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1 | INTRODUCTION

The advent of nano-biotechnology has inspired the interface interaction study
between engineered nanoparticles (NPs) and biomolecules. The interaction between
Fe content titanium dioxide (TiO,) NPs and adenosine triphosphate (ATP) biomole-
cules has been envisioned. The effect of Fe content in TiO, matrix was studied using
X-ray diffraction (XRD) and transmission electron microscopy (TEM). The increase in
Fe content caused a decrease in particle size with change in morphology from spher-
ical to one-dimensional rod structure. The Fe incorporation in the TiO, matrix
reduced the transition temperature from anatase to rutile (A-R) phase along with for-
mation of haematite phase of iron oxide at 400°C. The interaction of Fe content TiO,
NPs with ATP molecule has been studied using spectroscopic method of Raman
scattering and infrared vibration spectrum along with TEM. Fe content in TiO, has
enhanced the interaction efficiency of the NPs with ATP biomolecules. Raman spec-
troscopy confirms that the NPs interact strongly with nitrogen (N5) site in the adenine
ring of ATP biomolecule. Engineering of Fe content TiO, NP could successfully tune
the coordination between metal oxide NPs with biomolecules, which could help in

designing devices for biomedical applications.
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physical adsorption or chemical reactions.”2® NPs undergo certain
interactions with the exposed cells and hence can affect mitochondria

The growing field of nanotechnology in the context of interaction
between nanomaterials and biomolecules creates a curiosity of inves-
tigation in the past few years. The interfaces involve physiochemical
interactions, kinetics, and thermodynamic relations.™ The nanoparti-
cles' (NPs') features like size, shape, structure, porosity, and surface
crystallinity determine the interaction kinematic.»>® The contact
region with organic molecules, the solid-liquid interface, and the sur-
face of NPs are important factors that are essential for nano-bio inter-

face interactions.®

Adenosine triphosphate (ATP) is currency of
energy, whose production process occurs inside the inner mitochon-
drial membrane. Upon entry into cells, a variety of biomolecules may

adsorb to the NP surface and reduce the NP surface energy by

and so the ATP through binding with the biomolecules. Therefore,
understanding the interactions of widely used nanoparticles ATP is
of particular scientific interest. TiO, has found wide publicity as com-
mercial products in our daily lives. TiO, NPs are widely used as food
additives, drug delivery agents in personal care products, pharmaceu-
ticals, papers, textiles, toothpaste, paints, plastics, and cosmetics.****
Extensive applications of TiO, NPs have made the research of inter-
face interaction with biomolecules of utmost importance. TiO, NPs
have been found to be toxic depending on dosage, size, crystallo-
graphic phase, etc.'>¢ Devoid of its toxic effect, TiO, NPs have
found immense usage in biomedical applications, which need to be

addressed.'” Therefore, material engineering to control the toxicity
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for TiO, NPs has now been initiated. To minimize its toxic effect, tran-
sition metal ion like Fe has been used inside TiO, matrix. Fe®* ions
have been considered a suitable candidate, owing to the ionic radius
of 0.64 A being similar to that of Ti** (0.68 A). Iron is a compound
approved by the Food and Drug Administration, and it helps to slow
the rate of parent particle dissolution and changes the particle
matrix.*® Incorporating Fe is a possible safe design strategy for
preventing parent TiO, NPs toxicity and stability in animal cells and
the environment.1?-21

Moreover, TiO, and Fe content TiO, are strongly Raman active
and, hence, could be explicitly studied to understand the interactions
between these materials with ATP biomolecule. Vibrational spectra
can give broad knowledge with respect to the molecular conformation
and can be obtained by Raman spectroscopy. The Raman studies of
the binding of divalent metal ions with the triphosphate moiety of
ATP were reported by Rimai et al.?22® Zhelyaskov and Yue have
shown that iron(lll) has the ability to bind to ATP and adenosine
monophosphate (AMP) by studying Raman spectral lines.?* Bhaumik
et al also reported the interaction study of ZnO with ATP biomole-
cules by using Raman spectroscopy.?® The paper concentrates on
the engineering of widely used TiO, NPs' size, shape, and morphology
by Fe incorporation.

The present study made efforts to examine the reaction at the
interface between ATP and Fe content TiO, NPs at all possible moie-
ties in ATP using vibrational spectroscopy and transmission

microscopy.

2 | EXPERIMENTAL DETAILS

Tetraisopropyl orthotitanate (TTIP), ethanol (C,H4O), anhydrous ferric
chloride (FeCls), hydrochloric acid (HCI), ATP disodium salt (ATP-Nay),
and other chemicals were purchased from Sigma, SRL, and Merck,
India. Deionized (DI) water was used throughout the reactions. All
glassware was washed with dilute nitric acid (HNO3) and distilled
water and then dried in hot air oven.

