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A DFT Study of Interaction of (CdSe)s
Quantum Dots with Nucleobases

Pragati Malik! and Rita Kakkar?* &

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) play important roles in the storage of
genetic information and protein biosynthesis. Nucleobases, which are nitrogenous bases, are the
functional units of these nucleic acids. It is very important to detect changes in the sequence of
DNA/RNA, as any mutations in them may cause harm to the organism. Our aim is to verify the use
of (CdSe)s Quantum Dots (QDs), owing to their distinctive optical and electronic properties, for
sensing changes in DNA/RNA. Hence, in this work, we have focused on studying the interaction
between (CdSe)s QDs and the five nucleobases (adenine, guanine, cytosine, thymine and uracil) at
various probable sites by means of density functional calculations. Several structural, electronic
and optical properties, and charge transfer on interaction between the two, have been discussed.
The present band gap and charge transfer calculations indicate that binding of (CdSe)s to guanine
is strongest and is weakest with uracil. The vibrational spectral analysis indicates that the
intensities of the peaks due to (CdSe)s enhance on interacting with the nucleobase, and a blue shift
is observed in all the interactions. The presence of both the frontier orbitals (HOMO and LUMO) on
the QD indicates that (CdSe)s acts as a guardian of DNA and prevents it from damage. Hence, our

studies direct that CdSe QDs can be successfully employed as sensors for these nucleobases.

Introduction

Nucleobases are nitrogen-containing biological
compounds found in DNA and RNA. The helical
structure of DNA and RNA is due to the ability of the
nucleobases present in them to exist in the form of base-
pairs through hydrogen bonds and stacking upon one
another. Important nucleobases are adenine (A),
guanine (G), cytosine (C), thymine (T) and uracil (U), out
of which A, G, C are found in both DNA and RNA, T is
found in DNA only, while U is found only in RNA. In the
normal helical structure of DNA, bases form pairs
sandwiched between the two strands, A with T and C with
G through two and three hydrogen bonds, respectively.
Any abnormality in the nucleobases leads to changes in
organisms, both physiological and genetic, and hence
various diseases in organisms. Therefore, it is remarkably
desirable to develop diagnostic measures for analyzing
these bases for promoting developments in bioscience and
clinical diagnostic fields [1]. It is significant to build up
innovative and cost-effective methods with high efficiency
and convenience for the determination of these
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nucleobases. Many methods, such as spectroscopic
methods coupled with chromatography or electrophoresis
[2,3], and electrophoresis with electrochemical detection
[4,5], have been developed for the recognition and
quantification of purine bases in nucleic acids.

