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ABSTRACT: The effect of molecular polarity on the interaction between a boron
nitride nanotube (BNNT) and amino acids is investigated with density functional
theory. Three representative amino acids, namely, tryptophane (Trp), a nonpolar
aromatic amino acid, and asparatic acid (Asp) and argenine (Arg), both polar amino
acids are considered for their interactions with BNNT. The polar molecules, Asp
and Arg, exhibit relatively stronger binding with the tubular surface of BNNT. The
binding between the polar amino acid molecules and BNNT is accompanied by a
charge transfer, suggesting that stabilization of the bioconjugated complex is mainly
governed by electrostatic interactions. The results show modulation of the BNNT
band gap by Trp. Interestingly, no change in band gap of BNNT is seen for the polar
molecules Asp and Arg. The predicted hlgher sen51t1v1ty of BNNTSs compared to
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better substrate for protein immobilization than CNTs.

SECTION: Nanoparticles and Nanostructures

n recent years, bxocon)ugated nanostructured materials 1nc1ud—
Img nanotubes,lf5 nanowires, fullerenes, and nanopartlcles
have emerged as a new class of materials for biosensing and
medical diagnostics applications. For example, DNA-decorated
carbon nanotubes were shown to be effective for chemical
sensing of various odors.'” On the other hand, probing of
conformational changes in DNA in vivo triggered by a change
in the surrounding ionic concentratlon showed a great possibility
for new detection mechanism."" Conversely, the structure-spe-
cific binding property of blomolecules has been used to sort
carbon nanotubes of different kinds.'* Despite such applications,
a fundamental knowledge of the interactions of biomolecules
with inorganic nanomaterials is scarcely limited. In order to
fully capitalize on the novel properties of nanobio conjugates, a
detailed understanding of the nature, physical and chemical
mechanisms, structure, and spatial distribution of the conjugating
molecules and nanomaterials is critically important.

Recently, a number of first-principles quantum chemical
studies have focused on determining the site-specificity/selec-
tivity of the biomolecular reactions with nanostructured materi-
als. In the case of nucleobases of DNA and RNA, it has been
shown that the N-site is the preferred site for forming a stable
bioconjugate complex with metallic'® and semiconducting quan-
tum dots."* A considerable charge transfer occurs from nucleo-
bases to metallic cluster, suggesting the dominance of electro-
static interaction in metal conjugates, while covalent interactions
dominate the interaction in semiconducting conjugates. On the
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other hand, interactions of tubular configurations of car-
bon and boron nitride with nucleobases of DNA and RNA have
been shown to mainly result from van der Waals (vdW) inter-
actions, whose strength depends on individual polarizability of
nucleobases.'>"¢

As proteins play one of the most important roles in biology, it
is expected that a similar understanding of their interactions with
nanomaterials, as for DNA, would provide critical fundamental
knowledge on their interactions and possibly be a guide for
utilizing nanotechnology in proteomics. Toward that, recently, a
number of studies have focused on carbon-based nanostruc-
tures,' 723 addressmg the challenges to interface proteins with
nanomaterials.”*

Boron nitride nanotubes (BNNTs), which possess a similar
morphology as carbon nanotubes (CNTs) but distinct properties
of their own, appear to be potential candidates for biomedical
applications due to their uniformity and stability in dispersion in
solution.”® Unlike CNTs, whose electronic structure and prop-
erties vary widely based upon tube helicity, concentric layers, and
so forth, the BNNTs Jre semiconducting regardless of their
diameter and chirality.”® BNNTs are also found to be nontoxic to
health and environment due to their chemical inertness and
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Figure 2. The calculated potential energy surface of arginine scanning
tubular surface of BNNT. The energy barrier between two adjacent local
minima is 1.5 eV.

structural stability, and therefore, they are more suitable for
medical applications such as drug delivery.””*®

