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ABSTRACT: Interactions of DNA oligomers with two
categories of semiconducting nanostructures—chalcogenide
quantum dots (QDs) and boron nitride nanotubes
(BNNTs)—owing to their widespread presence in bio-
inspired processes are investigated using the first-principles
density functional theory and continuum solvent model. The
chalcogenide QDs interact strongly at their metal centers
featuring electrostatic interaction with DNA oligomers at
oxygen or nitrogen site, while BNNTs form covalent bonds
with DNA oligomers at multiple surface sites. It is found that
the different bonding nature leads to distinctly different
response to the aqueous environment; the presence of solvent
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drastically reduces the binding strength of nucleobases with the QDs due to the strong electrostatic screening. This is not the
case with BNNTSs for which the covalent bonding is barely affected by the solvent. This study thus clearly shows how a solvent
medium influences chemical interactions providing guidance for technological applications of bioconjugated systems.

1. INTRODUCTION

The fusion of nanotechnology and biology has recently
occurred at a rapid pace leading to increasing interface of
nanostructured materials with biological molecules for the next-
generation health-related applications. While these two systems
are common in the size of their entities falling into the scale of
subnano- and nanometers, they are drastically different in their
chemical composition, bonding, and internal cohesion. The
nanostructures are mostly composed of inorganic materials
having covalent, ionic, or metallic bonds, while the
biomolecules are mostly organic molecules primarily composed
of C, H, O, and N forming strong covalent bonds, 7—7x
interaction, and H-bonds. With the existing great opportunity
together with the great challenge, it is essential to understand
the fundamental interaction between nanostructures and
biomolecules at the atomic level in their working environment.

Since the nucleic acid bases are key components of the
genetic macromolecules—deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA)—playing a central role in all biological
systems, we consider the interaction between nucleobases or
small fragments of DNA with a selection of important
semiconducting nanostructures represented by the chalcoge-
nide quantum dots (QDs) and boron nitride nanotubes
(BNNTs). This study is the first step of our efforts toward a
full-scale quantum mechanical investigation of DNA strands
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with nanostructures. Note that semiconducting QDs based on
ZnS and CdS have been proposed as candidate materials for the
photoelectrochemical label for biosensing events, luminescent
labels for biorecognition events, and luminescent probes for
DNA.' ™ The sulfide-based quantum dots appear to have
advantages over traditional fluorescent probes due to their
broad absorption spectra, narrow emission spectra, and
resistance to photobleaching.” In addition, their nonlinear
refractive index and nonlinear optical absorption were
estimated to be several orders of magnitude larger than those
of the bulk materials.” There is, however, scarcity of study on
the interaction between the semiconductor QDs and DNA
molecules. As attractive as the ionic-bonding dominated
chalcogenide QDs, the covalently bonded BNNTs®’ have
become a very promising candidate in electronics,” drug
delivery,” and other biomedical applications.'°”"* The study of
the toxicity of these semiconducting nanotubes has just
begun.'” A recent study shows that BNNTs have no toxicity
for cell lines but have positive effect on accelerated osteoblast
differentiation and growth.'’ This was attributed to the strong
affinity of protein to BNNTs. Zhi et al. reported strong
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Figure 1. Calculated ground state configurations of (a) (ZnS),,, (b) (CdS),,, and (c) (CdSe),.

interaction and immobilization of ferritin protein on BNNT
surfaces.'* The dispersion and DNA-mediated assembly of
BNNTs in solutions were reported.”” Strong covalent
interactions were also observed for BNNTSs with organic
polymers in forming composites.'®