Nowadays, nano-bio complexes have found use in
various fields, such as biomedical engineering, which
employs the engineering perception in medicine and
biology from the health concern point of view [6-8], and
nanoscale electronics, which employs the use of
nanotechnology in electronics [9-12]. However, it is very
important to pick nanoparticles with high biocompatibility
and interactive functionality for applying them for these
applications. The binding selectivity of inorganic
nanoclusters may be modulated by combining them with
various biomolecules, such as polypeptides or DNA [13-
32]. This idea of altering the surface of nanoclusters
suggests that we can employ them for sensing various
biomolecules as well. Colloidal QDs represent one of the
most appealing, broadly explored and studied systems in
the field of semiconductor nanocrystals, predominantly
due to the quantum confinement effect, owing to which
their electronic and optical properties become strongly
size-dependent [33]. In this respect, it is interesting to
study CdSe, which is one of the most studied 1I-VI dots
due to its ease of synthesis. Also, its optical gap can cover
the whole visible spectrum [34], depending on the
dimension of the QD. Various reports on the
determination of the concentration of adenine and guanine
in DNA using CdSe have been presented by different
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research groups experimentally as well as computationally
in terms of the geometry, electronic structure, and
electronic spectra [35-39]. Not only CdSe, but varieties
of other quantum dots have also been employed
for DNA recognition. The interaction of CdTe QDs
with adenine and guanine results in enhanced
photoluminescence [40,41]. CdS QDs also exhibit an
increase in fluorescence in the presence of adenine, while
it is quenched in the presence of guanine [42].
Fluorescence quenching of the QDs is observed when
CdSe or CdTe QDs interacts with cytosine, guanine, or
thymine [43]. A very well studied epigenetic alteration in
humans, DNA methylation, which is considered as a
biomarker for cancer detection [44-47], can be detected
using CdTe QDs [48]. Highly luminous CdTe/ZnSe
core/shell QDs have also been explored to distinguish
purines from pyrimidines [49]. Recently, Li and
coworkers have investigated the effect of the interaction of
amino acids and quantum dots by examining the
effect of interaction on the fluorescence and the optical
activity of QDs where a significant fluorescence
enhancement for L/D-Cys-CdTe QDs upon interaction
with various amino acids was observed [50]. In another
study, mechanism of DNA sensing was developed
based on optical properties of graphene oxide (GO) and
molybdenum disulphide (MoS2) nanopores, where GO
and MoS2 were employed as quantum dot nanopore and
DNA molecule translocate through the nanopore [51].
Fluorescence resonance energy transfer (FRET) system
based on functionalized CdTe-guanine and AuNPs-
cytosine bioconjugates for the nucleobase - guanine
detection was developed to determine the free guanine
concentration [52]. Structural stability, electronic, optical
and vibrational properties of DNA nucleobase adsorbed
graphene quantum dot have been examined using density
functional theory. Based on electronic structure
calculations, the predicted order of sensitivity for DNA
nucleobase was found to be as Thymine > Cytosine >
Guanine > Adenine [53]. The in-situ formation of CdS
quantum dots integrated into a metallogel formed
through the coordination of Cd?* with two pyrimidine
nucleobases has been studied and found that thymine
and uracil formed spontaneous hydrogels with
nanofibrous morphology through coordinative
interaction with Cd?* ions at alkaline pH [54]. Saha and
Sarkar have carried out the theoretical investigation of the
interaction of different nucleobases with ZnO
nanoparticles [55].

Since it would be complicated and computationally
expensive to carry out full scale quantum mechanical
calculations with nucleic acid strands or complex nucleic
acid structures, we have initiated computations with the
nucleobases, the building blocks of the genetic
macromolecules (DNA/RNA), in order to locate the
factors essential in nano-bio interactions, and the
changes produced in the CdSe QDs when these two
interact, so that we can demonstrate their use as novel
sensors for these nucleobases. In this work, the interaction
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patterns of binding between the (CdSe)s QD and the five
nucleobases (adenine, guanine, cytosine, thymine and
uracil) in the neutral form have been investigated
for the gas phase using DFT methods by considering
only bare, spherical, stoichiometric (CdSe)s quantum dots
for studying the changes produced on interaction in the
above mentioned QDs with nucleobases at various
possible sites.

Computational details

First-principles density functional (DF) calculations [56]
were performed by means of the DMol® code [57-61],
obtained from Accelrys Inc. in the Materials Studio 4.4
package. DMol® employs numerical functions on an atom
centered grid as its atomic basis. These basis sets were
constructed specifically for use in DFT calculations. Their
high quality minimizes superposition (BSSE) effects [57].
The long range tail of the basis set exhibits the correct
charge allocation and allows an enhanced depiction of
molecular polarizabilities [62]. We have employed
numerical basis sets of double zeta quality plus
polarization function (DNP). The DNP basis set is the
numerical equivalent of the Gaussian basis, 6-31G** [63].
All the structures were optimized using DFT—semilocal
pseudopotentials [61] to define the cores. Hirshfeld’s
method was used to carry out charge partitioning [64] and
covalent bond orders were calculated using Mayer’s
procedure [65].

Results and discussion

We chose the smallest (CdSe), wurtzite cluster and made
it interact with various purine and pyrimidine bases in
order to examine the structural and electronic changes
produced in both when they interact at different
orientations.

First, the geometrical structures of the isolated
nucleobases and the (CdSe); QD were optimized without
symmetry constraints. Subsequently, the optimized
structures were used to find out the preferred site of the
interaction of the nucleobases with the (CdSe)s QD. For
this, we selected all possible sites of each nucleobase
where interaction with the QD may occur and compared
the energies of the resulting complexes.