2.1 | Synthesis of pure TiO, and Fe content TiO,

The pure TiO, and iron content TiO, powder samples with different
concentrations of Fe®* were prepared through conventional sol-gel
method.2® In typical synthesis process, weight of FeCls taken was O,
0.32, 1.62, and 3.24 g in 20 mL of ethanol to prepare 0, 0.1, 0.5, and
1.0 mol%, respectively. Another solution of 4 mL of TTIP was dis-
solved in 20 mL of ethanol, on continuous stirring for 1 hour, in which
1 mL of HCl was added to form clear transparent solution. A different
molar solution of FeCls as prepared was added batchwise to each of
TTIP clear transparent solution and was kept stirred for 2 hours at
room temperature. In this way, pure TiO, and Fe content TiO, sam-
ples with different concentrations of Fe were prepared and named
So, S1, S», and Ss. The pH of about 2.0 was maintained during all the
steps of synthesis process. Finally, distilled water was slowly added

to the solution by stirring for 1 hour. The solution was dried at 80°C
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and calcined at 400°C for 2 hours. The synthesized powder was finally

grounded and submitted for characterization.

2.2 | Sample preparation for interaction studies of
ATP with TiO, and Fe content TiO,

Two milligrams each of Sg, S4, So, and S3 samples was mixed separately
into 200 pL of DI HPLC water, and 6 mg of ATP was mixed into
100 pL of DI water to form their respective solutions. The solutions
were sonicated for 1 hour for uniform distribution. Two hundred
microlitres of Sg, S1, Sy, and Sz NP solutions was mixed with 100 pL
ATP solution and kept for sonication for 0.5 hours. The samples were
stored at room temperature for 1 day. The samples were further son-
icated for 10 min in DI HPLC water. The ATP biomolecules loosely
bound to the NPs tend to detach themselves during the sonication
process. We were mainly intending to study the Raman spectroscopy
of the ATP biomolecules attached onto the surface of TiO, and Fe
content TiO, nanostructures. The solid products were precipitated
out and dried in air for further study of NPs and ATP interaction.?®

2.3 | Characterizations of TiO, and Fe content
TiO, NPs

The crystal structure of prepared samples was studied by powder X-
ray diffraction (XRD) with a PANalytical Model X'Pert PRO diffractom-
eter. The morphology, shape, size, and surface characteristics of the
NPs were determined from transmission electron microscopy (TEM).
The Fourier transform infrared (FTIR) (PerkinElmer Spectrum 65) spec-

1 were recorded as

tra of the samples, in the range of 400 to 4000 cm”™
the percentage of transmittance (%T) versus wavenumber using KBr
pellets. The FTIR spectrum was used to determine the chemical bond-
ing and the interactions of NPs with the surface of the ATP molecules.
The optical measurements were carried by using UV-Vis spectropho-
tometer (V-760 JASCO) in the mode of diffuse reflectance spectra
(DRS) in the wavelength range of 200 to 800 nm. The powder samples
were directly placed onto a cylindrical sample port holder (3-cm diam-
eter, 1-mm depth). The photometric mode, %R, was selected before
analysis. The Raman spectra of synthesized NPs (So, S1, So, and S3)
were recorded on a Renishaw inVia laser Raman microscope equipped
with wavelength of 533nm excitation source and spectra recorded for
interaction with ATP samples with 633-nm excitation source. About 5
to 10 mW of laser power was used for recording the Raman spectrum

of each sample for a period of 10 seconds.

3 | RESULTS AND DISCUSSION

3.1 | XRD analysis of synthesized samples

Figure 1 shows the XRD spectrum for all the synthesized NP samples
calcined at 400°C for 2 hours. The figures corresponding to So and Sq
show reflection from (101), (004), (200), (105), (211), (204), (116),
(220), and (215) planes of anatase phase of TiO, without any traces
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FIGURE 1 X-ray diffraction spectra of synthesized nanoparticles

of iron species. With the Pauling electronegativity and ionic radius of
Fe" ion (1.83 and 0.064 nm) being similar to those of Ti** ion (1.54
and 0.068 nm), Fe** ions most likely reside in substitutional positions
of TiO, crystal matrix forming solid solution in S; samples. The XRD
spectrum representing sample S, shows decrease in the diffraction
peak intensity from (101), (004), (200), (105), (211), (204), (116),
(220), and (215) planes of anatase phase of TiO, and origin of a weakly
intense reflection from (121) plane of rutile phase of TiO,. The spec-
trum shows the presence of a shoulder peak attributed to (012) plane
of a-Fe,O3 along with major peaks representing (104), (110), (113),
(024), and (116) planes of most stable haematite phase of a-Fe,O3
(JCPDS card no. 33-0664) getting originated.

