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www.rsc.org/ Full DFT-D2 calculations were investigated to study the interactions between single wall (10,10)

boron nitride nanotubes (BNNTs) and different molecules, such as azomethine (C;HsN) and an
anticancer agent (Pt(IV) complex) linked to an amino-derivative chain. The geometry of the
(10,10) BNNT-azomethine and BNNT-amino derivative system was optimised by considering
different molecular configurations on the inner and outer surfaces of the nanotube. Simulation
results showed that the most stable physisorption state for both molecules was located inside the
nanotube in a parallel configuration. We showed also that the molecular chemisorption was
possible only when the azomethine was above two adjacent B and N atoms of a hexagon. The
attachment of an azomethine plus a subsequent drug did not perturb the cycloaddition process.
Moreover, all theoretical results showed that the therapeutic agent complex was not affected
when it was attached onto BNNTSs.
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Introduction

Development of research focused on better waysetd tancer
is the consequence of the massive increase in uher of
cancer cases. Nowadays, several treatment protooolading

surgery, radiation and chemotherapeutic drugs, ased
successively or simultaneously to treat cancer kEmit its

invasion. Most current research is dedicated tgetamg the
diseased cells, thus avoiding the destruction afthg cells and
the development of treatment-induced side effeStace the
mid-1980s, the development of hanocarriers, incafirg both
chemotherapeutic drugs and receptors specific & t#nget
cells, is certainly the most promising strategy pites some
drawback?®.

Indeed, the random nature of targeting makes tbegss and
the correct release of the drug difficult to cohtithis lack of
control could be at the origin of multiple drug istances. To
overcome this, nanocarriers can be programmed tweic
bind to specific cells by using a targeting agérat tinteracts
specifically with a receptor overexpressed on canuEls.

Nanocarriers are then constituted by ligands deelicao
recognition and by the internalised active drugatirg the
targeted cells. Several nanostructures were testeaichieve
this goal, for example, aptamer-conjugated nanapest that
target the specific antigen of prostate cancerscatid deliver
docetaxel with success vivo. Other nanomaterials are no
used such as polymers, liposomes, micelles, c&rbbor gold

nanocage in a wide variety of applications.

Drug encapsulation inside the nanostructure is lehging

because it carries the drug without any chemicadlifroation,

but necessitates the control of its release neacecacells.
Boron nitride nanotubes (BNNTSs) are promising alétive

nanocarriers offering several advantages, suchlagga inner
volume enabling encapsulation of more drugs, diffierinner
and outer surfaces, and generally with open eridsvialg the
drug to penetrate it if the energy interaction & durable.
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to treat van der Waals interactions optimisedseeveral DFT
T functionals. Mtube diametéf. 2Moreover, Li et al. reported
an inverted behaviour from chemisorption to phygison as a
function of the tube diameter for NHnolecules adsorbed onto
BNNTs?®

In this paper, we aim to expand the domain of BNNordrug
delivery applications. For this, we carried out ystematic
study on the noncovalent and covalent functiontbna of
BNNTs with azomethine (f£isN) and the azomethine
derivative Pt molecule, i.e. a cancer-drug. We stbwhat
using the density functional theory (DFT) includittge semi-
empirical van der Waals correction in the Grimmkeesue, we
described correctly both the strong chemisorptiominmma
energy near the surface and the weak physisorgtioima
energy further away from the surfaé&® Platinum (Pt)
complexes are drugs commonly used in cancer cherayif”
28 They act by binding DNA and preventing its trastion
and replication leading to cellular apoptd3isNevertheless,
cells develop different mechanism of resistancehie drug;
one solution to overcome this is to use Pt(IV) ctarpes with
new octahedral geometry that allows the attachnoéntwo
ligands with a specific targeting action to insusfficient
delivery’”®. Through this work, we intended to demonstraté tta
azomethine and azomethine plus derivative Pt coxegplean
find stable geometry leading to strong adsorptioergies onto

v\;lO,lO) BNNTs sidewalls. Moreover, close analysfs thoe

electronic properties in terms of density of sta{@0OS),

electronic charge distribution and charge transfehe case of
the BNNT plus a drug molecule showed a weak madatiibe of

the drug molecule properties when functionalized the

nanotube.