(CdSe)s QD and the nucleobases

Fig. 1(a) shows the optimized structure of the (CdSe); QD
and the nucleobases. In the structure of (CdSe); QD, it can
be seen that all cadmium and selenium atoms are di-
coordinated. The computed average Cd-Se bond length in
(CdSe)sis 2.533 A, which is smaller than the sum of ionic
radii of the two ions (Cd* and Se%), ie., 2.93 A,
demonstrating covalent character of the bonds in the
hexagonal ring.

The nucleobases (purines and pyrimidines) are in
association with their respective complementary base
through hydrogen bonds; these base-pairs play a very
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important role in biological systems. Fig. 1(b) shows the
structures of the five nucleobases, adenine, guanine,
cytosine, thymine, uracil with their standard atom

numbering.
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Fig. 1(b). Structures of the nucleobases.

The frontier orbitals, i.e., HOMO (Highest occupied
molecular orbital) and LUMO (Lowest unoccupied
molecular orbital), which are responsible for chemical
reactivity, are shown in Table 1 for all the structures
examined here. The HOMOs of the bases comprise the «
orbitals conjugated with the nitrogen lone pairs and the
LUMGOs are the * orbitals.

As shown in Table 1, (CdSe)s has a very low lying
LUMO. It is, therefore, a good electron acceptor. On
comparing with the HOMO energies of the nucleobases, it
is apparent that none of the nucleobases can transfer
electronic charge to the LUMO of the QD because their
HOMO energies are much lower than the LUMO of the
QD. The smallest energy gap (2.09 eV) is that between the
HOMO of guanine and the LUMO of the QD, and thus the
most favorable charge transfer should be from guanine to
the QD.
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Table 1. Calculated properties (eV) of the bare (CdSe); QD and
nucleobases.

Binding
energy HOMO LUMO
(eV)
(CdSe);  -10.40
-4.91
Adenine -77.28
Guanine -82.75
Cytosine -64.75
Thymine -75.94
-5.24
S -1.37
Uracil -62.68

B4 -1.51

Interaction of (CdSe)s with nucleobases

All the possible sites of interaction for each nucleobase
with (CdSe)s were considered and the resultant bonding
was studied in order to find out the preferred site for
interaction between the two. The results are presented in
the following sections.

(CdSe)s-Adenine interaction

Five possible sites of interaction of adenine were
considered, as shown in Table 2(a), and the structural
and electronic changes are reported in the sections that
follow.
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Table 2(a). Optimized structures of complexes between the (CdSe); QD
and adenine and their energies (eV).

Interac  HOMO LUMO
Site Final geometry tion

energy

0.41 -4.57 -1.89

/// V
NCN-site 053 461  -195
/ .
>
ﬁ ¢ 025 504  -261
-
A

-0.03 -4.97 -2.45

NH,-site

Five
membered A V4
ring Zop

Six s
membered Y .
ring _ P

0.04 -4.74 -2.34

The interaction energy was calculated from the
relation
Einteraction = [E(qd) + E(nucleobase)] — [E(qd-nucleobase)],

where E denotes the binding energy of the respective
system. Positive values for the interaction energy imply
exothermic interactions [66]. From Table 2(a), it is clear
that NCN and N are the preferred sites of interaction. In
case of the former, the optimized structure shows bond
formation between Cd2 and N3 of adenine (bond order =
0.287), along with one Cd-Cd bond formation. The
average Cd-Se bond length increases to 2.541 A. The
other favorable interaction is when adenine is placed such
that the ring nitrogen (N1) adjacent to the amino group
interacts with the cadmium atom of the QD (N site, Table
2(a)), and a bond is formed between Cd4 and N1 with
bond order 0.277. One Cd-Cd bond is also formed with a
bond length of 3.179 A. In both cases, the covalency of
cadmium is increased to three through metal-metal bond
formation.

