratio of about 4.1 (also shown in the inset). The Ar+ ions irradi-
ation on the TiO2 surface causes the transfer of the two associated electrons from
oxygen to the neighboring Ti atomshavingunfilled 3d orbitals forming Ti3+ andTi2+

state on the TiO2 surface. Both the Ti
2+ and Ti3+ component intensities increasewith

the increased surface damage [47]. This increase in oxygen vacancy states pro-
motes the nucleation of Ti rich centers that induce the nanopatterning of the TiO2

surface, consistent with the AFM studies as discussed in Figure 9.

Figure 10: PSD plots for (a) virgin
TiO2 surface interacted with
plasmid DNA, TiO2 surface
interacted with plasmid DNA after
being irradiated with Ar+ ions with
the fluence of (b) 6 × 1015 ions/cm2

(c) 1.8 × 1016 ions/cm2. Inset
represents the distribution of
diameter of the plasmid DNA [47].
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Figure 12 depicts the spectra of the Ti 2p core level region for both the virgin TiO2

surface and the ions sputtered surfaces that interacted with the plasmid DNA. As
shown in Figure 12 (a), a shift in the Ti4+ feature towards the lower binding energy is
observed due to the interaction of the plasmid DNA with the virgin TiO2 surfaces.
This shift was attributed to the transfer of electrons to the surface from thenegatively
charged phosphate component backbone of the DNA. The Ti4+ component is further
shifted towards the lower binding energy when the surface irradiated with a fluence
of 6 × 1015 ions/cm2 interacts with the DNA as shown in Figure 12 (b). This shift
indicates that more electrons are being transferred from DNA to the surface. The
absence of both Ti3+ and Ti2+ states is observed as shown in Figure 12 (c) suggesting
the surface has gained enough electrons from the phosphate component of the DNA
causing saturation of both Ti3+ and Ti2+ after irradiation of the surface with a fluence
of 1.8 × 1016 ions/cm2 [47].

This study revealed that the interaction of TiO2 surface with DNA brings
conformational changes in the DNA structure and also indicated that the
biocompatibility and hydrophilicity of TiO2 surface changes with the increase in
the ion bombardment fluence [47]. On the virgin TiO2 surface, there is a relatively
weak interaction between the surface and DNA because the transfer of electrons

Figure 11: XPS spectra of Ti 2p
region for (a) virgin TiO2 surface,
TiO2 surface after being irradiated
with Ar+ ions with the fluences of
(b) 6 × 1015 ions/cm2 (c) 1.8 × 1016

ions/cm2. XPS intensities of the
ratio Ti+3/Ti+4 is shown in the
inset [47].
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from the phosphate component of theDNA is small. This results in a small sizewith
a small value of ξ and P. However, irradiation with a fluence of 6 × 1015 ions/cm2

results in the increased charge transfer resulting in the saturation of Ti2+ sites. The
ions irradiated surface has oxygen vacancies which enhance the interaction be-
tween the DNA and ions leading to the larger size of plasmid DNA with the larger
value of ξ and P. Furthermore, the irradiation of the surface with the fluence of
1.8 × 1016 ions/cm2 results in the increase of the diameter of plasmid DNA along
with the even larger values of ξ and P. Both the Ti3+ and Ti2+ states get saturated at
this stage due to the charge transfer from the negatively charged phosphate
backbone of the DNA. After irradiation, the increase in oxygen vacancies in the
surface leads to the strong conjugation between the surface and the DNA [47].

7 Silver with DNA

The study of the interaction of silver (I) with DNA is important because silver is a
bioactive compound which acts as a mediator in the base pairing of noncanonical

Figure 12: The curve with circles
represents XPS Ti 2p spectra after
DNA interaction with (a) virgin TiO2

surface, TiO2 surface after being
irradiated with the fluences of
(b) 6 × 1015 ions/cm2 (c) 1.8 × 1016

ions/cm2. For reference, XPS
spectra (black dotted) without DNA
interaction are also shown [47].
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DNA structure like guanine-guanine and cytosine-cytosine [50, 51]. XPS studies
were carried out to study the interaction of i) silver cations with DNA, ii) in situ
deposition of silver ions onto the DNA iii) DNAwith fluorescent silver clusters [42].