Sample S; shows almost complete transformation of anatase to
rutile (A-R) phase along with formation of a-Fe,O3 as seen from the
XRD spectrum. Because of increase of Fe concentration as in S, and
Ss, the saturation limit of the substitutional Fe®* is reached. Therefore,

the redundant Fe®* ions form a-Fe,Oj3 as follows?”:
30%" + 2Fe*" —Fe,03.

The present work shows the effect of Fe content on the phase
transformation at a particular calcination temperature of 400°C.
Although the A-R phase transformation temperature is reported to
be above 600°C, S4, S5, and S; show A-R transformation at 400°C
due to Fe incorporation. The Fe incorporation mechanism causes the
Fe®" ions to reside at the substitutional sites of parent TiO, matrix ini-

tially at a lower concentration. This causes oxygen vacancies due to

charge compensation, and their movement drives the nucleation of
rutile phase into existing anatase phase. The oxygen vacancies reduce
the energy required to get overcome before the Ti-O octahedral
rearranges, causing the phase transition to occur even at a lower tem-
perature. Lowering of A-R transformation temperature for certain
amount of Fe concentration is attributed to the thermodynamically
driven kinetics. Anatase to rutile transformation is a metastable to sta-
ble phase transformation, without any phase equilibrium acquired dur-
ing the process. Therefore, there is no definite temperature assigned
for the transformation. The present paper shows that A-R transition
occurs at 400°C with Fe incorporation in parent anatase TiO, phase
matrix. The Gibb free energy for both the phases of parent TiO, mate-
rial is given by?®

0.854 x 10°
T
+0.312x 107°T% + 0.763VT - 75.323T InT

+1.124x 107372,

Ganatase (J/mol) = —966 798.3 + 463.4075T +

0.011 x 10°
T
+0.202 x 107°T° - 304.762v/T - 73.799T InT

-3.014x 107372,

Grutiie(J/mol) = 969 145.6 + 462.5506T +

The change in the Gibb free energy AG at 400°C is -1892.94 J/mol,
which acts as the driving force for A-R transformation in the present

work, whereas in S, and S3 samples, formation of haematite phase
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of Fe;O3 has also been possible. The full width at half-maximum
(FWHM) (B) and the residual strain € for the samples are related
according to the following equation:

Bcosb = %+4£ sind,

where D is the crystallite grain size and A = 1.54 A. The plot of Bcosf
versus sind gives a straight line.2” The lattice strain due to Fe incorpo-
ration is calculated from the slope value. The lattice strain (¢) was cal-
culated as 0.64 x 1073, 0.65 x 1073, 1.18 x 1073, and 0.21 x 1072 for
So, S1, So, and S3, respectively. The Fe incorporation causes increase in
induced lattice strain for S; and S,, whereas for Ss, the induced lattice
strain gets redefined because of A-R transition accompanied with for-
mation of completely new materials for phase of iron oxide. The
increase in induced lattice strain for S4 and S, samples indicates that
Fe incorporation is accompanied with Fe substitution at some of the
lattice sites of TiO, matrix forming iron titanium solid solution in these
samples, whereas for Sz, phase transition and reformation of crystal

structure occur as discussed above.
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3.2 | TEM analysis of synthesized samples

The A-R phase transition and the change in structural morphology
with increase in Fe concentration in TiO, have been studied using
high-resolution TEM (HR-TEM) as shown in Figure 2. The Sy (only
TiO,) and S; samples with low Fe content showed well-defined
spherical particles of size 2.1 nm. The TEM analysis of the samples
showed transformation from nanospheres to nanorods with incorpo-
ration of Fe in TiO, crystal. The anatase phase of the pure TiO, sam-
ple has been confirmed from selected area electron diffraction (SAED)
pattern. The d-spacing was indexed with JCPDS data card no. 21-
1272 of anatase phase, which was in agreement with the XRD analy-
sis. The S, and S3 samples with increasing Fe content showed trans-
formation in the morphology from uniform spherical shape to
elongated one-dimensional rod-like structure coexisting with the
spherical NPs. Along with the morphological changes, the SAED pat-
tern of the samples indicated the recrystallization from anatase phase

to partial rutile and then formation of a-Fe,O3 in agreement with the

XRD analysis.

e

FIGURE 2 Transmission electron micrograph of synthesized nanoparticles with corresponding selected area electron diffraction patterns [Colour

figure can be viewed at wileyonlinelibrary.com]
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The d-spacing obtained from the SAED pattern was indexed with
JCPDS card nos 21-1272, 21-1276, and 33-0664 corresponding to
anatase TiO,, rutile TiO,, and a-Fe,Os. The HR-TEMs confirmed the
increase in d-spacing as 0.393, 0.398, 0.399, and 0.418 nm for So,
S4, So, and Ss, respectively, with increase in Fe content. The distin-
guishable lattice spacing seen in the TEM has been indicated with their
corresponding fh, k, I} planes.