The calculated HOMO and LUMO energies of the
structures after interaction are also shown in Table 2(a).
Comparing with Table 1 for the uncomplexed QD and
adenine, we observe that the HOMO energies are closer
to, but slightly higher than, that of adenine (which has the
higher HOMO), while the LUMO energies are closer to,
but slightly higher than, that of (CdSe)s; (which has the
lower LUMO). This implies charge transfer to the LUMO
of (CdSe); from the HOMO of adenine, which raises the
LUMO energy of the QD, increasing the HOMO-LUMO

gap.
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According to the energy viewpoint, the HOMO-
LUMO gap of the resulting structure can be used as a
director of kinetic stability. A smaller HOMO-LUMO gap
implies lower Kkinetic stability and higher chemical
reactivity due to energetically favorable addition of
electrons to the low lying LUMO or extracting electrons
from a high lying HOMO. The structures with large
HOMO-LUMO gaps are generally stable and unreactive,
while those with small gaps are generally reactive. Thus,
according to the above criterion, interaction at the NCN-
and N-sites, compared with five membered and six
membered rings, is kinetically favored because of the
increase in the HOMO-LUMO gaps (2.66 and 2.68 eV,
respectively) compared to the bare QD (2.49 eV), as well
as being thermodynamically favorable.

The Hirshfeld charge analysis for interaction of
adenine with (CdSe)s at various sites shows that the net
charge on adenine after interaction at the N- and NHy-
sites is 0.139 and 0.041, respectively, showing that
adenine acts as an electron donor in the interaction.

The HOMO-LUMO plots, shown in Fig. 2(a),
indicate that, in all the cases, the HOMO is localized on
the QD. The LUMOs are also on (CdSe)s, implying that
(CdSe); QD s still electron deficient due to insufficient
charge transfer from the nucleobase. The exceptions are
the cases of interactions at the N and NCN sites, where the
LUMO lies on the base. In both these cases, relatively
larger negative charge transfer from adenine to (CdSe)s
occurs and this is the reason for the adsorption being more
exothermic in these two cases.

Fig. 2(a) HOMO (left) and LUMO (right) plots for interaction between
(CdSe); QD and adenine.
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(CdSe)s-Guanine interaction

Interaction of (CdSe)s with guanine at six possible sites is
shown in Table 2(b).

Table 2(b). Optimized structures of interaction between (CdSe); QD and
guanine and the energies (eV) involved.

. . Interaction HOMO LUMO
Site Final geometry
energy

N-site 0.54 -5.07 -2.38
NCN-site 0.46 -4.97 -2.27
NH,-site -0.23 -5.05 -2.84
O-site 0.48 -4.54 -1.99
Five-

membered 0.05 -4.36 -1.87
ring

Six-

membered 0.01 -4.93 -2.62
ring

From Table 2(b), it is observed that the interaction is
exothermic [60] and N, NCN and O-sites are the preferred
sites of interactions. Interaction at the N-site leads to bond
formation between Cd6 of the QD and N3 of the base
(bond order 0.272) of bond length 2.440 A. A new Cd-Cd
bond also forms, and its bond length is 3.210 A. The
average Cd-Se bond length is increased to 2.556 A.
Similar structural changes are observed when the NCN
site interacts with the (CdSe)s QD. The Cd6-N3 bond
length is 2.439 A and its bond order is 0.272. The average
Cd-Se bond length increase slightly (2.538 A) and the Cd-
Cd bond length of the newly formed bond is 3.210 A. A
Cd6-(6)O bond of bond order 0.254 develops on
interaction via the O site. One Cd-Cd bond also forms. No
bond formation between (CdSe)s and the base occurs in
the rest of the cases; however, other structural changes in
the QD are produced in all cases.

The calculated HOMO and LUMO energies of the
structures after interaction are also shown in Table 2(b).
As shown in Table 1, guanine has the highest HOMO and
LUMO energies amongst all the nucleobases, which
makes it the best electron donor and poorest electron
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acceptor. The low band gap implies that interaction at the
NHa-site (2.21eV) is kinetically the least stable, while the
interaction at the NCN and N-sites (2.69 and 2.70 eV) is
both kinetically and thermodynamically favorable.

The Hirshfeld charge analysis indicates the maximum
electron transfer from base to QD in case of five-
membered ring interaction (0.166) due to the highest
HOMO energy and least transfer when the interaction
occurs at N-site (0.020), due to its very low HOMO
energy, while the charge transfer shows an opposite trend
(QD to guanine) in case of interaction with the six-
membered ring of base. Although the charge transfer is
smaller in this case than that in the case of adenine,
electron transfer from the base to (CdSe)s occurs and
hence it is an exothermic interaction.