Figure 14 is the diagrammatic representation of a fragment of DNA strand with
cytosine (C), guanine (G), and thymine (T). The N 1s core level components NI

(green) and NII (light green), in the XPS spectra of Figure 13 correspond to the
similarly colored N indicated in the diagrammatic representation of a DNA frag-
ment in Figure 14. In a similar fashion, the N 1s core level components OI and OII in
the XPS spectra of Figures 13 and 15 corresponds to blue and light blue colored O
indicated in the diagrammatic representation of a DNA fragment in Figure 14. As
shown in Figure 13, in the case of pure DNA with r = 0.0, the peak observed at the
binding energy of 399.4 eV (NI component) was assigned to the nitrogen atoms in
the C=N–C and C–NH2. The peak observed at the binding energy of 400.8 eV (NII

component) was assigned to the nitrogen in N–C=O and N–C–O. Likewise, in the

Figure 13: The XPS core-level spectra of N 1s (left) and O 1s (right) of Ag+-DNA sample with the
numerical value of r on the right of each spectrum, where r = [Ag+]/[DNAbase] [42].
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case of the O 1s spectrum, the peak of the OI component was observed at binding
energy 531.3 eV which is assigned to the groups P=O, C=O, and P–O− of DNA. The
OII peak observed in the O 1s core level spectrum of the pure DNA is assigned to the
water present on the HOPG (highly oriented pyrolytic graphite) substrate used in
the preparation of the thin films of silver-DNA complexes [42].

What becomes evident from Figure 13, is that with the increase in the value of
r = [Ag+]/[DNA], a redistribution of NI and NII components occurs in the N 1s
spectra. It was observed that the NII component shifts towards the lower binding
energy. This shift was attributed to the binding of NII siteswith the silver cations. In
the case of oxygen, for r ≥ 0.1, the XPS spectrum of O 1s showed no significant
change suggesting no interaction between the oxygen atoms and Ag+ ions [42].

The in-situ deposition of the atomic silver onto a DNA film, in the spectrometer
vacuum chamber, resulted in significant changes to the XPS spectra. As shown in
Figure 15, the XPS spectra of O 1s, in this case, show redistribution of OI and OII

intensities. The shift of the OII component towards the lower binding energy was
attributed to the interaction of oxygen of the phosphodiester bond/deoxyribose of
DNA with silver atoms. The XPS spectra of N 1s shows a similar spectrum as
DNA-Ag+. However, for the third case, in the XPS study of the HPLC (High-Perfor-
mance Liquid Chromatography) purified complex of the fluorescent silver cluster
with DNA, the spectral changes in O 1s and N 1s spectra were not observed [42].

Thus, the XPS spectra of three different types of silver-DNA complexes were
studied and this helps in understanding the DNA metallization mechanism for
silver which will aid in the development of metal-bio interfaces. It has been noted
that silver (Ag) DNA compounds are potential materials for DNA-templated silver
nanorings [52].

Figure 14: A diagrammatic
representation of a fragment of
DNA strandwith bases cytosine (C),
guanine (G), and thymine (T) [42].
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8 DNA interactions with Al (III) and Fe (III) cations

As mentioned above, DNAs are basically large polymeric molecules consisting of
various nucleotides (i.e., adenine (A), thymine (T), guanine (G), or cytosine (C)) and
have a negatively charged phosphate group. Hence it is possible to condense these
molecules by neutralizing the negative charges present in the phosphate group by
means of various metallic or organic cations [53–55]. The compaction of the DNA
molecules having intramolecular condensation is crucial for the development of
non-viral gene delivery vectors [56].

Figure 15: The XPS core-level
spectra of O 1s due to gradual
deposition of atomic silver onto
DNA in UHV. The numerical value
on the right is nominal layer
thickness [42].
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This condensation or the compaction of DNA can also occur in the presence of
trivalent metal cations such as Fe3+ and Al3+ in an aqueous medium. The phe-
nomenon of aggregation or the compaction of the DNA molecules influenced by
the environmentally relevant metal cations such as Al3+ and Fe3+ was investigated
by C. Qin et al. [56]. DNA from salmon testes was employed for their study, and the
compaction phenomenon was investigated with the X-ray photoelectron spec-
troscopy. The XPS spectra and feature assignments is depicted in Figure 16.