Interestingly, TEMs of S, and Sz samples showed elongated mor-
phology with pointed edges. The nanoplates of a-Fe,O3; have been
extensively reported to be bound by {102} plane. The crystals are gen-
erally crystallized in cubic and rhombic shapes having a diagonal
growth direction along {104}. The pointed edges observed in S, and
S3 samples are of similar pattern as reported earlier. The aspect ratio
(length/diameter) of the samples is found to increase from 12 for S,
and 18 for S; sample.

3.3 | Raman spectra of synthesized NPs

The Raman bands observed for the samples have been presented in
Figure 3A. The Raman spectrum supports the XRD data along with
TEM analysis indicating the A-R transformation along with the forma-
tion of a-Fe,Osz. The spectrum also explains the morphological
changes from NPs to elongated structure due to Fe incorporation in
the TiO, matrix. So sample seems to possess the normal active modes
of vibration corresponding to tetragonal anatase phase having
Aqg + 2Bsg + 3E, as predicted by the group theory.?” The different
vibrational modes correspond to E; at 145 and 197 cm™L, By at
399 cm™, and (A1g + Byg) at 640 cm™L. The Sy, Sy, and S3 samples
showed shifting in the Raman spectrum indicating the tendency of
recrystallization from anatase to rutile (A-R transition) with increase
in Fe concentration and also presence of bands corresponding to a-

Fe,Os. The shifting of 144 to 145 cm™* shows resemblance to rutile

\eo? i
\s}
S8 85 o L3
N N &
g“)gsg = 1310.37

500 1000 1500
Raman shift(cm'1)

FIGURE 3

phase formation as supported by XRD data, which further get shifted
to higher values because of gradual increase of Fe content in the
matrix. The difference in the shift of E; mode is due to the change
in Ti-O bond on account of Fe inclusion. The Raman band at
232 cm™t in S, and S; is attributed to the infrared active (Raman
active) doubly degenerate E, mode coinciding for both rutile and
Fe,O3. The appearance of Raman inactive mode in violation of
selection rule is due to the change in effective mass (u) at the Ti sites
due to Fe, which is given as

1 k mimy
=-—1/—, Wherepy = ———
f 2n\ﬁ’ s

k is the molecular force constant and u is the reduced mass. The
occurrence of 297 cm™! resembles the Raman mode of Fe,Os.
According to group theory, a-Fe,O3 possesses seven Raman active
vibration modes: two Az and five E;. The bands appearing at 232
and 498 cm™ represent Aj; modes, whereas 242, 293, 412, and
613 cm™! resemble the E; mode in S, and S samples only. Litera-
ture reveals that E; and A;; modes of vibrations are orientation
dependent. In the zz configuration, Aj; modes are allowed, whereas
in the crossed xz and yz polarization, only the E; modes are allowed
with less intensity of Ase. The allowed vibration of A along one
direction clearly explains the phonon confinement along one
direction.®®

The elongated morphology of the particles as observed from TEM
is therefore justified from the observed active vibrations in S, and S3
samples. The intense peak observed in S, and Sz samples at
1310 cm™ ! also gives insights of the formation of a-Fe,O3. The lateral
optical (LO) mode at 655 cm™! is Raman forbidden, and only the broad
2LO band is observed, and it is also with enhanced intensity due to the
resonance enhancement. The phonon line is attributed to the two

magnon scattering arising from the interaction of two magnons
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(A) Raman and (B) Fourier transform infrared spectra of synthesized nanoparticles
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created on antiparallel close spin sites. The Raman spectrum of semi-
conductors gets red shifted and broadened because of the relaxation
of g vector selection rule. According to the Heisenberg uncertainty
principle, the fundamental g = 0 Raman selection rule is relaxed for
a restricted size domain. The phonon wave vector uncertainty goes
approximately as Aq =~ 1/D, where D is the crystal diameter.%°-32
The spatial confinement of the optical phonon gets decided by the
size and shape of the NPs. With increase in grain size, the Raman
bands become stronger and sharper with a red shift towards a lower
wavenumber. The corresponding shift in the band positions is due to
the Fe incorporation, which induce changes in structure, defects, or

particle sizes.