Toward that, we have performed first-principles quantum
chemical calculations on the conjugation and electronic structure
nature of amino acids, the building blocks of proteins, and
BNNT. In principle, a complete understanding of the physics
and chemistry of the interaction between the amino acid and
BNNT should include an investigation of all 20 amino acid
molecules interacting with BNNTs. However, it would have been
prohibitively computationally expensive, particularly with the
level of accuracy that we employed to obtain the optimized
configurations of the bioconjugates involving all amino acids.
Instead, we considered three representative molecules belonging
to all three prevalent classes, such as, aspartic acid (Asp), a
dicarboxylic amino acid with a negative charge, arginine (Arg), a
three-carbon aliphatic chain with a positively charged guanidino
group, and tryptophan (Trp), a nonpolar aromatic amino
acid consisting of an indole functional group with an amine
(Figure 1). We speculate that the nature of interaction of BNNTs
with these representative amino acid molecules will be similar to
that of the other amino acid molecules falling under the same
category depending on their individual polarity, qualitatively.
This choice of polar and nonpolar amino acids is expected to
reflect the common chemical properties of more complex protein
macromolecules. Thus, the present study will be useful in
understanding how the polarity of the individual amino acid
affects its interaction with BNNT.

In the energy surface scan plot obtained in the optimization
step (ii) (please see Computational Methods for a detailed description)

shown in Figure 2, a striking difference between the interaction of
BNNT with the amino acid molecules and that with the nucleobases
of DNA and RNA'® is revealed. For Arg-BNNT, the energy barrier
between two adjacent minima is predicted to be significantly higher
than what was reported for guanine-BNNT.'® The molecular
interaction of the Arg-conjugated BNNT therefore appears to be
stronger than those in the nucleobase-conjugated BNNT. Figure 3
shows the equilibrium configurations of Asp-BNNT, Arg-BNNT,
and Trp-BNNT complexes. It is interesting to note that Trp, the
charge-neutral amino acid molecule, gets adsorbed on BNNT with
its five- and six-membered rings almost parallel to the surface of the
tube. However, it does not follow a perfect Bernal’s AB stacking as
reported in earlier calculations for the neutral DNA/RNA nucleo-
bases on the surface of BNNT.'®

The interatomic separation of the individual atoms of the
amino acid molecules from the atoms of the tubular surface in the
equilibrium configuration is plotted in Figure 4. The minimum
Rimino-snnT 18 1.6, 2.01, and 2.87 A for Arg, Asp, and Trp,
respectively. The minimum Ry, gnnr S comparable to the
separation calculated for neutral nucleobases (2.77 A)'® and
organic molecules (2.96 A)*® physisorbed on BNNTSs. The
minimum Ry, gnn is comparable to the intermediate distance
between BNNT and chemisorbed amino functional groups
NH,CHj;, NH,CH,0OCHj;, and NH,CH,COOH (1.74, 1.76,
and 1.77 A, respectively).”” On the other hand, the minimum
Rasp-enn is nearly the same as that calculated for NH,COOH
and BNNT (2.32 A).*° It therefore appears that the structural
parameters of the ground-state configurations depend strongly
on the nature of the side groups when adsorbed on the BNNTs,
though the amino-functional group is present in all cases.*

The predicted difference for R,pino snnT Of the Arg-BNNT
and Asp-BNNT complexes, in a way, provides guidance to
differentiate the nature of the interaction regimes in the biocon-
jugates considered.>" For example, the minimum R, gant Of
2.87 A is similar to the characteristic distance for vdW-bound
systems’> where 7-electrons associated with the indole func-
tional group of Trp facilitate noncovalent interactions with the
tubular surface of boron nitride.

The binding energy of the amino acid-conjugated BNNT was
calculated using the asymptotic limit, moving the amino acid
molecule away from the surface along the direction perpendi-
cular to the tubular axis of the BNNT to the point beyond which
the interaction between amino acid and BNNT becomes negli-
gible (Figure S). The calculated binding energy is 3.53, 0.94, and
0.36 eV for Arg-BNNT, Asp-BNNT, and Trp-BNNT, respectively
(Table 1). The interaction strength therefore depends on the
chemical nature of the side groups within the molecules themselves;
the polar Arg and Asp molecules have a higher binding energy than
the nonpolar aromatic Trp. It is worth noting that the same
hierarchy of the order of the binding energy was obtained for a
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Figure 3. Equilibrium geometry of (a) Arg, (b) Asp, and (c) Trp on the surface of the BNNT.
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Figure 4. The distance between the atoms of the amino acid molecules
and the tubular surface atoms in the equilibrium configurations of
BNNT conjugates.
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Figure S. The potential energy variation of the amino acid molecules
interacting with the BNNT as a function of the distance. Zero of the
energy is aligned to the noninteracting regime of the surface. Zero of
displacement represents the equilibrium configuration of the conjugated
system.