On the other hand, quantum mechanical studies have been
reported for the interaction of DNA/RNA nucleobases with a
variety of nanostructures, such as CNTs,"”” BNNTs,'®* BN
sheets,”” metallic clusters,””*' oxide nanoparticles,22 and
clays®** showing a rich and diverse range of physics and
chemistry involved in the interfacial interaction. The study of
DNA interacting with chalcogenide QDs is still lacking. In
addition, these previous computational studies are gas phase
calculations with few exceptions. It is important to note that
most relevant applications nonetheless occur in aqueous
environment. Recent studies have revealed the importance of
including the solvent effect for interactions in solutions.””*® We
aim to investigate the solvent effect in these reactions. Although
fully account of the thermal fluctuation and taking into account
counterions may be a more faithful representation, the
significantly more cost has limited its use in this study. It is
not our current interest to extract the full wrapping picture of
DNA around these nanostructures, but rather to look at the
solvent effect toward the binding of DNA to QDs and BNNTs
and compare their differences. More specifically, in the present
study, we will calculate stable geometries, site specific
interaction energies, electronic properties via molecular orbital
analysis, and charge density distribution of the bioconjugated
complexes. The insights gained from this comparison study can
provide an in-depth understanding of the interaction of these
low-dimensional semiconducting materials with biological
molecules at the atomic level and pave the way for more
realistic theoretical simulations of nano-bio interactions in
aqueous solutions.

2. METHOD

The electronic structure calculations were performed in the
framework of the density functional theory (DFT) using the
Gaussian09 program package.”” All calculations were consid-
ered to be converged when the force on each ion is less than
0.01 eV/A with a convergence in the RMS density matrix to
107® and the total energy to 107° eV. The B3LYP functional
form®® and the LanL2DZ basis sets’” ' were employed for
calculations of chalcogenide QDs with DNA bases. Considering

that the chemical bonding in the semiconducting QD is semi-
ionic, our choice of the hybrid exchange and correlation
functional form, B3LYP is expected to be reasonably accurate in
describing site-specific interactions between nucleobases and
QDs. Results of all-electron calculations using the 6-31G(d)
Gaussian basis sets (Supporting Information Table S1) show a
consistent difference of 0.1—0.2 eV in the binding energy.
Inclusion of the dispersion®” further increases the binding
energy by ~0.4 eV without changing the relative stability of
different nucleobases obtained at the B3LYP-D2 level of theory.
The hybrid density functional form wB97XD,*® which includes
empirical atom—atom dispersion corrections, was employed for
BNNT interacting with DNA oligomers. This functional can
also take proper account of the nonbonded interactions,
including the van der Waals interactions. The 3-21G(d) basis
sets were used for all the atoms of BNNT and DNA oligomers
in our calculations. It has been shown that wB97X-D performs
noticeably better relative to the other empirical dispersion-
corrected density functional forms for covalent systems.”*

The solvent effects were included via the polarizable
continuum model (PCM) in which the polarization charge Q
is scaled such that the total polarization charge obeys Gauss’s
law.”® In this model, the water solvent is represented by a
homogeneous continuum medium having a dielectric constant
of 78.39, which is polarized by the solute placed in a cavity built
in the bulk of water.

3. RESULTS AND DISCUSSION

Chalcogenide QDs and DNA Bases. We employ a finite
cluster model to simulate semiconducting chalcogenides QDs
in which QDs are represented by the subnanometer clusters,
e.g, (ZnS),, (CdS),,, and (CdSe);, which are highly
symmetric, spherical cagelike, and stable (Figure 1). Their
interactions with the nucleotide bases of DNA and RNA,
namely adenine (A), cytosine (C), guanine (G), thymine (T),
and uracil (U), are considered. The geometrical structure of the
isolated nucleobases and the QD were optimized as a prior step
to the nucleobase—QD complex calculations. Subsequently,
total energy calculations of the complex with respect to the
separation between the QD and the nucleobases were
performed, yielding the energy surface describing the
interaction of semiconducting QDs with the nucleobase.