3.4 | FTIR of synthesized NPs

The vibrational spectra of the samples in Figure 3B suggest that the
chemisorption of molecules and ions on crystal surface can modify
the growth direction/morphology due to surface energy. The FTIR
detects the presence of surface elements revealing the morphological
evolutions due to the vibration modes along or perpendicular to one
specific direction of lattice. The unidirectional growth could be
explained from the FTIR spectra as like that of Raman spectra, as
explained in the preceding section. The metal oxide peaks are mostly
detected between 400 and 800 cm™*. The So sample showed vibration
mode at 510 to 653 cm™? for Ti-O and 740 cm™? resembling the Ti-O
stretching mode for Ti-O-Ti as in the case of pure TiO,. The vibration
bands show shift and occurrence of new bands resembling that of
haematite phase of iron oxide for the spectra representing S4, S,,
and S; samples with increased Fe content. Group theoretical analysis
predicts that haematite possesses six infrared active modes: two
polarized along the c-axis (|| mode) and the four perpendicular to the
c-axis (- mode).3% The absorptions at 440 and 522 cm™* exhibit -

1 exhibits || mode, which gets generated in Sy,

modes, and 650 cm™
S,, and S; samples because of Fe content. The spectra for Sq, So,
and S; also showed an IR active band at 1622 cm™* resembling the
vibration mode for Ti-O-Fe stretching, which increases the surface
hydroxylation with Fe content. Therefore, the IR absorbance spectra

clearly indicated the mixed phase formation in the crystal.

80 (A)

% Reflectance
w Hh O

200 400 600 800 1000

Wavelength (nm)

1200
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Moreover, literature reveals that infrared optical vibrations are
morphology dependent as the induced polarization changes because
of external electromagnetic field on the crystal lattice. The spectra
between 400 and 700 cm™? clearly indicate that the absorbance peak
of 510 and 650 cm™! in Sy gets merged with characteristic absorp-
tions of - modes at 440 and 522 cm™! and || mode at 650 cm™?! of
haematite in Fe content samples of S, S,, and Si. The band at
1622 cm™! is seen in all Fe content TiO, samples, which represent
molecular stretching of Ti-O-Fe.2® This band signifies that there is
a higher percentage of absorbance in the infrared region, which
causes the increase in surface hydroxylation with incorporation of
Fe into TiO,. It also confirms the formation of Ti-O-Fe bond

functional group.

3.5 | DRS of synthesized NPs

Like vibrational spectra, the electronic spectra of the samples also
provide shape- and morphology-dependent information. The elec-
tronic spectra of the synthesized samples were characterized using
DRS. Figure 4A shows the reflectivity (R%) versus wavelength graphs
of all the prepared samples. The reflectance decreases with increase
in Fe content. The optical band gap of all the samples was deter-
mined from DRS spectra. Sample Sy (without Fe content) showed
wide absorbance in the UV region, with high reflectance beyond
350 nm having optical band gap of 3.4 eV. The wide absorbance
between 200 and 350 nm is related to the ligand-to-metal charge
transfer transitions. The reflectance gradually decreases with increase
in Fe content with shift in absorption band edge towards higher
wavelength.

The spectra for S, and Sz samples expressed the biggest shift in
the value of Ay reaching 448 nm and the value of optical band gap
of Eg decreasing to 2.50 eV as Fe concentration is increased.
Figure 4B shows the change in optical band gap Eg with increase in
Fe concentration for the samples. The features observed for S, and
S5 samples showed the presence of multiple humps signifying absor-
bance related to Fe®* ligand field transitions as °A;*T, (*P) at 290 to
310 nm, and °A;*E (*D) and °A;*T, (*D) at 360 to 380 nm for a-
Fe,O3 phase, respectively. The observed hump at 485 to 550 nm is

g’ (B)

24 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Fe (mole%)

FIGURE 4 A, Diffuse reflectance spectra of synthesized nanoparticles. B, Variation of energy band gap with increasing Fe content
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related to the pair excitation processes of ¢A; + °A; T4 (*G) + *T, (*G)
at 485 to 550 nm. This probably arise because of the overlapped con-
tributions of ®A;“E and *A; (*G) ligand field transitions at 430 nm and
the charge transfer band tail. The third band transition at the range of
580 to 700 nm is assigned to the ®A; “T; (*G) at 620 nm in the red
range arising because of the spin-forbidden ligand field transitions,
and the last band transition at 700 to 900 nm is attributed to another
SA; T, (*G) at about 785 nm in the infrared region, which also con-
tributed to ligand field transitions of Fe**. In accordance to the selec-
tion rules, the charge transfer transitions or the pair transitions are

much stronger than those from field transitions.®*

3.6 | Raman spectra of pure and hydrolysed ATP

Figure 5A represents the Raman spectra of pure ATP along with the
moieties present in the energy biomolecule. The first Raman studies
of the binding of divalent metal entities with the triphosphate moiety
of ATP were reported by Rimai et al. The Raman spectra of pure ATP
consist of three distinct sets of peaks: one characteristic of adenine
ring vibrations, which is depicted in blue-coloured wavenumbers, the
other characteristic of the triphosphate modes in pink-coloured
wavenumbers, and another at 524.3 cm™! of peak for ribose moiety
is shown in green-coloured wavenumber in the graph