DFT calculations

Several studies have shown that BNNT electronip@ries are
independent of nanotube diametkr!? contrarily to BNNT
reactivity?® 2® Thus, we chose to represent the system of &

Compared to carbon nanotubes (CNTs), BNNTs are wigfnchair single-walled (10,10) BNNT by a finite-tgh

bandgap semiconductors exhibiting high chemicadikty with
electronic properties independent of the nanotiametert® 2
Moreover, high-purity and high-quality BNNTs arehérently
non-cytotoxic, unlike CNTs. BNNTs could thus betahle for
biomedical applications when their solubility andheit

cylindrical BN cage (i.e. diameter radius 13.94ldngth 21.32
A), consisting of 180 B and 180 N atoms. In orderavoid
boundary effects, hydroxyl groups (—OH), consistofgd0 O
and 40 H atoms, are introduced in the BNNT extrisijtas
depicted in Figure 1-¥. This allows treatment of any possible

biocompatibility is achieved by means of chemic@NNT oxidation when solvated and avoids danglingid® at
functionalization:* ** As for CNTs, both physisorption andtheir opened edge, which could dramatically modiheir
chemisorption functionalization schemes were stlidier reactivity when the therapeutics attempt to encapst 32 We
BNNTs!**" In case of physisorption of BNNTs withare aware of the modification of the BNNT electmuiensity
molecules, thet-Tt stacking between the two interacting unitue to functionalization. However, calculations pariodic
is preponderant: **?!In case of chemisorption, the reactivityhanotubes did not show any crucial modificatiortte lowest

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 2
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binding energies inside the BNNT. Two moleculegraethine
and an amino derivative plus a Pt(IV) drug (Figutels, 1-c),
were taken
properties. The Pt(IV) drug alone could have beudied in
order to compare its outer or inner interactionhwBNNTS.
Nevertheless, it is now commonly known that the ncical
functionalization of nanocarriers and their dispmrsn solvent
can be obtained only using amino-derivative molesullo be
consistent with chemical interactions, a Pt(IV) gruas
attached to amino derivatives in case of physiotdractions.
The BNNTSs envisioned as nanocarriers had a lerigtias to
the amino derivative plus the Pt(IV) drug at theyibaing of
optimisation.

The calculations employed projector augmented-w@A&W)
pseudopotentials as implemented in the VASP co@esion
5.2.11) with a cutoff energy close to 400 eV cqomegling to

the standard precision lev&l2*The self-consistent cycles were

stopped when variation of the total energy per weit and
band structure energy were both less tharf €0. A test with a
higher cutoff did not modify the location and thenformation
of the adsorbed molecules on the BNNT inner or rostieface.
To ensure isolation of the total system, the sizthe unit cell

into account to study the BNNT adsorptio

(a)

FIG. 1: Geometry of a) Single-walled (10,10) BNNT with hydroxyl groups (—OH) b)
Azomethine (C;HsN) and c) Amino derivative plus a platinum complex.

However, this DFT-D scheme leads to predetermined a
constant quantities unable to reproduce corredtty charges

H 3
was approximately 5@0x60 A°, where the last numberfctyations no matter what its oxidation or hylation state

represented the length of the unit cell along theetaxis. Given
the large unit cell, the Brillouin zone was samplesing a
single k-point at the centfe

Depending on the interactions between the adsordadethe
substrate, two adsorption processes were distihgdis
chemisorption and physisorption. Chemisorption das to the
apparition of strong covalent bond while physismnptwas
dominated by the weak van der Waals (VdW) forces how

currently known that the Density Functional ThedBFT) is

well dedicated to the study of chemisorption, buanrot
consider VdW interactions accurately. Besides, tbeal

density approximation (LDA) overestimates the bingdenergy
while the Generalized Gradient

is. To circumvent this problem, the DFT-D2 methocsw
implemented by Grimnf&2® using simple pairwise force fields
to treat van der Waals interactions optimised fresal DFT
functionals. Mostly because of the simplicity andwl
computational cost, this pairwise/6° correction scheme was
used in this work. Since the dispersion coefficignt for
platinum was not listed in Grimme's original pafféf the
value of 4.43 J nfr/mol was chosen to be consistent with the
results by Bethunet al.*’ with a VdW radius for Pt (§ equal

to 1.772 A. All parameters are listed in Table I.

