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This Letter involved the preparation of a conjugate between single-walled carbon nanotubes and folic
acid that was obtained without covalent chemical functionalization using a simple ‘one pot’ synthesis
method. Subsequently, the conjugate was investigated by a computational hybrid method: our own N-
layered Integrated Molecular Orbital and Molecular Mechanics (B3LYP(6-31G(d):UFF)). The results con-

firmed that the interaction occurred via hydrogen bonding between protons of the glutamic moiety from
folic acid and 7 electrons from the carbon nanotubes. The single-walled carbon nanotube-folic acid con-
jugate presented herein is believed to lead the way to new potential applications as carbon nanotube-

based drug delivery systems.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) were discovered by Ijima in 1991 [1]
and are characterized by the fact that they form a structure of thin
layers of rolled benzene rings forming a cylindrical tube. CNTs be-
long to the family of fullerenes, the third allotropic form of carbon,
after graphite and diamond [2]. According to their structure, CNTs
are classified as single-walled and multi-walled carbon nanotubes
(SWCNTs and MWCNTs, respectively). The former have been con-
sidered as one of the most promising nanostructures in the field
of biomedicine. SWCNTs can potentially be used for biomedical
applications ranging from biosensor technologies to drug delivery
systems [3-5].

Recently the functionalization of SWCNTs with folic acid (FA)
has been devoted much attention due to the importance of such
conjugates as vectors in drug delivery systems [6,7]. FA is an
attractive ligand that is useful for targeting cell membranes and
enhancing CNT endocytosis by the folate receptor [8,9]. FA recep-
tors can be direct targets for drug delivery and disease detection
[10], which explains the diversity of strategies that folate conjuga-
tion can be utilized for.

Conventionally, SWCNTs-FA conjugates have been character-
ized by UV-Vis (ultraviolet-visible spectroscopy), NIR (near-
infrared) spectroscopy [6], NMR (nuclear magnetic resonance)
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spectroscopy [11], AFM (atomic force microscopy) and TEM (trans-
mission electronic microscopy), but they have yet to be investi-
gated with computational methods. However, various studies
have been performed using CNTs functionalized with different bio-
molecules [11-13]. Riahi et al. reported a computational study on
the interaction between histidine and SWCNTs [14]. Recently, the
adsorption of a variety of amino acids on armchair SWCNTs has
been explored using calculations based on the density functional
theory (DFT) [15]. In a similar investigation, Lemli et al. [16] stud-
ied the noncovalent interaction between aniline and CNTs, and
UV-Vis spectra was used to further demonstrate the attachment
of aniline to the SWCNTs.

It is important to be able to predict the interaction between FA
and carbon nanotubes with changes in electronic structure in order
to determine the nature of biological-nanotube interactions, and
this knowledge is also critical for understanding their biological
activity as well as the potential part they can play in nanostructure
fabrication and carbon nanotube-based drug delivery systems.

This Letter presents the results of quantum chemical calcula-
tions on the interaction between one molecule of FA and a (5,5)
armchair SWCNT. Raman and fluorescence spectroscopies were
employed to characterize and to experimentally prove the attach-
ment of FA to the surface of SWCNT. Finally, atomic force micros-
copy (AFM) revealed that the SWCNTs were indeed coated by FA.
The results of these combined computational and experimental
studies will open up possibilities for the development of new drug
delivery systems for cancer therapies.
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Figure 1. (a) Optimized geometry of the FA structure. (b) Chemical structure of FA.

2. Methods
2.1. Computational methods

The structures of FA and SWCNT were optimized with a hybrid
method: our own N-layered Integrated Molecular Orbital (ONIOM)
(B3LYP(6-31G(d):UFF)) [17]. In our calculations, an armchair (5,5)
SWCNT comprising 110 carbon atoms and end-terminated with 10
hydrogen atoms (Figure S1) interacting with the FA structure was
taken as the model system. The C-C bond in the SWCNT was
1.42 A, which corresponds to a C=C bond with a sp? hybridization.
The bond length used in this Letter was consistent with many ear-
lier computational studies of SWCNTs [18,19].

The interaction of the SWCNTs with FA was determined by the
density functional theory (DFT) [20] framework using the B3LYP
[21] functional in conjunction with the 6-31G(d) basis set. All cal-
culations were carried out using the Gaussian 09 suite of programs
[22].

2.2. Experimental methods

SWCNTs with diameters ranging from 0.2 to 2 nm and lengths
between 500 and 2000 nm were purchased from Unydim, Califor-
nia (USA). FA was obtained from the Sigma-Aldrich Corp. These
and all other chemicals used in this Letter were of analytical grade.