In pure ATP, ring vibrations of the adenine moiety at 312.5, 699.0,
721.5,1275.1, 1316.5, 1493.6, and 1548.5 cm™* were observed. For

phosphate moiety, vibrations at 810.0, 899.9, and 1117.2 cm~! and
for ribose moiety vibrations at 524.3 cm™! were observed. Thus, spe-
cific interactions of triphosphate and adenine moieties can be moni-
tored simultaneously. In this study, we focus our attention on the
interaction of TiO, and Fe content TiO, nanostructures (So, S1, So,
and S5) with the different moieties of ATP at neutral solution. Raman
scattering techniques do not suffer any restriction and are capable of
revealing different modes of binding between metal oxides and the
adenine moiety in terms of direct coordination (eg, at N4, N5, or -
NH,) or charge transfer complex formation. The five probable nitrogen
binding sites in the adenine entity are the pyrimidine N4 and N3 and
imidazole N and Ny ring nitrogen and exocyclic -NH,. The C=C bond
can play an active role in binding too.?* Reviewing the interaction of
the adenine entity with divalent metal ions may illustrate a better
understanding of the N donors in binding.

Figure 5B represents the Raman spectra of hydrolysed ATP. Sus-
pension of ATP involves formation of hydrogen bonds with water mol-
ecules, and a significant Raman shift of the bond occurs, playing an
active role in hydrogen bond formation. Upon hydrolysis, a greater
shift in this bending mode occurs because of the formation of the
hydrogen bond. The ribose ring in ATP occurs as a weak Raman active
mode and is visible as smeared-out peaks in the range from 553.20 to
641.52 cm™2. Hydrolysis of ATP introduces a change in the structural
vibrational modes, and the adenine ring modes are mostly affected. All
the vibrational frequencies ranging from 812.46 to 940.21 cm™* repre-

sent phosphate stretching modes (O-P-O) present in the ATP

2000

—Pure ATP| - g (A) — Hydrolyzed ATP . (B)
Adenine R TIR < | 3
~ | Phosphate - © w o e
S | Ribose §§
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FIGURE 5 Raman spectra: (A) pure ATP; (B), hydrolysed ATP. Fourier transform infrared spectra: (C), pure ATP; (D), hydrolysed ATP. ATP,

adenosine triphosphate
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biomolecule.>® Small changes in these vibrational modes indicate
insurgency during the process of hydrolysis. The peak corresponding
to wavenumber 1100.52 cm™? indicates the two phosphate stretching
vibrations in the ATP biomolecule. The adenine vibrations are the
most prominent in the ATP molecule and form the backbone of vibra-
tions ranging from 1100.52 to 1429.30 cm™2. These vibrations of the
adenine ring undergo shift in vibrational frequency due to the forma-
tion of hydrogen bonding at the NH, site.

The adenine bond involving the vibrations from N;Cs-NH, at
312.5 cm™! of pure ATP gets shifted to 367.06 cm™! on hydrolysis.
The ribose moiety has weak Raman scattering in than have other moi-
eties in pure ATP spectrum, which gets enhanced, showing a sharp
peak at 553.20 cm™* on hydrolysis due the perturbation of other
vibration modes associated with it. The sharp peaks at 699 cm™* rep-
resent the out-of-plane waging of NH, bonds and at 721.1 cm™®
resemblance the adenine ring breathing mode, when all the bonds
stretch coherently or might arise because of the vibrations from
adenine perturbed ribose rings as D.NgR and N,C4 bonds, where R
represents the ribose rings.2#3> Hydrolysis causes structural deforma-
tion mostly affecting the adenine ring modes. The sharp peaks of 699
and 721.1 cm™ merge into a broad less intense peak at 641.52 cm™.
The hydrogen bond formed at the NH, site annihilates the out-of-
plane wagging of vibrations in this entity.