The electronic structures were relaxed until themgonents of

Approximation  (GGAphe force on each atom were less than 0.01 &VIA order to

_ ‘o ; . _ , : ) )
underestimates thefft.**For physisorption, the long range ofake into account the dispersion of the differepstams in

interaction forces, such as VdW, cannot be negleaieowing
the same magnitude as the chemical ones (actinglynai
chemisorption). They have been, for a long timepgaised as
fundamental forces to obtain an accurate descripgfosimple
processes, such as the adsorptioih molecules on solid
surfaces, but also to demonstrate the stabilittnofe complex
systems, such as DNA and proteifid®

In this theoretical study, the exchange-correlagoergy was
described by the functional of Perdew, Burke, amdzErhof
(PBE) based on the PW91 generalised gradient ajppation
(GGA) pseudopotentials and dispersion interactiomsre
incorporated using the DFT-D2 method. Indeed, mokt
density functionals were unable to describe colyettte van
der Waals (VdW) interactions resulting from dynaahic
correlations between fluctuating charge distribngio A
pragmatic method to work around this problem wagmgiby
the DFT-D approach, which added a semi-empiricgpelision
potential to the conventional Kohn-Sham DFT energy.

This journal is © The Royal Society of Chemistry 2012

aqueous solution, the permittivity was set accalyin
(ewate=80). The relaxed atomic positions of the systemdeu
investigation and the local electronic densitiesstiftes were
calculated. Noteworthy, one optimisation calculatmerformed
on 32 cores needed about 14 days to converge.

Table 1: Parameters for Grimme's potential. Cutdius: 30.000 A, global
scaling factor: 0.750 A, parameter d: 20.000 A.

Atoms G(J.nnf/mol) Ro(A)
Pt 4.43 1.772
Cl 5.070 1.639
N 1.230 1.397
B 3.130 1.485
C 1.750 1.452
(6] 0.700 1.342
H 0.140 1.001

J. Name., 2012, 00, 1-3 | 3
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The adsorption energy { of adsorbed molecules (Mol) «
the inner (or outer surface) of tHBNNT (Template) wa:
derived from the energy difference betwe¢he different states
of the system, namely, Je=E(Mol+Template-E(Template)-
E(Mol). A negative Eys value denoteda more favourable
interaction between the drugnotube systems. The cha
transfers occurring in the covalent binding weanalysed
through a partial charge approach (ialence electrons***

In order to characteristhe interaction between the molec
and the BNNT surface, the Bader schemse used. According
to this theory, the formation of a bond path isigated by ar
accumulation of the electron densipr), between the nuclei «
the bonded atoms, which is necessary for bond fiiomaAlso,
the Laplacian ofp(r) (i.e. 0%(r)) marks the boundaries
regions wherep(r) is locally above or below its average va
in the vicinity of r. In the regions whefép(r) is negative, the
electronic density is shared by both nuclei (shamestactions)
Otherwise, the electrons are concentrated in eseparated
atomic basins and the interaction belongs to tluser-shell
42, 45, 46

type!

Results and discussion

Inner interaction

Firstly, the optimisedyeometry of the BNNTs witthydroxyl
groups (—OH) was carried out. It showad increase of the
radius near th@anotube mouths with a sligdecrease of the
total length from21.32 A to 2114 A (Figure -a). The radius of
the BNNTs at the centraf the nanotube (i.e. .94 A) became
14.89 A at both ends and this optimisgebmetrytended to a
total energy of -3567.81 eV (Figure 2-Bhis total energwas
the reference (i.e. E(Template)) used during therd@nation
of Eads

FIG. 2: Optimised geometry of single-walled (10,10) BNNT with hydroxyl groups
(—OH) a) lateral view and b) perpendicular view.