The frontier orbital plots, shown in Fig. 2(b), show
that both the HOMO and LUMO are localized on (CdSe)s
in all the cases, except in case of interaction at the NH.-
site, where the HOMO lies on the base and it lies on both
(i.e., base as well as QD) when the six-membered ring of
the base interacts. The localization of the frontier orbitals
majorly on (CdSe)s implies that any reaction after
interaction of guanine with (CdSe)s; would only affect
(CdSe); and does not damage the nucleobase.

Fig. 2(b). HOMO (left) and LUMO (right) plots for interaction between
(CdSe); QD and guanine.
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(CdSe)s-Thymine interaction

In case of (CdSe)s-thymine interaction, the four possible
sites of interaction are given in Table 2(c). Thymine has
two different kinds of oxygen atoms, which have been
designated as (4)O (attached to C4 of base), and (2)O
(attached to C2 of base).

Table 2(c). Optimized structures of interaction between (CdSe); QD and
thymine and the energies (eV) involved.

Interaction HOMO LUMO

Site Final geometry Energy

032 507 -256
015  -462 -2.26
024 475 222
Top- 000  -491  -2.47
Site

The interaction between thymine and the (CdSe); QD
is exothermic for all cases (Table 2(c)), except when it
occurs at the N-site (N1 of base). The interaction energies
are smaller than the previous two cases of adenine and
guanine. The highest value is for interaction at the (2)O-
site.

No bond formation and no increase in covalency are
observed when the N-site (N1 of base) of the base
interacts with the (CdSe); QD. The average Cd-Se bond
length decreases to 2.528 A. An increase in covalency of
the cadmium atoms is observed in the rest of the cases due
to formation of a Cd-Cd bond. Bond formation between an
atom of the base and the QD is observed only in case of
(4)O-site (bond order 0.200) and (2)O-site (bond order
0.204), with Cd-O bond lengths equal to 3.208 A and
3.240 A, respectively, while a weaker interaction is
observed between Cd and (2)O, with a separation of
2.717 A and a bond order of 0.143 when thymine is placed
on top of (CdSe)s. The average Cd-Se bond length is
increased t0 2.540 A, 2.547 A, and 2.540 A respectively in
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case of top-site, (4)O-site, and (2)O-site interactions,
while very minor changes in the bond lengths of thymine
are observed.

Thymine has a lower HOMO energy than (CdSe)s
(Table 1) indicating that it is unable to donate much
charge to (CdSe)s. However, its LUMO energy is higher
than that of (CdSe)s; QD. Because of the poorer electron
donation by thymine, its HOMO energy remains low.
The Hirshfeld charge analysis confirms the same and
shows negligible charge transfer from thymine. The
maximum charge transfer from the base to (CdSe); QD
occurs on interaction at the (4)O site, with the net charge
on thymine at the (4)O-site being 0.064, followed by N-
site and (2)O-site, in both of which cases, the charge
transfer is 0.054.

The HOMO and LUMO contours are shown in Fig.
2(c). The HOMOs and LUMOs lie on (CdSe)s in all the
cases, except in case of the (4)O-site, where the LUMO
lies on thymine, although there is some delocalization of
the LUMO on thymine in other cases as well.

Interaction at the N and (2)O-site is Kinetically
favored due to higher HOMO-LUMO gaps (2.51 and 2.53
eV, respectively) compared to the bare QD (2.49 eV),
whereas the (2)O-site interaction is thermodynamically
favorable as well.

Fig. 2(c). HOMO (left) and LUMO (right) plots for interaction between
(CdSe); QD and thymine.

N_
site

(4)0-
site

(2)0-
site

Top
site

(CdSe)s-Cytosine interaction

Four possible sites were explored for the interaction of
cytosine with (CdSe)s QD (Table 2(d)).
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Table 2(d). Optimized structures of interaction between the (CdSe); QD
and cytosine and the energies (eV) involved.