The compaction of DNA, by forming DNA-Fe (III) and DNA-Al (III) complexes,
were investigated by analyzing core-level X-ray photoemission spectra of O, P, Fe,
andAl [56]. The observedO 1speak at 531.3±0.2 eVwas assigneddue to the oxygen
present in the nucleobases and pentose sugars. And the peak at around
532.7 ± 0.2 eVwas assigned due to the oxygen from the phosphate backbone. The O
1s peak observed at 532.88 eV was assigned due to the oxygen from –O–P group of
the phosphate backbone of the DNA before the interactions with Fe (III) and Al (III)
metal cations. O 1s peak at 536.28 eV could be attributed to the water molecules
present in the DNA samples. After the interaction of DNA with Al (III) and Fe (III),
the O 1speak at 536.28 eV vanished due to the adequate drying of theDNA samples.

Figure 16: XPS core-level spectra of O (a), P (b), Al (c), and Fe (d) both before and after the
interactions with salmon testes DNA [56].
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The peak at 532.88 eV of the O 1s spectra shifted to 532.48 eV (Δ = 0.4 eV) after the
DNA interacted with Fe (III) and Al (III) cations. This shifting of the O 1s core level
binding energiesmay be assigned to the formation of theDNA-Fe3+/Al3+ complexes
that occurred at the backbone of the DNA. The supply of an electron density from
the Fe and Al metal ions to the DNA backbone sites results in a decrease the O 1s
binding energy. On the other hand, for P 2p3/2 spectra, the binding energies
increased from 133.32 to 134.77 eV (Δ = 1.45 eV) and 134.47 eV (Δ = 1.15 eV) for
DNA-Al (III), and DNA-Fe (III) complexes respectively which could be attributed to
the formation of the strong electrostatic binding between negatively charged
phosphate backbone and themetallic cations. The shifting of the core level binding
energies for Al 2p and Fe 2pwere 2.2 and 5.0 eV respectively which were due to the
complex formations of Al3+ and Fe3+with the negatively charged oxygen present in
the phosphate group in the DNA.

These studies based on XPS, suggest an influence, by the trivalent metallic
cations such as Al3+ and Fe3+, on the compaction of DNA molecules [56]. More
generally, this evidence of a strong interaction of trivalentmetallic cationswithDNA
could aid in the development of sensors for these metal ions as well as metal-bio
interfaces. The metal cation interaction with DNA is not restricted to only trivalent
metallic cations, as discussed next, so sensor specificity might be problematic.

9 Metal cation-induced deformation of DNA
self-assembled monolayers on silicon

For the compaction or condensation of DNA molecules, monovalent and divalent
metal cations play an important role by reducing the Coulombic repulsion between
the phosphate backboneswithin andbetweenDNAmolecules. Thesemetal cations
may induce compaction of the DNA molecules as well as induce various de-
formations such as bending, twisting, and change in groove width [57]. An
investigation was carried out using X-ray photoelectron spectroscopy by Hidehiko
et al. [57] on the DNA adsorption on the silicon (Si) surface as well as investigate
interactions with alkali and alakali earth metal cations such as Na+, K+, Mg2+, and
Ca2+. In their study, the immobilization of the DNA strands on the bare clean
Si wafer was performed using 1-decene and undecylenic acid (9:1 M ratio), and
afterward, the surface was activated using 1-ethyl-3[3-(dimethylamino)-propyl]
carbodiimide (EDC) and N-hydroxysuccimide (NHS).

In this study [57], the amino-functionalized ssDNA (5′-NH2-C6-TCG ATC TGA
CGT CAG TCA AA-3′) with a saline solution containing salts such as NaCl, KCl,
CaCl2, and MgCl2 was allowed to react with a silicon/silicate surface. The
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immobilization of the DNA strands on the silicon surface was characterized by
X-ray photoemission spectroscopy, as shown in Figure 17. The peaks of phosphate
(P) andnitrogen (N) constitute enough evidence for the presence of DNA strands on
the silicon/silicate surface. Interaction of the DNAmolecules with different cations
exhibited almost the same XPS P 2p and N 1s core level profiles. The observed P 2p
XPS peak at a binding energy of 134.3 eV indicates the presence of the phosphate
backbone of the DNA on the Si surface as the binding energy of P 2p peak is in close