The choice of cagelike highly symmetric chalcogenide QDs
was based on the several previous studies®*™>* in which the 24-
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Figure 2. Different binding sites of uracil and adenine (C: gray; N: navy blue; H: light blue; O: red).
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Figure 3. Samples of nucleobases approaching (ZnS),, (CdS),,, or (CdSe),, nanoclusters from different binding sites to form bioconjugated
complexes.

atom icosahedra-derived configuration was found to be stable (MX), and eight (MX); rings forming a truncated octahedron
and a prospective candidate for cluster assembly of materials. in which all M and X vertices remain equivalent. The calculated
For a (MX);, (M = Zn, Cd; X = S, Se) QD, it is based on six structural properties of (ZnS);,, (CdS);,, and (CdSe);, are in
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good agreement with the previously reported values based on
the same level of theory.*®”” Analysis of Mulliken charges finds
the chemical bonds to be mainly ionic in these semiconducting
QDs.

The cagelike subnano QD was considered to approach the
nucleobases toward all possible binding sites including ring
nitrogen atom (i.e., the -N site, -NH site, and -N1 site), oxygen
atom (i, O site), and center of hexagonal or pentagonal rings
(ie, top site) of the molecules. Some of the representative
binding sites for uracil and adenine are shown in Figure 2. For
the bioconjugated complex, we take the equilibrium config-
uration to be the minimum-energy configuration on the energy
surface of a (MX),, approaching the target binding site of a
nucleobase (an example is shown in Supporting Information
Figure S1). The paths approaching the -N, -NH, -N1, and O
sites were constrained in the plane of the base molecule while
the path going to the top site was constrained perpendicular to
the plane of the molecule.”

The chalcogenide QD is oriented in such a way that either
metal-terminated or S/Se-terminated surface of the cluster
interacts with the target binding-sites of the nucleobases. We
find that the interaction of the S/Se-terminated surface of the
cluster with the nucleobase molecules is not bound. This
preference for the metal site is clearly demonstrated by the
electrostatic potential plot, taking (ZnS),, interacting with
cytosine as an example. The O or N site of cytosine is a highly
electronegative center, which interacts with the Zn sites, the
blue spots pertaining to positive potentials in the figure, while
the greenish-yellow spots are S sites. A similar trend was found
in the study of the adsorption of RNA/DNA nucleobases on
the external surfaces of Na'-montmorillonite, where the side
comprising the Na* counterions interacts more strongly with
two basic centers (N and O) of nucleobases than the opposite
side, where only siloxane bonds are present.””> Examples of
interaction of nucleobases approaching the metal-terminated
surface of the clusters from different binding sites are plotted in
Figure 3.

The binding energy of the bioconjugated complex is defined
via the asymptotic approach taking the difference in the total
energies of the conjugated system at the equilibrium
configuration and when they are far apart from each other
(~7 A) (see Figure S1). The calculated results in gas phase
show strong interaction from the O and N (or N1) sites of the
nucleobases as plotted in Figure 4 (see a full summary of results
in Table S2). We also find that the oxygen site is preferred over
the nitrogen site when both exist in the case of cytosine and
guanine. There appears to be no binding between the
nucleobases and the semiconducting cluster via either top site
or -NH site. Overall, the order of the interaction strength of the
nucleobases with the (MX),, cluster is predicted to be C > G >
T ~ U for the oxygen site. For the given molecule, the binding
energy of the complex decreases as we go from (ZnS);, to
(CdS),, to (CdSe),. This is consistent with the basicity of the
cation in the subnano QDs considered.

The most noticeable result comes out to be the solvent effect
on the predicted stability of the complexes involving the
chalcogenide QDs and nucleobases. The binding energies
associated with the equilibrium configurations of bioconjugated
complexes in water are plotted in the bottom panels of Figure
4a,b (see a full summary of results in Table S3). The calculated
binding energy for the bioconjugate in gas phase is significantly
higher than that calculated in the presence of the solvent water.
Furthermore, the N site for most base molecules appears to be

@) B ZnS
1.0 In gas phase

In water

Cytosine Guanine Thymine  Uracil

(b) Il ZnS
I CdS

1.04 In gas phase

0.8

S 0.6

)

~ 0.4

Wo2]
0.0
1.0
0.8 In water

S 0.6

)

= 0.4

W2]
0.0

Guanine

Adenine Cytosine

Figure 4. Calculated binding energies (E,) of QD (modeled by
(ZnS)y,, (CdS)y,, or (CdSe), nanoclusters) bioconjugated complexes
in gas phase and in water bound to nucleobases from (a) the O site
and (b) the N site.

preferred over the oxygen site of the molecules in terms of the
binding energy of the complex in the solution phase. In other
words, the bioconjugated complexes binding at the N site are
less affected by the presence of the aqueous medium.