metallic (5,5) CNT,"” though the range is much smaller than that of
conjugated BNNT complex. The binding energies of the conjugated

Table 1. Nearest-Neighbor Distance (R,mino-nnT), Binding
Energy, and Band Gap of Amino-Acid-Conjugated BNNT

system Rimino-snnt (A)  binding energy (eV)  band gap (eV)
Arg-BNNT 1.6 3.53 2.2
Asp-BNNT 2.1 0.94 2.1
Trp-BNNT 29 036 16

CNT complexes are reported to be 0.46, 0.19, and 0.16 eV for Arg-
CNT, Asp-CNT, and Trp-CNT, respectively. Previously, (7,7)
BNNT' were also anticipated to bind with one of the amino acid
molecules (alanine) rather strongly as compared to (7,7) CNTs.”
The semiconducting BNNTS are therefore predicted to be more
sensitive toward amino acid molecules, having higher distinction
ability relative to that of CNT’s. Furthermore, the presence of polar
bonds and an intrinsic dipole moment indicates the possibility of
using BNNTSs as a more efficient protein immobilizer compared
to CNTs.

Here, we find an important relevance of this study on the
protein chemistry. Previously, the proteins were reported to get
physiosorbed on the CNTs” by weak dispersive forces whereas
BNNTSs were found to immobilize the proteins through the
electrostatic interactions between the BNNT and the bound
amino groups™ because of the intrinsic polar bonds present in
BNNTSs. Interestingly, the amino acid molecules considered in
this study exhibit similar preference as far as the binding to the
CNTs'”"/BNNTs is concerned. It is therefore conclusive enough
to claim that the individual amino acid molecules retain their
interaction properties even when interacting with CNTs/
BNNTSs as a part of a protein. The stronger binding of the
proteins with the BNNT's may often be seen as a potential source
of toxicity; however, BNNTs are known to be nontoxic>”*® so
far. On the other hand the enhanced protein stability by BNNT's
may, consequently, be utilized toward the enzyme degradation
and to increase the activity via immobilization at the surface of
the tube.**

In order to understand the effect of the adsorption of the
molecules on the electronic properties of pristine BNNT, total
density of the states (DOS) was calculated (not shown here). No
significant change in the characteristic features of the DOS
was seen for Asp- and Arg-conjugated BNNT relative to that
of the pristine BNNT. It resembles the “harmless modification”
observed in chemisorbed amino-functional conjugates on BNNT. >
The LDA-DFT value of the band gap of the pristine (5,0) BNNT is
2.2 eV, whereas, the experimental value of the band gap of BNNT is
about 5.5 eV.** For Trp-BNNT, the band gap is, however, drastically
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reduced to 1.6 eV, indicating a significant change due to its
noncovalent functionalization with Trp. The top of the
valence band is associated with the N-2p orbitals of BNNT
in both polar complexes. This is in contrast to the case of Trp-
BNNT, where reduction of the band gap is predicted due to
appearance of an additional peak near the Fermi level. Interest-
ingly, the projected density of states shown in Figure 6 attributes
this peak (forming the top of the valence band) to the Trp
p-orbitals, though the nature of the bottom of the conduction
band remains the same as that of the pristine BNNT. This is an
indirect confirmation of the weak vdW interaction describing the
Trp-BNNT conjugated system. The individual valence bands of
Trp and BNNT appear to be unaltered in the Trp-BNNT
complex, unlike the cases with Asp- and Arg-conjugated systems
where the top of the valence band consists of hybrid states from
Asp or Arg along with the BNNT. A similar trend was reported in
recent literature where band gap modification was predicted for
neutral nucleobase molecules when physiosorbed onto BNNT's
with vdW interaction,'® and no reduction in the band gap of the
BNNT was noted when the interaction was ionic.*®