Interaction HOMO LUMO

Energy

¢ o
N
N-sitt o b ¢ -0.17 481 -2.30

- N\ ©
NH; Q ﬁ 0.02 -4.89 -2.37
site
;i

O-site @‘&k 051 448 197
_& C

@

Site Final geometry

Top-

. -0.04 -4.84 -2.47
site

No bond formation between the two occurs when the
N-site (N1) of the base interacts and when cytosine is
placed on the top of the QD ring, while only a close
contact between Cd6 of the QD and (4)N of base of
distance 2.764 A and bond order 0.137 occurs when
interaction occurs at the NH,-site. A bond between Cd6
and (2)O of bond length 2.357 A and bond order 0.256 is
formed only in case of O-site interaction. Structural
reorganization also occurs in the nucleobase, and
relatively smaller changes in the QD, as seen from the
interaction energies. The data given in Table 2(d) shows
that the cytosine-(CdSe)s interaction is exothermic for
interaction at the NH»- and O-sites, and is endothermic for
interaction at N-site and when the base interacts from the
top. The maximum interaction is observed in case of O-
site.

The calculated electronic properties are also given in
Table 2(d). Interaction at the N, NH, and O-sites are
kinetically favored because of the enhancement in the
HOMO-LUMO gaps (251, 252 and 251 eV,
respectively) while interaction at the O-site is
thermodynamically favorable as well.

The frontier orbital plots, given in Fig. 2(d), show
that both the HOMO and LUMO are localized on (CdSe)s,
except in case of O-site interaction, where the LUMO lies
on cytosine. However, there is some delocalization of the
LUMO on cytosine in other cases also.

Because of the higher HOMO energy of cytosine than
thymine, it is a better electron donor than thymine, and
hence higher charge transfer to (CdSe)s can take place,
making it less electron deficient. The Hirshfeld charge
analysis for interaction of cytosine with (CdSe)s at various
sites shows that the net charge on cytosine for interaction
at the N, NH; and O-sites is 0.088, 0.091 and 0.093,
respectively, showing that cytosine also acts as an electron
donor in the interaction.
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The localization of the frontier orbitals on (CdSe)s
implies that any reaction of the resultant structure after
interaction would only affect (CdSe); and does not
damage the nucleobase.

Fig. 2(d). HOMO (left) and LUMO (right) plots for interaction between
cytosine and (CdSe); QD.

NH,
site
Top-
site
< 1 £ )
O-site “m! ;g }>>.;
< —%J —C— 77

(CdSe)s-Uracil interaction

Four sites were considered for studying the interaction of
uracil with the QD (Table 2(e)). Like thymine, uracil also
has two kinds of oxygen atoms and we have designated
them as (4)O (attached to C4 of uracil), and (2)O (attached
to C2 of uracil).

As shown in Table 2(e), the interaction is strongest
for the (4)O-site, where a weak bond is formed between
Cd4 and (4)O of bond length 2.471 A and bond order
0.177, and an increase in covalency of all cadmium atoms
also occurs. For interaction via the (2)O-site, contacts are
formed between Se5-(3)H and Cd4-(2)O with bond
distances 2.508 A (bond order 0.167) and 2.476 A (bond
order 0.174), respectively. For the N-site, a contact
between Se3-(1)H with bond distance 2.642 A (bond order
0.133) is observed. In case of the top-site interaction,
contacts between Sel-(3)H and Cd2-(2)O with bond
distances 2.535 A (bond order 0.168) and 2.533 A (bond
order 0.163), respectively, are observed.

Although the interaction energies for various sites do
not differ much, it can be inferred that interactions at the
(4)0 and (2)O sites lead to more stable structures. The
data for the interaction energies (Table 2(e)) shows that
the interaction is exothermic for all orientations, except at
the N-site. Interaction at the top site is the most favorable
interaction Kkinetically (band gap 2.48 eV) while
thermodynamically the most favorable interaction is at the
(4)O-site.

Uracil has the lowest LUMO energy among all the
nucleobases (Table 1), and hence is the only nucleobase
capable of accepting electron density from the QD. This is
confirmed by Hirshfeld charge analysis also. Although the
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charge transfer is small, this is the only nucleobase which
accepts electron density from the QD, particularly for the
N-site interaction, where the charge on the base is -0.148
after interaction with the QD, leaving the QD electron
deficient, resulting in both the HOMO and LUMO lying
on the QD (Fig. 2(e)). However, for the most favorable
(4)O interaction, the QD again acts as an electron
acceptor, accepting electron density from the lone pairs of
the C4 oxygen of uracil with the charge on the base being
0.015.

Table 2(e) Optimized structures for interaction between (CdSe); QD and
uracil and the energies (eV) involved.