To investigate how the azomethine molecule intsragith
inner surface of theBNNTs, the moleculewas placed in a
symmetric position along its principalazis (Figure -a, Figure
3-b). The molecule was localisatlan arbitrary distan and its
position was optimised. Thaean distance between the N at
of the molecule and the BNNT centoé mas;, denoted as d,
was calculated. Then, weogressively chand the position of

4| J. Name., 2012, 00, 1-3
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the molecule and calculateie new optinsed value of d to
simulate theranslation of the whole molecule fro-16 A to -
3.4 Ainside the BNNT. For each distance, the whole simex
was relaxed by allowing atondisplacement to minimise the
total energy. By subtractingpth the total energy of the isolat
tube and the energy of the molecule from the tet&rgy of the
combined structure after optigation, we obtained the binding
energy for the interacting syste(Figure :-c). It showed clearly
that the interaction between the two moleculbecame
attractiveeven for a distance equal -5 A from the BNNT
centre of mass antie moleculestayed centred. At the entrance
of the BNNT nanotube, the adsorption eners -0.07 eV and
converges through -0.11 eMside. In addition to this central
configuration, we placed the azomethine molecubsenl to the
inner wall surface of the (10,10) tube at a distaamund 1.8 .

to highlight the role played by the hydroxyl gps. We relaxed
the whole structure fadifferentdistances d, varying from -12.7
A to -6.4 A (Figure 3-d). Ishowedclearly that the interaction
became more attractive thavher the molecule was centred.
Moreover, we observed potential barrier located on the
hydroxyl groupgred dashed line in Figure-d). Indeed, at the
entrance of the BNNT nanotube, the adsorption gnwas
equal to -0.32 eV andecreasewuntil -0.47 eV at -6.4 A of the
centre of mass, whichepresentectthe most stable adsorption
site for this study.

Calculated electronic density of states (DOS) ffig bptimized
position is presented in the bottom graph of Figlndthe top
and middle graphs of Fig. he DOS for a (10,10) BNNT ar
for an isolated azomethine molec are also represented,
respectively, aligned to the same Fermi level i@ eV) as the
bottom graph. It is obvious that the bottom graghalimost ¢
superposition of the top and the mic graphs, with some
discrepancies in the height tiie DOS and a slight shift in
energy levels of azomethine due to interaction. édeer, we
can identify in the gap of the ENT-azomethine system, a peak
at -1.0 eV corresponding to the two C atoms of the ok
with dangling bonds.

This journal is © The Royal Society of Chemistry 2012
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FIG. 3: Geometry of the azomethine-BNNT a) lateral view, the dashed blue line is
the z-origin b) perpendicular view c) adsorption energy as a function of the
distance between N atom of azomethine and BNNT centre of mass d) adsorption
energy for azomethine molecule near the inner BNNT surface (i.e. 1.8 A). Dashed
red line corresponds to the nanotube hydroxyl mouth.

ARTICLE

The electronic structure of each component of thmhined
structure wasthus essentially intact despite encapsulat
Overall, the images confirec the inert and non-reactive
quality of BNNTs wherazomethineencapsulation took place.
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FIG. 4. DOS for a (10,10) BNNT (top graph), an isolated azomethine molecule
(middle graph), and their combined structure (bottom graph). Fermi levels at E =
0 eV, were slightly different for BNNT, isolated azomethine molecule and
interacting system.

This journal is © The Royal Society of Chemistry 2012

We expandedur research to inclucan amino derivative plus a
Pt(1V) drug. The molecule wgslaced in a symmetric position
along its principal zxis at a distanc«denoted as d, defined as

J. Name., 2012, 00, 1-3 | 5
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the mean distance between the N atom of the anenvative
and BNNT centre of mass (Figureah-The encapsulaticwent
through relaxation and electronic structure calbomhs. The
calculated binding energy for each distance d igicted in
Figure 5-b.

FIG. 5: Geometry of the amino derivative azomethine Pt drug-BNNT a) lateral
view, the dashed line blue is the z-origin b) Adsorption energy as a function of
the distance between N atom of amino derivative azomethine Pt drug and BNNT
centre of mass. The dashed red line corresponds to the hydroxyl nanotube
mouth. Some points are illustrated by the corresponding optimised geometry.

We observedthat the adsorption energies for the armr

Physical Chemistry Chemical Physics

aminoderivative Pt drug due to interact (Figure 6-b).
Moreover, the gap of the ENT-amino derivative Pt drug
system was identifiedhree peaks at the Fermi level due to
molecule states. These entire results highed the inertness of
the inner surface dBNNT, even with the encapsulated act
drug.