Figure 17: The core-level XPS spectra of a DNA self assembled monolayer (SAM) on silicon
substrate [57].
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agreement with the reported value [58, 59]. The slight deviation of the Si 2p peak at
99.5 eV represents oxide formation on the surface, as shown in Figure 17. The N 1s
peak observed at 400.2 eV was assigned to nonconjugated nitrogen present in the
amine-functionalized DNAmolecules which is closer to the reported value [60]. The
absence of N 1s peak at 402.6 eV (N–O) indicated the efficient amide coupling of
amine-functionalized DNA to the carboxyl groups present on the silicon surface [61].
The sum-frequency generation (SFG) spectroscopy studies on the DNA functional-
ized silicon surface in the influence of different metal cations revealed that the
distortionof the linkermonolayer decreased in theorder ofMg2+ >Ca2+ >Na+≈K+ and
this is similar to the fact that the divalent or trivalent cations interact more strongly
with the negatively charged phosphate backbone of the DNA molecules in com-
parison to monovalent cations. The interaction of the metal cations with the DNA
molecules was further characterized with XPS as shown in Figure 18. After inter-
acting strongly with the DNA, the characteristic peaks for Ca 2p observed at 342 eV,
and by deconvoluting the Mg 2p core-level spectra, peaks at binding energies of 52
and 55 eV were found. These two deconvoluted Mg 2p core-level features were
assigned on the basis of the coupling of the cations with the negatively charged
phosphate groups (higher energy), and with the nucleosides (lower energy)
respectively. It was observed that the interaction of the DNA with Mg2+ is more
persistent than with the Ca2+, as the ratio between the signals from the cation to the
phosphate (P) is much higher in the case of Mg 2p (Mg/P ∼ 1.45, Ca/P ∼ 0.04). The
deformation of the DNA molecules, influenced by the metal cations, plays a crucial
role in the charge neutralization of the negatively charged phosphate backbone and
the drastic conformational changes in the DNA structures. In the DNA molecules
having all types of nitrogenous bases, the interaction of the metal cations occurs
mostly at the Guanine bases and the distribution of the charges around the DNA
molecules become inhomogeneous, which eventually causes the DNAmolecules to
bend significantly on the Si surface. These deformations are much more significant
for the divalent cationMg2+ than themonovalent cationNa+/K+ [57]. This study gives
insights into the fabrication of DNA micro-arrays with maximum probe density.

10 Reversible adsorption–desorption at the
interface of DNA with ZrO2 nanoparticles

The immobilization of the DNA molecules on the solid surface has attracted
immense attention due to its applications in the field of DNA-based bio-chip, DNA
computers and DNA modified electrode systems [62–64]. Zirconia (ZrO2) based
spectroscopic study of the adsorption and desorption of DNA was carried out by
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S.-Q. Liu et al. [65] where the zirconia nanoparticles (NPs) were prepared bymeans
of the sol-gel method. The adsorption of calf thymus DNA was performed by
dipping the ZrO2 coated glassy carbon (GC) electrode into the DNA solution.

The adsorption of DNA molecules onto the zirconia coated GC electrode was
characterized by both differential pulse voltammetry (DPV) and X-ray photoelec-
tron spectroscopy as shown in Figures 19 and 20 respectively. As shown in
Figure 19, there is a significant increase at the peak current for GC-ZrO2-DNA
electrode with Co(phen)3

3+ (Figure 19 (c)) and decrease in the peak current for
GC-ZrO2 electrode (Figure 19 (b)) in comparison to the GC electrode (Figure 19 (a)),
suggesting the role of ZrO2 as a connecting component or the bridge for the process
of DNA immobilization onto the GC electrode surface. XPS was performed on the
ZrO2 both before and after the interaction with calf thymus DNA and the XPS peak
for the P 2p from the phosphate backbone of the DNA molecule was observed at
132.95 eV only when the ZrO2 coated GC electrode was immersed in the DNA
solution, andno signalwas foundwithout the binding as shown in Figure 20which
agrees to the idea of immobilization of DNA on ZrO2 NPs. For the desorption of the

Figure 18: The core-level XPS spectra of siliconmodified with DNA SAMs upon immobilization in
the presence of (a) MgCl2 (b) CaCl2 and after hybridization with complementary strands in the
presence of (c) MgCl2 or (d) CaCl2 [57].
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DNA from the ZrO2 NPs, KOH solution was utilized by immersing the modified
electrode for 10 h. And again, for the adsorption of the DNA molecules to the
ZrO2 NPs, the previously mentioned method was applied, and a similar current
response was observed [65].