Si . Interaction HOMO LUMO
ite Final geometry energy
S’:‘te [ \ -0.04 535 -2.94
. C
)
= N [
(4)0 = . .
site / 0.16 4.58 2.51
C
p
) : 4 2.22
-site < 0.15 68 '
Top-
site 0.11 -4.69 -2.21

~

The HOMO and LUMO contours are shown in Fig.
2(e). These show that, while the HOMO lies on (CdSe)s,
the LUMO lies mainly on uracil, except in case of the
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Vibrational analysis

The vibrational spectra calculated for the (CdSe)s-
nucleobase systems are shown in Fig. 3(a-e). Here, we
have given the vibrational spectrum of only the most
exothermic interaction of each nucleobase and compared it
to the spectrum of the bare (CdSe); QD. The spectra have
been magnified and overlapped with those obtained for the
(CdSe)s QD to show the shift in the vibrational peaks.

@

= (b)

(c)

uuuuuu

unfavorable N-site interaction, indicating that the base ..
remains the site of nucleophilic attack. o @
Fig. 2(f). HOMO (left) and LUMO (right) plots for interaction between
(CdSe); QD and uracil. - ‘
N-sit o |
S ‘# L Ll JJ‘ A L.
g Intensity (om/mol) mm—
VA o )
(4)0- ‘ -
site 1000
~ a0
(2)0- g -
site A * 00
X‘ 200 ‘
mz A ek 11\ -.JM' Jl
T P . o 1000 wa.‘tmz?“u:trwm} 3000 4000
sict)g X ) Fig. 3. Vibrational spectra in red (for bare (CdSe); QD) and blue (for
! g (CdSe); QD with nucleobase) for (a) (CdSe)s-adenine (b) (CdSe)s-
guanine (c) (CdSe)s-thymine (d) (CdSe)s-cytosine (e) (CdSe)s-uracil.
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Though various peaks were observed as a result of
ring distortions but in each interaction, the most intense
peak observed can be attributed to a particular stretch. In
case of (CdSe)s-Adenine interaction, the peaks were found
at 989cm?, 1075cm?, 1144cm’?, and 1,301 cm™and the
strong intensity peaks at 1,385, 1,556, and 1,617 cm™* can
be attributed to v(C-N) and w(C-C) vibrations [67]
whereas the most intense peak at 3222 cm™ is due to the
symmetric stretch of NH; group. For (CdSe)s-Guanine
interaction, strong peaks at 1,671 and 1,694 cm™ can be
allocated to v(C=0) vibrations and the intense peak at
3203 cm™ is due to the symmetric stretch of NH, group.
For (CdSe)s-Thymine interaction, peaks below 100 cm™
can be owed to the ring deformations while peaks at 1748
cm and 1819 cm™ are assigned to C=0 vibrations. The
most intense peak at 3019 cm in this also is due to the
v(NHy) vibrations. Like in all the interactions, low
frequency peaks, are due to ring deformations, so is the
case of cytosine. Here, robust peaks which are observed at
1390 cm't, 1,480 cm™, and 1608 cm™ can be considered to
be due to v(C—N) and v(C=0) vibrations. A peak at around
1180 cm™ can be assigned to the rocking N-H vibration
whereas the most intense peak at 3060 cm™ is due to the
symmetric stretch of N-H bond. For (CdSe)s-Uracil
interaction, as can be seen from the spectra, along with the
lower frequency vibrations, the most intense peak is
observed at 1656 cm™, which is due to the symmetric
stretch of the (4)O-C4 bond and in-plane bending
vibration of hydrogens.

The vibrational data for the most intense peak in each
case is given in Table 3. The most intense peak is due to
the symmetric stretch of the N-H bond of the nucleobase,
but for uracil, the most intense peak is due to the
symmetric stretch of the (4)O-C4 bond and in-plane
bending vibration of hydrogens. Interaction with the QD
weakens the C4 carbonyl bond, reducing its wavenumber
from the normal carbonyl frequency. The vibrational
frequency data show that in all the cases, the intensities of
the peaks for the (CdSe)s QDs increase on interaction with
various nucleobases, with the largest increase in case of
the (CdSe)s-thymine interaction. This can be explained
from the energies of the HOMOs and LUMOs, while
thymine has a higher lying LUMO, the charge transfer is
in the reverse direction, i.e., from the QD to the
nucleobase in case of uracil and hence the lower intensity
of the peak in uracil may be attributed to the lower lying
LUMO of uracil.