—— T T T T T
ul- -

1 @

Density (States/eV)

Density (states/eV)

Energy (eV)

FIG. 6: DOS for an isolated amino-derivative Pt drug molecule (top graph), and
the combined structure between the BNNT and the molecule (bottom graph).
Fermi levels at E = 0 eV are slightly different for the isolated amino-derivative Pt

derivative Pt drug were greattitan in thecase of azomethine grug and the interacting system.

adsorption with a minimum equal t4.85 eV. The relaxatio
process forcedhe encapsulated molecule to reposition it

Note that close inspection of the Grimme parameshowed

constantly near the BNNT centteanks tothe van der Waals that their values increasdm a surface to a single atom. T
interaction (Figure 5-b). The curvpresered also a weak same conclusion wabtained by S. Botti et al. when

potential barrier at the hydroxyhouth with energy equal t-
0.11 eV. Moreover, the most stabt®nfiguration due t
encapsulation didot show any chemical adsorption or bonc
occurring between the molecules and the 1 Finally the exit
of the molecule presents oseall dissymmetry in the ener
profile (Figure 5b) due to the asymmetry of the ecole during
its displacement in the BNNT. In Figurewv@e present the DO
for the amino-derivative Pt druencapsulated in BNNT for a4
equal to -1.85 eV. The top graph represé¢imésmolecular DOS
with the Fermi level at 0.0 eV, as ftire bottom grag (Figure
6-a). This latter, which represents tleacapsulatiol is the
superposition of the isolated systemgh some discrepancie
in the DOS height and a slight shift in teeergy levels othe

6 | J. Name., 2012, 00, 1-3

considering the passage from a cluster to an #” ¢ To take
into account such results, we decided to modify B
coefficient for the Pt atom fromh.43, representing a bulk valt
to 81.24J.nnP/mol, close tahevalue describing an isolated Pt
atom. Optimisatiorf the interaction energies in the most stz
site ledto a slight modification (around 7%) of the adsup!
energy from -1.85eV tal-98eV

Outer interaction

To investigate the interaction the azomethine molecule on
the outer surface of th&NNT, different orientations and
adsorptions werenvisioned. We considerehe perpendicular
or parallel orientation of the molecule with diféert sites: at th

This journal is © The Royal Society of Chemistry 2012
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centre of one BN hexagon (hollow site), beeen two B-N
bonds (bridge site) anoin top of N and B atos, respectively.
The azomethine molecule wpssitioned at a mean distance
1.5 A from the BNNT outer surfaaelative to the C atom ¢
azomethine For each configuration, the whole structiwas

then relaxed by allowing alatoms to move in order -
minimise the total energy. For the hollamc bridge sites, we
observed, for all configurations,strong repulsion betweethe

BNNT and the molecule. The final distance betwebe

azomethine moleculend the outer BNNT surfawas around
3.1 A. All atoms of the molecule weie the same plane. Tt
adsorption energy was aroun@.29 eV (Figure -a). Thus,
there wasno chemical adsorption or bondinoccurrence
between the molecules and the tube for these amatigns

The stable site on outer surface was les®urablc than the
inner one due to the tube concavity.

FIG. 7: Geometry of the azomethine-BNNT a) final relaxed position when starting
initially atop a hollow site or bridge site b) Pentagon formation between
azomethine and BNNT outer surface c) 3D representation view of the charge
density Laplacian in the azomethine-BNNT pentagon formation. Colour scale
varying from -7.5to 7.5 e/ A® with blue for Elzp(r) < 0and yellow Elzp(r) > 0.