The reason for the dramatic solvent effect can be attributed
to the dominant electrostatic interaction between QDs and
DNA bases, owing to the large differences in their values of
electronegativity between Zn (1.65) or Cd (1.69) with O
(344) or N (3.04). The Coulomb interaction between
positively charged centers and negatively charged centers is
the major contribution to the binding energy. In the presence
of a dielectric medium, like water, the Coulomb interaction is
reduced by a factor of the dielectric constant. Water is a strong
polar molecule and has a relatively high dielectric constant
(78.39). The effective binding energy, therefore, decreases due
to the electrostatic screening. In addition, the electronegativity
of N is smaller than that of O, which makes the polarity of the
metal—N bond less than that of the metal—O bond. As a result
of the increased covalency of the metal-N bond, the binding
strength is less affected by the electrostatic screening.

This is also reflected in the analysis of the molecular orbitals.
For instance, we plotted the highest occupied molecular
orbitals (HOMOs) of the two lowest-energy bioconjugated
complexes formed by (ZnS);, and a cytosine base binding at
the O site and the N site in Figure S.

In gas phase, the wave function spreads over the S-3p orbitals
of (ZnS);, and the orbitals of the cytosine base composed of O-
2p, N-2p for binding at the O site and O-2p, N-2p, C-2p for
binding at the N site. Note that there is barely any contribution
from the metal Zn cations in HOMO, while the states of Zn
form the lowest unoccupied molecular orbitals (LUMOs). This
is a clear indication of electrostatic interaction. Pronounced
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Figure 5. HOMOs of the bioconjugated complexes formed by a (ZnS),, nanocluster and a cytosine base at the O site (upper panel) and the N site

(lower panel) in gas phase and in water.

change is observed for the HOMO going from the gas phase to
the water solution. In water, the wave function is primarily
located on (ZnS),, and distributed over S-3p orbitals.

BNNTs and DNA Oligomers. A finite cluster of B¢ NgH,,
is chosen to simulate the zigzag (6, 0) single-walled BN
nanotube (BNNT) with a diameter of 0.5 nm. The cluster was
cleaved from a BNNT, and the edge atoms with dangling bonds
were passivated with H atoms. A fragment of homo-oligomers
of DNA, namely 3A, 3C, 3G, and 3T, are considered for
calculations. The effects of the phosphate group were
neutralized by H atoms, thus simulating screening of the
negative charge of the phosphate group by counterions in
solution. The size of the cluster (~2.2 nm) is sufficiently large
enough to allow all the possible interaction sites of BNNT with
the DNA oligomer considered.

The DNA oligomers were fully relaxed, and the optimized
structures are shown in Figure S2. It is observed that these free-
standing structures tend to bend toward each other to form H-
bonds in gas phase, while the structures are more extended in
solution due to its polar nature. A number of orientations of