It is worth mentioning here that Trp is also known as a protein
fluorophore due to the fact that the fluorescence of a protein is
governed by the Trp residue. Its optical transitions, absorption at
280 nm and fluorescence at 348 nm, are associated with electro-
nic transitions of the indole functional group (Figure 1).

BNNT
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Figure 6. Projected density of states of pristine BNNT and amino acid
conjugated BNNT. The black lines represent contributions from BNNT
atoms, and the red lines refer to contribution from atoms of the amino
acid molecules.

A quenching of the Trp florescence in the Trp-BNNT complex is
therefore predicted, similar to the case predicted for the Trp-
ZnO complex.*

A Bader charge analysis was performed to obtain the atomic
charges of the ground-state configurations of bioconjugates.
Negligible charge transfer was found for Trp-BNNT, while the
polar complexes showed some charge transfer; for example, in
Arg-conjugated BNNT, a charge of 0.15e was transferred from B
of BNNT to N of Arg at a distance of 1.6 A. Because Rarg-BNNT S
smaller than RagppnnT (Figure 4), the large difference in the
binding energies (Table 1) of Arg-BNNT and Asp-BNNT
complexes can be understood in terms of electrostatic interac-
tions as the Coulomb potential varies inversely proportionally
with the distance between the interacting entities. The results of
the Bader charge analysis are further reaffirmed by Figure 7
showing a relatively large overlap of the electron clouds of Arg
and BNNT compared to the cases of Asp-BNNT and Trp-
BNNT. The strong attachment of the amino acid molecules onto
the BNNTs by means of a charge-transfer mechanism was
observed to be the key factor for the isolation of individual
BNNTSs via peptide wrapping37 in recent experiments. The
strong binding of Arg, and possibly the other positively charged
amino acid molecules, onto the BNNT's with a significant charge
transfer is perhaps the origin of the experimentally observed
natural affinity of a protein toward BNNTSs.>* This enables the
BNNTSs to immobilize the proteins directly, without the use of
any additional coupling reagent.*®

Covalent functionalization of multiwalled BNNTs was
achieved™® using organic functional groups, naphthoyl chloride
(C10H,COCI), butyryl chloride (CH3(CH,),COCI), and stear-
oyl chloride (CH3(CH,);,COCI). It was shown that these
functional groups act as dopants in the BNNT, introducing
additional gap states due to charge transfer between the func-
tional groups and BNN'T.*® This is the not the case for the amino
acid-BNNT complexes considered. The polar amino acids Asp
and Arg do not introduce any additional states in the band gap of
the pristine BNNT, though charge transfer occurs in the biocon-
jugated complex.

Combining the results of structural configuration, binding
energy, and analysis of atomic charges and electron density, we
may therefore conclude that the nonpolar Trp molecule gets
physisorbed whereas the polar Arg and Asp molecules are bound
to the tubular surface of BNNT by electrostatic interactions.
A relatively large binding energy of the Arg-BNNT complex may
suggest the possibility of Arg being the amino acid that can
facilitate a direct link to the tubular surface of BNNT.

In summary, we have investigated the interaction of a small-
diameter BNNT with three amino acid molecules of different
polarities. For the neutral Trp molecule, the interaction is found

Figure 7. Total charge density of amino acid conjugated BNNT. The isosurface levels were set at 0.02 e/bohr? for all of the cases.
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to be mediated by vdW forces. For the polar Arg and Asp mole-
cules, the interaction seems to be mainly governed by electro-
static forces. A large variation in the magnitude of binding energy
in these bioconjugated complexes suggests a higher electronic
sensitivity of semiconducting BNNTs relative to metallic CNT's
for amino acids of different polarities, leading to possible
applications of BNNT's in protein immobilization. The predicted
stronger attachment of Arg, and possibly the other positively
charged amino acid molecules, with the BNNTSs explains the
experimentally observed natural affinity of a protein toward
BNNTSs and thereby enables the BNNTs to immobilize the
proteins without any additional coupling reagent. Additionally,
the insights gained from this theoretical study are expected to
assist in the future development of BNNTs with targeted
chemoselectivity via suitable chemical functionalization. Calcula-
tions are currently in progress with oligopeptides consisting of
amino acids to understand the role of neighboring amino acids in
determining the nature of interaction for the conjugated BNNT.