On the contrary, on top of thd or B atom, the azomethir
molecule interacted strongly with tH&NNT. It tilted around
the N or B atom and createdpentagon with the outer BNN
surface (Figure 7-b). We observedn apparent radii
deformation of the BNNT, wherd8 and N ators pulled
outwards to the BNNT surface. We reported simil
deformation, which lead to a quasigular pentagc due to
hybridisation in covalently functionalized carbon nanotu®®
To the best of our knowledge, this structural defation car
be attributed to the change fron?sp sp hybridisation on the
B and N atoms with th€ atoms of azomethi, respectively. In
this configuration, the B—C and N-idbnd lengthswere equal
to 1.63, and 1.55 A, respectivelBesides, the adsorptic

This journal is © The Royal Society of Chemistry 2012
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energy of azomethine othe BNNT outer surface in this
configuration was equal te5.94 eV for two bondsWhile
strong, this bond formatioremainedextremely site selective
since the azomethine molecule ned to attack the BNNT
surface on specific sited\nalysis of theLaplacian electronic
density corroboratethe fact that cycloadditiotook place. In
Figure 7€, 3D representation of the azomet-BNNT
Laplacian is reported with coloscale varyindrom -7.5 to 7.5
e/ A® with blue for0?p(r) < 0 and yellow ford?p(r) > 0. We
observed that C-N and 8-bonds responsible for the
azomethine andhe BNNT outer surfac link led to negative
0%p(r) values. This isypically the case where the electro
density is shared by both nuc (i.e. shared covalent or ionic
interactions).

We next expandedur study tothe amino-derivative plus
Pt(IV) drug on the outer surface the BNNT. Due to the
aforementioned covalent adsorption of azomethine,
considered adsorption on top of N and B & only.
Relaxation simulations showesirong interaction between the
molecule and the BNNT. Webservd the same behaviour as
for azomethine withan apparent radial deformaticof the
BNNT surface (Figure 8-a)n this configuration, thB—C and
N—-C bond lagths between the BNNT surface ethe amino-
derivative plus Pt(IV) drugnoleculewere equal to 1.63, and
1.54 A, respectivelyBesides, the adsorption ene of the
molecule on thé8NNT outer surface in thiconfiguration was
equal to —-6.04 eV for two bonds.In Figure 8-b, 3D
representation of the amirderivative plus Pt(IV) molecu-
BNNT Laplacian was reportedhe same characteristias for
azomethine werebtained sinc O%p(r) was negative for the
two newly created bonds.h& electronic densitywas thus
shared by both nuclei, i.e. shared covalent orciamieractions
All these results showethat cycloadditiontook place for
azomethine as well as for themino-derivative plus Pt(1V)
drug.

For the drug delivery purposeone of the main questions
concernedhe electronic and the conformational stabilityttod
therapeutic agent covalently attached to the BNInitially, we
determined the covalent Bader’s charges for Par@dIN atom:
of the Pt(IV) agentThe different rsults are shown in Table 2.
Comparison with the amino derivative Pt(IV) ageniglalone
showeda charge loss of 0.71e on the Pt atom when ased:
with the aminoderivative functional groufWhen the molecule
was covalently attached the BNNT surface we observed a
slight diminution of the Pt charge equal to 0.0Tn the
contrary, a slight increase of the charge on theatGins (i..
0.05e) and the two NH(i.e 0.02 e) around the Pt atcwas
obtained, which compensdtdor the decrease on the Pt atom.
The remaining atoms constituting the diwere not implied in
the electronic transfers.

J. Name., 2012, 00, 1-3 | 7
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different geometricalconfigurations on the inner and ou
surfaces of the nanotube. Simulation results «d that only
physisorption can occur between the rcules and the inner
surface of the BNNT.riteraction between molecules and
outer BNNT surface are more complex. Adsorption the
hollow or bridge sitehighlighted a weaker interaction (i.e.
physisorption) than in the innesurface. On the contrary,
adsorption of the BNNTon B or N atomsled to strong
chemisorptiorfor the two molecules studied in this pe. The
attachment of azomethine plia subsequent drug, such as a
Pt(1V) complex, didnot perturb the cycloaddition proce
Moreover, all theoretidaresults showed that the therapeutic
agent complex waslightly affected when iwas attached onto
BNNTSs. At that point, if one considers that platinum coexas
are active anticancer drugs due to their strongtrephilic
character with respect to DNAhe attachment onto the BNNT
did not significantly change their activity. These rigsprovide
an interesting basis fahe role of BNNT as an inert nanocarr
of the active platinum drug molecule towis side cells. The
present results are expectedprovide useful guidance for tt
potential application of BNN-based materials in medicine
therapy.
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