Hydrolysis also affects the phosphate moieties having the
stretching modes (O-P-0) at 810 and 901 cm™* in pure ATP that gets
merged and centred at 812 cm™®. This stretching mode plays an
important role in interaction kinetics with metal oxide NPs. Another
distinct peak at 1117.2 cm™! featuring two phosphate stretching
vibrations in pure ATP molecule gets shifted to broad peak at
1100 cm™? due to hydrolysis. The adenine vibrations ranging from
1000 to 1750 cm™! consisting of 1275.1 cm™! corresponding to
stretching modes of CgN>, CgNg, and N1C, bonds and bending modes
of N4C, and C,H bonds are observed. The vibrational modes at
1316.8 cm™! represent stretching vibrations of NoCg and N3C, and
bending vibrations of CgH and C,H bonds. The other peaks observed
at 1316.5 cm™?* correspond to vibrations from CsN5 and CgNo bonds,
1493.6 cm™* corresponds to stretching of C4No and bending of CgH
bond, and 1548.5 cm™ corresponds to vibrations from N3C, and
C4Cs bonds in adenine moiety. The two distinct peaks of 1275.1
and 13165 cm™! get merged into single peak positioned at
1297.40 cm™! after hydrolysis. The occurrence of new peak at
1297.40 cm™* with demolition of two distinct peaks predicts the phys-
icochemical reaction of the ATP biomolecules to be active at the N,
atomic site. The hydrolysis mechanism imparts changes in terms of
shifting as well as intensity variation due to hydrogen bond formation
at NH, site.?®

3.7 | FTIR spectra of pure ATP and hydrolysed ATP

The FTIR spectra of pure ATP and hydrolysed ATP are depicted in
Figure 5C,D. The spectrum in Figure 5C representing the pure ATP

sample shows intense absorptions from the vibrations corresponding
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to different moieties of ATP. The broad band at 3341 cm™ is attrib-
uted to the surface absorbed water in the samples. The vibrational
bands at about 814, 1410, 1489, 1547, 1602, and 1713 cm™* are
assigned to adenine moiety. The bands arising in pure ATP sample at
504 and 703 cm™? are assigned to the asymmetric and symmetric
stretching vibrations of the triphosphate group, and those at 904
and 1108 cm™ are assigned to the P-O bond originating from
both adenosine groups.3® The characteristic P-O-H band around
920 cm™! confirms presence of phosphoryl group in pure ATP.

The FTIR spectrum in Figure 5D for the hydrolysed ATP shows less
intense peaks. This might be due to multiple reasons of protonation
state, conformation, and metal chelation of ATP occurring with water
solvent during hydrolysis. Reported H-NMR experiments show that
ATP molecule in water exists in a linear anticonfiguration, and the
triphosphate tail gets fully protonated under neutral conditions.®”

The small band assigned to 990 cm™

in the spectrum confirms the
occurrence of protonation phenomenon, ie, addition of proton, H,
to phosphate ion for the present sample. The bands at 1090 and
1124 cm™* are assigned to protonated phosphate ions due to fluctua-
tion of proton in hydrogen bond, also confirming the hydrolysis of ATP

from FTIR spectra.®®

3.8 | Nano-bio interface interaction study

All the synthesized samples were interacted with ATP. The present
paper is an effort to understand the interaction of Fe content TiO,
NPs/nanorods with ATP molecules. Both Raman and infrared spec-
troscopies are concerned with the vibrational spectra that give the
comprehensive information about the molecular conformation.3’
However, IR spectra undergo strong absorption of water in the IR
range, which sometimes limits its usage to understand certain interac-
tions with biomolecules. The present work deals with both IR and
Raman spectroscopic analyses to understand the interactions. Suspen-
sion of ATP involves formation of hydrogen bonds, which cause the
shifts in the respective bonds representing the moieties of pure ATP.

Figure 6 shows the Raman spectrum for the interacted synthesized
NPs with ATP biomolecules. The physicochemical interaction between
the NPs and ATP molecules was allowed by keeping the mixture in
suspension for 24 hours under room temperature condition. The com-
parative Raman spectra of the untreated and treated hydrolysed ATP
molecules with NPs would reveal the interaction process. The TiO,
NPs (sample Sp) seem to get attached with the ATP molecules for
which the red shift and increased peak width for the adenine moiety
at 241 and 323 cm™! were observed. These sites correspond to both
stretching and bending of -NH, bonds. Apart from adenine group,
all other groups of moieties seem to get suppressed, and no vibrational
modes were observed. The Fe content samples (S, and Ss3) showed
enhanced interactions. The occurrence of significantly intense lines
between 750 and 1750 cm™ reveals enhanced interactions of ATP
due to Fe content in NPs. This might be because the bond coordina-
tion efficiency of Fe is more, which increases the probability of attach-

ment with the active sites of ATP molecules.
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FIGURE 6 Raman spectra of samples interacting with ATP. ATP, adenosine triphosphate