B COMPUTATIONAL METHODS

In the calculations, a plane-wave pseudopotential approach
within the local density approximation (LDA) of density func-
tional theory was employed using the Vienna ab initio simulation
package (VASP). A1 x 1 x 3 Monkhorst—Pack grid®® was used
for k-points sampling of the Brillouin zone with an energy cutoff
of 850 eV. The cutoft criterion for the force gradient was set as
0.03 eV A™". The supercell considered for electronic structure
calculations consisted of a (5,0) single-walled BNNT* with a
diameter of 4.16 A. Because the amino acid molecules were set to
approach the BNNT along the x-axis (perpendicular to the tube
axis of the BNNT that is parallel to the z-axis) with different
orientations, a large vacuum distance (~32 A) was given in the
x-direction to avoid the unphysical interaction of the repeating
units, whereas a separation of 15 A was given along the y-axis. The
system is periodic in the z-axis (i.e, along the tube axis) to
simulate an infinitely long BNNT. The average B—N bond
length in the optimized configuration of the pristine BNNT is
1.44 A, in agreement with a first-principles DFT calculations.”

Although, the LDA-DFT level of theory may not be the
optimal choice for calculating interaction energies of weakly
bound systems represented by vdW interactions, recent theore-
tical studies*' considering adsorption of adenine on graphite
have shown that the topology of the potential energy surface
obtained by this method remains effectively indistinguishable
from the one obtained using the more sophisticated generalized
gradient approximation (GGA)* together with a modified
version of the London dispersion formula for vdW interactions.
Also, there are some cases where LDA has been shown to yield a
better description of the weakly bound systems compared to the
GGA, which fails to predict binding in otherwise vdW-bound
systems.”>** As a viable remedy toward the present investigation
of biomolecules of different polarities where their interactions
with BNNT might deviate from vdW forces, we used the LDA-
DEFT level of theory and followed the asymptotic approach to
calculate the binding energy of a bioconjugated complex. It is
expected that a possible cancellation of errors might qualitatively
retain the relative trend, and thereby, the basic underlying physics
and chemistry governing the interaction of amino acid molecules
with BNNT should be unaltered. However, it is noteworthy
that because the LDA-DFT underestimates the band gap of the

systems, discussions on the band gap of all of the systems con-
sidered in this study are, therefore, qualitative.

We begin with individually optimized configurations of BNNT
and the amino acid molecules and perform the following steps to
obtain the equilibrium configuration of the bioconjugated system:
(i) Selective dynamics: An initial force relaxation calculation step to
determine the preferred orientation and optimum height of the
amino acid molecules relative to the tubular surface. (ii) Grid scan:
The energy surface is obtained by translating the relaxed amino acid
molecules parallel to the BNNT surface covering a surface area 4.26 A
in height and 70° in angular range and containing a mesh of 230 scan
points (Figure 2). The separation between the molecule and the
tubular surface is held fixed at the optimum height determined in
step (i). (iii) Rotation: Considering the nonplanar structures of the
amino acid molecules, we investigate a number of different orienta-
tions for how the molecules might possibly prefer to approach the
side wall of BNNT. (iv) Full optimization: A full optimization of the
conjugated system starting from the lowest-energy configuration
obtained in the previous steps. In this step, both the BNNT and
amino acid molecule are free to relax. It is worth noting that a similar
optimization procedure has been applied successfully on carbon and
boron nitride nanostructures interacting with nucleobases of DNA
and RNA by our research group.ls’lé
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