these oligomers at different sites on BNNT were considered in
order to determine the equilibrium configuration for the
bioconjugated complex. BNNTs have four typical binding sites:
the atop site of B, the atop site of N, the bridge site between B
and N, and the hole site above the BN hexagon ring. There
exist two distinct orientations, namely parallel and perpendic-
ular orientations of the biomolecule with respect to the
hexagonal rings of BNNT. In the parallel configuration, the
molecules orientate parallel to the BNNT surface, maximizing
the so-called 77—z interactions. In the perpendicular config-
uration, the molecules orientate perpendicular to the BNNT
surface, and it is featured more of chemical bonding interacting
through the O, N, or NH groups on the edge of nucleobases
and the functional groups from the phosphate sugar backbone.
The former is known to dominate for the case of carbon
nanotubes, due to the highly saturated sp* bonding of hexagon
carbon rings (honeycomb structure).'” This, however, may not
be fully the case for BN nanotubes due to the nonequal
electronegativity of B and N atoms. After forming 3-fold
bonding with each other, the B atom has an unoccupied p
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orbital, while the N atom has a lone pair of electrons.
Therefore, in general, this indicates a strong tendency for
reactions with other elements. It is worth noting that there
might be cases that in one DNA oligomer some base is parallel
to the BNNT surface rings, while the other base is
perpendicular to the BNNT surface. It is really an energetic
competition among different orientations of different bases, also
taking into account of the curvature of the considered BNNT.
In order to further isolate the fundamental effects, calculations
were performed with a single base cytosine to compare the
parallel and the perpendicular orientation of base with respect
to BNNT. The perpendicular orientation consistently shows a
higher binding strength (by 0.7 eV) with BNNT than the
parallel orientation (Figure S3). This preference is correlated
with the relatively high polarizability of the (6,0) BNNT due to
its large curvature.

The equilibrium configuration of one of the DNA oligomers,
3C, is shown in Figure 6. A full list of results can be found in

Figure 6. Binding configurations of a DNA oligomer 3C with a (6,0)
BNNT in (a) gas phase and (b) water. Multiple binding sites exist with
their distances labeled in the figures. Atoms are represented as C in
yellow, N in magenta, H in light blue, O in red, P in light green, and B
in dark green.

Figures S4 and SS. The binding energies are plotted in Figure 7.
In contrast to the case of chalcogenide QDs interaction with
nucleobases, two things stand out. First, the interactions are
stronger for both in gas phase and in water. Second, the binding
energies are fairly close for gas phase and water. In other words,
there is barely any countereffect from the polar solvent of water
for the BNNT interaction with DNA oligomers. It is worth
mentioning that in the current study the solvent effects are
taken into account implicitly with a continuum solvation model.
The contribution from explicit water molecules is not

1.4+

1.2
1.0
0.84
0.6

Ep, (eV/base)

0.4
0.2

0.0-
Adenine Cytosine Guanine Thymine

Figure 7. Calculated binding energies (E,) of (6, 0) BNNT-DNA
oligomer bioconjugated complexes in gas phase and in water. E, is
given per DNA base.

considered. Since water itself is a polar molecule having
electronegative oxygen, the binding energy of a single water
molecule could go up to a few tenths of an electronvolt.”" It
could potentially compete with nucleobases for the adsorption
on BNNT surface.

Figure 7 shows 3C has the strongest interaction strength with
BNNT, followed by 3A and 3T, while 3G has the lowest
binding energy with BNNT. The order of interaction strength
is in big contrast to the case of single DNA bases interaction
with CNT'”* and BNNT'® where the strongest interaction
falls on guanine in a parallel stacking configuration, owing to
the strong polarizability of guanine. In the case of BNNT
interaction with DNA oligomers, the major interaction comes
from the covalent bonding between BNNT and DNA
oligomers, which we would rather call a perpendicular
configuration. The six- or five-member rings of purines and
pyrimidines lose their dominant role for forming a 7—x
stacking18 with the BN rings. Instead, the strong interaction
comes from the edge of the nucleobases, which is usually
featured by high-electronegative elements O, N and H-bond
forming units of NH. For instance, in the case of 3C, there are
primarily four binding sites (Figure 6): O(cytosine)—B(BN)
with a distance of 1.58/1.63 A (gas/aqueous); N(cytosine)—
B(BN) with a distance of 1.68/1.68 A (gas/aqueous);
O(backbone)—B(BN) with a distance of 1.61/1.61 A (gas/
aqueous); NH(cytosine)---N(BN) with a distance of 1.89/1.86
A (gas/aqueous) forming a H-bond. This can be understood by
the local sp® hybridization of a B atom at the absorption site. A
deformation from an in-plane triangular BO; to a tetrahedral
BO, occurs. Boron is known to have both 3-fold and 4-fold
coordination,* and B—O is a strong hybridized chemical bond
with the 4-fold slightly weaker than the 3-fold. This is
understandable from the difference in the electronegativity of
B (2.04) and O (3.44), which is large enough to have a polar
bond but small enough to maintain high covalency as compared
to Zn (1.65) or Cd (1.69) with O (3.44) or N (3.04). In the
electrostatic potential plots (Figure S6), B and N sites of
BNNT have less visual contrast as compared to the
chalcogenide clusters due to the smaller difference in their
electronegativity. The blue B spots having positive potential
tend to form bonds with the O and N sites of DNA pertaining
negative potentials.