It has been noted that the reversible DNA adsorption-desorption process with
the zirconia NPs has potential for the preparation of reusable bio-chip and infor-
mation storage devices [65], although we note that the write speed would be slow.

11 Cu2O@NCs-DNA

Chitin is a polysaccharide occurring naturally in the arthropod exoskeleton and
fungi/yeast cell wall [66]. Nano-chitosan particles (NCs) exhibit good

Figure 20: The core-level XPS
spectra of P 2p of (a) the ZrO2

nanoparticles (NPs) after
functionalized with calf thymus
DNA and (b) the ZrO2 NPs without
DNA [65].

Figure 19: The differential pulse
voltammetry of (a) GC electrode,
(b) GC-ZrO2 electrode and
(c) GC-ZrO2-DNA electrode with
Co(phen)3

3+ [65].
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biocompatibility andmight be used as a biosensor to immobilize the biomolecules
[67, 68]. Cu2O has been explored as a possible electrochemical sensor such as
L-tyrosine sensors [69] and enzyme-free glucose sensors [70]. Based on the unique
features of both the nano-chitosan particles and Cu2O, Liu et al. [68] fabricated a
highly sensitive electrochemical biosensor (Cu2O@NCs) using NCs as the shell and
Cu2O as the core structure.

Figure 21 represents the proposed electrochemical sensor scheme based on
Cu2O@NCs nanocomposites. The high affinity between the DNA strands and
Cu2O@NCs favors the adsorption of DNA strands to Cu2O@NCs. The Cu2O was
placed within the nanocomposite. The combined Cu2O chitosan nanosphere pro-
vides active sites for DNA molecule surface attachment. This biosensor detects
Hg2+ ions through the formation of the T-Hg2+-T complex [68].

XPS analysis was used to study the composition of the nanomaterial before
and after the biosensor interaction. As shown in Figure 22, the core level spectra of
Cu 2pwere observed in all the samples. The peak observed at 932.2 eVwas assigned
to Cu 2p3/2 and the peak observed at 951.9 eV was assigned to Cu 2p1/2. After the
combination of NCswith the Cu2O nanostructure, XPS signals for C 1s andN 1swere
also studied. The core-level spectra of C 1s contain three peaks, i) at 284.6 eV
attributed to C–C/C–H bond, ii) at 286.2 eV attributed to C–N bonds, and iii) at
288.2 eV attributed to the carboxyl groups [68].

Figure 21: A schematic representation of an electrochemical biosensor for the detection of Hg2+

ions based onCu2O@NCs nanocomposites [68].
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When theDNAstrandswere immobilized onto the surface of Cu2O@NCs, a new
C 1s peakwas observed at 289.0 eVwhichwas attributed to the N–C=O group of the
DNA. These results favor the anchoring of the single-stranded thymine (T) rich
DNA on the surface of the Cu2O@NCs composite. After the detection of the Hg2+

ions, increase in the intensity of theN–C=O groupwas observed. This behaviorwas
attributed to the double-stranded DNA chains that were produced after the coor-
dination of the T-Hg2+-T between the Hg2+ ions and the DNA strands. The core-level
XPS spectra of the Hg 4f signal show peaks at 99.4 eV attributed to Hg 4f7/2 and a
peak of 103.3 eV attributed to Hg 4f5/2. Based on the XPS results, the change in the
electronic structure of the different components of the nanocomposites supports
the claim that Cu2O@NCs can be used as an electrochemical biosensor for the
detection of Hg [68].