Moreover, with increase in Fe content in S, and Ss, the one-
dimensional morphology provides increased effective surface area
for interaction. The distinct features of interaction at the adenine
and the phosphate groups are observed. The broadening of the peaks
corresponding to 291, 399, 512, and 634 cm™t occurs because of the
merging and superimposed vibrations occurring simultaneously from
Fe,O3; molecules along with adenine, ribose, and phosphate groups

of ATP molecules. The single peak of adenine at 723 cm™ in the

interacted samples also indicated interactions between NPs and ade-
nine group of ATP molecules. The Fe content NPs caused a decrease
in intensities of the vibration bands responsive to hydrolysed ATP at
812 and 1100 cm™™. These bands correspond to the in phase and
out of phase of symmetric PO,™ and stretching vibrations of terminal
phosphate group of ATP. Noticeable frequency shift of 812 and
1100 cm™* of hydrolysed ATP to 871 and 1140 cm™* and the broad-
ening indicate direct involvement of the phosphate moiety in

" Fe content TiO2
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FIGURE 7

Schematic diagram of interaction model of Fe content TiO, nanostructures with adenosine triphosphate biomolecule
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complexation with Fe®* ions in S, and S3 samples. A very distinct
vibration at 1404 cm™* was observed in S, and S5 samples. The vibra-
tion at 1404 cm™! corresponds to the N site of adenine group. The
generation of this new peak indicates formation of new bond with
the ATP molecules that get instigated with Fe ions. Fe enhances the
coordination of metal oxide NPs with the ATP biomolecules. The lon-
ger chain of phosphate moiety in ATP forms a closed structure of
ATP-Fe complex when interacted with Fe content TiO, NPs. The
interaction at Ny nitrogen of adenine also seems to be favourable
for interactions. The ATP-Fe complex has been reported to be of
anticonformation.

The most active interaction sites are N, of the adenine moiety of
ATP molecules. The observed red shift and peak broadening of
323 ecm™? involving the stretching and bending of -NH, bond also
shift,
broadening, and intensities are very small. This is because with the

confirm the possible interaction. The observed spectral

interaction medium being water, the direct coordination between

the metal ions and N5 is separated by water molecules as suggested

S
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by NMR analysis.*® The relatively strong vibration mode occurring at
1404 and 1406 cm™ for, respectively, S, and S; samples indicates
the enhancement in the ability of coordination between NPs and
ATP biomolecules. Interestingly, this band is missing for So and S,
samples.

Figure 7 shows the interaction model between Fe content TiO,
NPs and ATP on the basis of Raman spectroscopy studies, and it
clearly shows the binding site of ATP biomolecule with NPs. TiO,
and Fe content TiO, strongly bind with N, atom in the adenine ring
and also with the phosphate group of ATP biomolecule. The blue balls
represent nitrogen (N), white balls represent hydrogen (H), red balls
represent oxygen (O), and grey balls represent carbon (C).

The FTIR was obtained for supporting the Raman analysis to
understand the attachment of ATP to the synthesized NPs' surface
depicted in Figure 8. Characteristics of P-O band around 1108 cm™
were found in pure ATP sample. However, the absence of the charac-
teristics P-O-H band around 904 cm™® in the ATP-NPs' interacted
samples could suggest that the phosphoryl groups get deprotonated
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FIGURE 8 Fourier transform infrared spectra of interacting samples with ATP

FIGURE 9 Transmission electron
microscopy image of ATP interacted with (A)
TiO, and (B) 0.5% Fe content TiO,. ATP,
adenosine triphosphate

ATP 350nm
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after NP interaction. Moreover, FTIR spectroscopy also confirmed that
ATP had been successfully grafted onto all the samples.**

Typical TEM images showing the spherical particles in So and nano-
rods in S interacted with ATP have been presented in Figure 9A,B.
The ATP and NPs' interaction has been performed using a fast and
simple aqueous method. The interface interaction of ATP with NPs
is driven via adsorption process. The adsorption of oppositely charged
ATP molecules on NP surface occurs without the need for any com-
plex chemistry or the use of linkers. The ATP biomolecule adheres
with the synthesized samples easily. Moreover, ATP has a good cation

exchange capacity and thus can attract the NPs to its surface.*?

4 | CONCLUSIONS

Fe enhances the physicochemical interaction of TiO, metal oxide NPs
with ATP biomolecules. The amino group of adenine moiety, which
acts as the backbone of ATP biomolecules, provides the most active
sites for coordination, whereas terminal phosphate groups also prove
to be potential interaction sites. Since the interaction medium is water
suspension, the direct coordination of NPs to N5 sites is expected to
be separated by water molecules. A completely new coordination site
attached to stretching of adenine group is triggered by Fe ions at
1404 cm™L. It could be speculated that Fe content can instigate new
coordination sites, increasing the physicochemical interactions
between TiO, NPs with ATP biomolecules. Such tuning of coordina-
tion between metal oxide NPs with biomolecules could help in

designing devices for biomedical applications.
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