It is worth noting that there are multiple binding sites
between the DNA oligomer and the BNNT. It demonstrates a
mixture of parallel and perpendicular binding in the case of
guanine and adenine—the purines. But the primary contribu-
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(a) In gas phase

(b) In water

Figure 8. HOMOs of the bioconjugated complexes formed by BNNT and a DNA oligomer 3-cytosine (a) in gas phase and (b) in water.

tions are still from the perpendicular binding, where the DNA
base stands relatively straight with BNNT and form direct
chemical bonds. The parallel binding, on the other hand, is only
seen when there is a favored orientation to have 7— stacking
of the rings of DNA with hexagonal BN rings.

The strong covalent interaction of BNNTs with organic
molecules was previously observed in experiments for polymers
and proteins'”'® and reported for small polar molecules
interacting with BNNTSs from theoretical studies.** In addition,
people have used covalent functionalization of the nanotube
sidewalls in biomedical applications due to its high stability™
and in electronics to modify BNNT electronic structures.*®

The comparable binding configuration and energies found
for the BNNT bioconjugates in both gas and aqueous phases
are owing to the strong covalent bonding between BNNT and
DNA. The HOMOs of the BNNT-3C bioconjugated
complexes in gas phase and in water are plotted in Figure 8.
Despite the primary contribution of N-2p states on the BNNT
side, a strong hybridization of the B-2s2p states with the O-2p
states of the DNA oligomer 3C at one of the binding sites is
observed. And in contrast to the chalcogenide QDs interacting
with DNA bases, the molecular orbitals of BNNT with 3C in

25971

gas phase and in water are very similar. Thus, with the shared
electrons between the atoms forming a high-covalency bond, it
is less perturbed by the existence of the polar solvent.

4. CONCLUSIONS

The chalcogenide QDs represented by the subnanometer
(ZnS) 5, (CdS), and (CdSe);, clusters interact strongly at
their metal centers Zn or Cd featuring electrostatic interaction
with the O or N site of DNA bases, while the BNNTs form
covalent bonds with DNA oligomers at multiple B and/or N
sites. The average binding energy per DNA base is higher for
BNNTs than QDs. In both cases, cytosine shows the strongest
binding strength. Most extraordinarily, the solvent effect is
distinctively different for these two cases. The chalcogenide
QDs have positively charged sites (the metal ions) which
interact with available complementary electronegative sites on
the nucleobase molecules. It is understandable that the dipole
nature of water (the solvent modeled) competes with and
significantly dampens this interaction. Thus, for such cases, it is
imperative to include solvent effects in the modeling in order to
capture this behavior which then properly scales the quantities
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of interest (such as binding energies); that is, a solvent effect is
required in order to properly set the scale of interaction in a
solvent (water) environment when the solvent should clearly
play a role in the interaction. For the BNNT interaction with
DNA in water, the water does not “compete with” or play much
(or any) role in the interaction. This interaction is then well
represented by a straightforward gas phase model. It is,
however, injudicious to generalize our results to interactions of
BNNTSs with other organic molecules because the nature of
bonding could vary.”® This study clearly demonstrates the
different responses of electrostatic interaction vs covalent
bonding in polar solvent and signifying the importance in
performing the realistic simulation of the bioconjugated
complexes. In addition, advancing theories of how a solvent
medium influences chemical interactions can provide direct
guidance for applications in materials science, catalysis, and
biochemistry.
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