Figure 22: The XPS core-level spectra for Cu 2p, C 1s, and N 1s for (a) Cu2O@NCs, (b) Cu2O@NCs
interacted with DNA, (c) Cu2O@NCs-DNA with Hg2+ [68].
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12 The Bi2O3-DNA template

The properties of Bi2O3 such as high dielectric permittivity, a large energy band
gap, a high refractive index, and excellent photoluminescence make bismuth
oxide suitable for various microelectronics and optical devices [71, 72], but the
biocompatibility is not well understood. Indeed, the study of bismuth com-
pounds with bio molecules is a good starting point to the investigation of other
heavy metals and heavy metal compounds. The unique property of nanowires
and nanotubes to efficiently carry charges and excitons [73], could possiblymake
bismuth oxide nanowires a suitable building block for optoelectronic devices. As
such, the interaction characteristics of bismuth oxide with biomolecules is of
interest if optoelectronic bismuth oxide biosensors are going to be valuable. DNA
does provide a scaffold for Bi/Bi2O3 nanowires. The DNA templated growth of Bi/
Bi2O3 nanowires was obtained by using the electrochemical reduction of Bi (III) at
the surface of an n-type Si electrode [74]. The self-assembling property of DNA
templates along with its programmed base sequence can be used to construct
complex structures [75].

The XPS spectra of Bi 4f electron is shown in Figure 23. When the bismuth
ions present in an electrolytic solution reacts with DNA, Bi nanowires are likely
to deposit on the Si substrate. The evaporation of the electrolytic solution in air
reoxidized the Bi nanowires forming Bi2O3. The oxide layer of a thickness in the
region of 4 nm was reported when metallic Bi wires were exposed to the air for
4 h [76]. In this work [74], the complete oxidation of the wires is expected as the
thickness of the wire is about 5 nm. Therefore, the peak position at binding
energies 158.7 and 163.9 eV corresponds to Bi 4f7/2 and Bi 4f5/2 respectively for
Bi2O3, and the singlet peaks at the binding energy of 150.3 and 153.2 eV were
assigned to Si 2s [74]. The result of this study showed that the dominant
component of the material was Bi2O3 which can therefore be used in the con-
struction of complex chemical architectures.

13 Uranium and urania – eDNA

Biopolymers such as polysaccharides, polypeptides, and nucleic acids are con-
stituents of bacterial extra polymeric substances (EPS) [77]. Indeed, extracellular
DNA (eDNA) is one of themajor extra polymeric substances (EPS) components [78].
Hufton et al. [79] studied the mechanism involving eDNA as a contributor in the
process of uranium phosphate mineral formation, which is one of the key com-
ponents for the process of biomineralization of uranium.

468 E. Mishra et al.



eDNA was chosen for study because i) the presence of phosphate groups in
eDNA helps in quantifying the precipitation of uranium and ii) ePO4 can be
enzymatically released from eDNA. ePO4 when reacted with uranium results in
the formation of uranium phosphate minerals [79]. The hypothesis of this
study [79] was that ePO4, at acidic conditions would effectively bind the U(VI)
species that are highly mobile. The results of the ePO4 studies were also compared
with aPO4, an abiotic precipitate obtained from NaH2PO4 [79]. The XPS studies
were, as shown in Figure 24, carried out on the uraniumminerals that were formed
using aPO4 and ePO4.

The XPS spectrum showed the presence of uranium, phosphorus, oxygen,
chlorine, and sodium. The use of carbon tape during the preparation of the sample
made it difficult to identify the carbon peak, however, a high-resolution scan
showed carbon peaks in ePO4 minerals. The XPS peaks of carbon at 285, 286.49,
and 288.88 eV were attributed to the carbon tape [79]. The carbon peaks were
absent in aPO4 minerals as the abiotic reaction between aPO4 and uranium had no
presence of carbon. The carbon peak at 287.91 eV is attributed to the carbon-
oxygen double bond in the ePO4 mineral. The satellite peaks at 293.24 and
295.95 eV corresponds to the residual impurities of carbon that remained after the
synthesis of ePO4 [79].

The core-level XPS spectra of U 4f of uraniummineral synthesized using aPO4

and ePO4 shows the peak separation of 10.87 eV between 4f7/2 and 4f5/2. The
presence of the higher peaks than the main 4f5/2 and 4f7/2 peak is attributed to the

Figure 23: The XPS spectrum for Bi 4f and Si 2s core levels for Bi/Bi2O3 nanowires on Si electrode
[74].
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interaction of the valence electrons with the photoelectrons during the process of
photoexcitation [79].