By looking at the vibrational spectra, we observe a
blue shift after interaction in all the cases. The shifting of
the peak was caused by the increased size of the QDs after
the interaction with the bases. The sizes of (CdSe)s-Purine
were found to be much bigger than that of (CdSe)s-
Pyrimidine, that has been reflected in the shifting of the
peaks. When (CdSe)s-nucleobase combined system is
compared with the individual (Cdse)s system, the HOMO-
LUMO gap of the combined system is larger (considering
the most stable site obtained in this work), i.e., it is
observed that on comparing with the infrared data of the
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free (CdSe); quantum dot with the combined system of
(CdSe)s-nucleobase, there were shifts observed to higher
frequencies, perhaps due to the coordination of the
molecules to the surface of the quantum dot or due to
nearly some interactions that occur among them.

Table 3. Vibrational data for peaks corresponding to maximum intensity.

(CdSe);-Base Frequency (cm™?) Intensity (km mol™)

Bare (CdSe); 280 34

(CdSe)s-Adenine 3222 1135
(CdSe)s-Guanine 3203 1953
(CdSe)s-Thymine 3019 2364
(CdSe)s-Cytosine 3060 1885
(Cdse)s-Uracil 1656 883

Conclusions

The present work has focused on the application of the
(CdSe); QD, the smallest wurtzite nanocluster, as a DNA
sensor. This has been employed as a benchmark to test the
model systems. We have studied the interaction of the
(CdSe)s QD with various purines and pyrimidine bases
present in nucleic acids. Our calculated results provide a
bridge between the atomistic details of bioconjugation and
the corresponding optical properties.

We have considered various possible sites of
interaction for each nucleobase. Our calculations predict
that out of all the nucleobases considered, the binding of
(CdSe); to guanine is strongest, and with uracil is weakest,
because of the smallest energy gap between the HOMO of
guanine and the LUMO of the QD (i.e., 2.09 eV), and the
largest gap in the case of uracil (i.e., 2.99 eV), which
prevents adequate charge transfer to the QD. While in the
other cases, weak bonds are formed between cadmium and
an oxygen or nitrogen atom of the nucleobase with very
little transfer of electron density from the nucleobase to
the QD, the opposite occurs in the case of uracil. As
predicted from the energies of the HOMOs and LUMOs,
in this case the charge transfer is in the opposite direction,
i.e., from the QD to the nucleobase. In the case of uracil,
the low-lying LUMO of the nucleobase is conducive to
electron transfer from the QD to the base. The other two
pyrimidines, cytosine and thymine, have higher lying
LUMOs, making such electron transfer difficult.

The vibrational analysis of the combined systems,
when compared with that of the bare (CdSe)s QD, shows
that the intensities of the peaks due to (CdSe)s increase on
interaction with nucleobases, and a blue-shift is observed
in all interactions. The observed shift is in good agreement
with the experimental findings. This suggests that our
results are reasonably matching the real QDs.

We have seen that the CdsSes QDs binds strongly
with the DNA/RNA nucleobase molecules owing to the
presence of various chemical moieties such as carbonyl,
heterocyclic and amide groups, thereby display strong
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binding interaction with CdSe QDs. This also implies, that
these nucleobases can be layered stably over the CdSe
QDs. Hence, a moderately strong intensity of emission
spectra can be expected at a relatively low concentration
of nucleobase molecules. Since the (CdSe)s QDs interacts
differently with each of the nucleobases, hence the spectra
of the QDs after the interaction with entire DNAs/RNAS
should be observed at different frequencies in the case of
diverse sequences. This proves that CdSe quantum dots
can suitably be used as promising materials to detect any
change in the DNA sequence, any mutations or any
damage to the DNA molecules. Regarding the question of
DNA damage, we actually see that (CdSe)s acts as a
protector of DNA from damage, since in most of the
complexes, both the frontier orbitals lie on the QD,
implying that this is the site of external attack and the
DNA base is relatively safe.
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