The uranium 4f core level XPS region, for the UO2(NO3)2.6H2O, a U(VI) species,
shows two additional features for both 4f5/2 and 4f7/2 core levels. The highest
satellite peak indicates thatmost of the uranium in theminerals is present in the VI
oxidation state. The other remaining high energy peaks could be the satellite peak
or the peaks formed during the interaction of uranium with the phosphate group.
The XPS analysis helped elucidated the fact that the uranium minerals produced
using ePO4 are probably due to the presence of nitrogen and carbon impurities in
ePO4 than aPO4. Although, due to the presence of impurities, the minerals could
not be identified clearly but the uranium mineral formed was identified as a ura-
nium phosphate mineral [79]. This study helps to explain the role of ePO4 in the
complexation and mineralization of uranium in the presence of eDNA and thus
eDNA plays a vital role in the biomineralization of uranium.

Figure 24: The XPS spectra taken at the C 1s, P 2p, O 1s, andU4f core levels for uraniumminerals
formed using ePO4 [79].
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14 Bio-metal interface interaction of S-layer
protein with Cu and Fe

XPS was used to study the interaction between the surface layer proteins of a
regular bacteria withmetals like Cu and Fe [80]. Figure 25 shows the N 1s core-level
spectra of the native surface layer proteins and surface layer proteins after the
deposition of Cu and Fewith varying nominal thickness. At 400.1 eV, theN1 feature
can be seen which corresponds to the nitrogen atoms in peptide bonds, amide
bonds, or the amine groups in the side chains [80]. With the increase in nominal
thickness, an additional N2 feature appears at 398.4 eV corresponding to the C=N
bond. In the case of SL-Fe, a third feature N3 is observed at 397 eV corresponding to
the C≡N or Fe≡N bonds [80].

Figure 26 shows the O 1s core-level spectra of the native surface layer proteins
and surface layer proteins after the deposition of Cu and Fe with varying nominal
thickness. In the case of surface layer proteins with Fe, a new feature O1 is detected
at 530 eV which could be the peak corresponding to the iron oxides [81].

Figure 27 shows the photoemission line shape evolution of the Fe 2p core-level
spectra with increasing metal coverage. The increase in the intensity of the Fe 2p
feature A, with an increase in the thickness of the Fe deposition, at the binding
energy of about 707 eV, indicates the possibility of elemental Fe being present [82].
The satellite features at the higher binding energy in Fe 2p spectra correspond to
the +2 or/and +3 oxidation state of Fe. This indicates that the iron is oxidized
during its interaction with the protein [80]. Therefore, this study compares the
stability of the protein hybrid system which helps in understanding the protein
metal interactions. The hybrid with copper appears to be more stable in compar-
ison to the hybrid with iron as iron decomposes to form carbides, oxides, nitrides,
and cyanides [80].

15 Brown marine microalgae

The treatment of the wastewater contaminated with toxic heavy metal ions can be
done by the process of biosorption [83]. Biosorption is a technique in which the
functional group or ligands of the biological materials can be used to form com-
plexes with heavymetal ions [84]. Photoemission studies were carried out to study
the mechanism of bio adsorption of heavy metal cations such as Cd, Ni, and Pb on
the chemical groups present on the cell wall of Sargassum vulgaris, brown marine
macroalgae [85].
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Figure 25: N 1s core-level spectra for native surface layer proteins and after the deposition of
a) copper and b) iron with varying nominal thickness [80].

Figure 26: O 1s core-level spectra for native surface layer proteins and after the deposition of
a) copper and b) iron with varying nominal thickness [80].
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This XPS study helped in understanding the binding mechanism involved in
the cadmium, lead, and nickel biosorption process in S. vulgaris [85]. In the case of
cadmium, the Cd2+ cations bind with the carbon and oxygen groups present in
carboxylic groups, with nitrogen present in the amino acids and sulfur present in
the thiol groups of polysaccharides and amino acids. Chelation is the process by
which the action of chelating agents removes specific toxic metals. Chelating
agents are the inorganic and organic compounds bound with the metal ions to
form a complex structure that is eventually excreted out of the biological system
through extracellular or intracellular spaces [86]. However, smaller changes in the
concentration of calcium and magnesium indicates that the major binding
mechanismmight not be ion exchange. In the case of lead, the trendwas similar to
the Cd2+ uptake except that the magnesium and calcium concentrations decreased
significantly suggesting the sequestration mechanism for lead cation was chela-
tion, reduction, and ion exchange. In the case of nickel, Ni2+ cation mainly binds
with oxygen-containing chemical groups which leads to the reduction in the
concentrations of magnesium and calcium. This result indicates ion exchange as
the most probable binding mechanism for nickel cation. The oxygen peak shift in
nickel cation confirms themajor role of oxygen-containing groups in the process of
nickel bio adsorption.When XPSwas carried out for equalmolar concentrations of

Figure 27: Fe 2p core-level spectra with varying deposition of Fe on SL [80].
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lead and nickel on Sargassum samples, the concentration of lead was 10 times
larger than the concentration of nickel. This result indicates the higher affinity
of lead towards the biomass and its ability to form covalent or coordinative
bonds with the ligands. In the case of nickel, it mainly has ionic interaction with
ligands [85].

The studies outlined here in this review demonstrate that XPS can be a useful
technique to study and analyze the interaction of heavymetals with DNAand some
bio-metal interactions. XPS studies helped in the characterization of the changes in
the chemical environments and the changes in the elemental composition before
and after the bio-heavy metal interactions. XPS also complement information
about the orientation and conformational changes that occur during the heavy
metal ions-DNA interaction.

16 Possible future directions

While studying the interaction of DNA with heavy metal ions using XPS, the X-ray
beams can probe and damage the DNA itself. To study induced damage using XPS,
it might be valuable to compare the soft X-ray induced radiation damage in pure
DNA samples during an XPS experiment versus the accumulation of X-ray damage
when metal ions coordinated with DNA. By taking XPS measurements at regular
intervals, one can study the damage rate and the time evolution of the X-ray
damage. The damage can lead to sample deterioration by the breaking of chemical
bonds in the DNA molecules. Using the XPS spectra, the information might be
obtained to indicate the change in the bonding environment over time for DNA
with and without coordination with metal cations.

XPS studies of metal cation interaction with other complex biological mole-
cules like polypeptides, both artificial as well as key proteins has not been given
much attention, but like with studies of DNA, might prove valuable. There are a
range of metals known to have a detrimental impact (U, Hg, Be, Os, Pb, Cd, Al) and
only a few have been given attention but main group elements (Sb, As, Te, Ga, Al)
and compounds and their interaction with DNA and RNA might also prove to be
worthy of investigation. At present, there are not enough systematic studies to
elucidate how similar metals or compounds might differ in their interaction with
important chain bio molecules. For example, the effect of different actinide and
lanthanide elements such as actinium, uranium, thorium etc., is not known. As a
better understanding of how metals and main group elements, and their associ-
ated compounds, interact with DNA is developed, the investigation of such in-
teractions could be expanded to be more representative of the environmental
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realities. For example, naturally occurring UO2 exposure could occur as a result of
farming practices, and thus may be present with nitrates.

Angle-resolved photoemission studies can be performed to investigate the
interaction of DNA with other heavy metals like arsenic and mercury to ascertain
whether the interaction is with the surface or interior of a DNA plasmid. Taking
angle resolved XPS measurements by varying the emission angles enables the
detection of electrons fromdifferent depths and layers of the sample. Future studies
of the interaction of DNA andRNAwithmetals needs to consider that both DNA and
RNA are highly variable, as the DNA packaging can occur in a lot of ways.
Composition and chain length are expected to matter as short chain DNAwill differ
from long chain DNA. The nucleobases such as adenine, guanine, thymine, cyto-
sine, uracil can be ordered in different ways to alter the DNA/RNA sequence and the
effect on binding the heavymetals has not been studied but could be. Obviously, it
would be better not to depend on XPS studies alone but combine such studies with
other chemistry characterization tools like electrochemical measurements such as
cyclic voltammetry (CV) and other spectroscopic techniques that do not require a
vacuum, such as infrared absorption andRaman. Both of the latter techniques have
alreadybeenwidely used to studybiomolecules andcells asRaman is emerging as a
possible foundational tool in chemical and biohazard sensing.
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