5 mg of SWCNTSs were ultrasonicated (Processor cpx 130PB Cole
Parmer) for 15 min in 5 mL of a 5-mM aqueous solution of FA. The
FA powder (0.011g) had been mixed beforehand with water
(5 mL), to which was added 10 pL of NaOH (1 M) due to the poor
solubility of FA, and magnetically stirred until a yellow-to-clear
transition was observed. The dispersion of SWCNT-FA was centri-
fuged at 12000 rpm for 20 min. The supernatant was collected and
carefully separated from the solid. After aggregation, the solution
contained a large bundle of SWCNTSs. The supernatant was washed
with water several times to remove excess FA. Finally, the SWCNT-
FA solution was stored at 4 °C.

Table 1
Comparison of internuclear distances of folic acid.

Ci-H; Bond Internuclear distance Internuclear distance?®
(A) (A)

C23-H22 2.13 2.13

C20-H29 2.15 2.15

C17-H18 2.08 2.05

C11-H12/16 2.18(2.17) 2.17(2.16)
C13/15-H13/15 1.08 1.08

C14-H13/15 2.18(2.18) 2.16(2.14)

¢ Bonechi et al.

Figure 2. Full optimized structures of the SWCNT-FA conjugate; (a) diagonal view
and (b) front view.

The fluorescence emission from SWCNTs-FA solutions was re-
corded using a standard Perkin Elmer LS-55 luminescence spectro-
photometer with an excitation wavelength of 364 nm. Raman
experiments were performed using a Thermo Scientific DXR Ra-
man Microscope. An optical microscope was coupled to a single
grating spectrometer with 5cm~! FWHM spectral resolution and
+2 wavenumber accuracy. A frequency-stabilized single diode laser
was operated at 780 nm. Raman spectra were recorded using a 50x
long working distance objective, 5 mW laser power and 10s signal
accumulation times. All atomic force microscopy (AFM) images
were recorded using an XE-150 Premier cross-functional AFM

Table 2

Dihedral angle for free folic acid and folic acid interacting with carbon nanotubes.
Dihedral angle Free FA FA-SWCNT

) (°)

C13-C10-C7-C6 175.8 183.0
C6-N17-C19-C20 187.7 169.3
C4-C6-N17-C19 2824 225.2
C4-C6-C7-C10 66.4 177.7
C7-C6-N17-C19 157.7 102.8
N17-C6-C4-02 62.6 167.2
C7-C10-C13-015 180.1 130.1
C10-C13-015-H16 180.4 355.2
H5-C6-C7-C10 38.6 343.2




62 J.J. Castillo et al./Chemical Physics Letters 564 (2013) 60-64

"\\ | /|

\ /I 1/ |
| \ oad 218)/323
| 296258 © A 366 200 |

Figure 3. Full optimized structures of the GLU moiety from FA interacting with the
surface of SWCNT.

(Park Systems, Korea) with a PPP-NVHR AFM probe (Nanosensors,
Switzerland).

3. Results and discussion

The optimized structure of the free FA is depicted in Figure 1.
According to the figure, the glutamic acid (GLU) and p-aminoben-
zoic moieties (PABA) were in the same molecular plane. The GLU y
moiety had a dihedral angle of 175.8° (C13-C10-C7-C6) and the
dihedral angle from the union between GLU and PABA moieties
was 187.7° (C6-N17-C19-C20). The GLU o moiety, on the other

——Free FA
- - SWCNT-FA

Fluorescence Intensity (a.u.)

Wavelength (nm)

Table 3
Peak positions of the D- and G-bands for SWCNT and SWCNT-FA dispersions as well
as D/G ratios.

Sample Raman shift Intensity ratio D/G
(cm™)
D G

SWCNT 1325 1580 0.186

SWCNT-FA 1328 1587 0.217

hand, was out of the plane with a dihedral angle of 282.4° (C4-
C6-N17-C19).

Furthermore the pteridine ring (PT) was perpendicular to the
PABA moiety with a dihedral angle of 301.6° (C31-C30-C29-
N28), and the torsion angle between PT and PABA was planar
(175.3° (C30-C29-N28-C25)). Although these values have not
been reported in the literature, Bonechi et al. [23] have published
the interatomic distances (Ci-H;) of FA, which were in concordance
with the values obtained in this Letter. Table 1 shows a comparison
between the interatomic distances of FA from the literature and
the distances obtained here.

In order to reduce the complexity of the system and the analysis
time, the computational simulation for the interaction between
SWCNT and FA included only the GLU and PABA moieties. On the
other hand, this approximation was considered since the PT ring
from FA was involved in the interaction with folate receptors
(FR) from the membrane cell [24]. For this reason, the interaction
with the SWCNTSs could be carried out only with the GLU moiety.
Figure 2 shows the optimized structure of the FA interacting with
the SWCNTs.

Geometrical parameters such as bond lengths and bond angles
of the SWCNT interacting with FA remained almost unaltered.
The C-C bond length was found to be 1.42 A which was consistent
with previous observations [18]. We believe that this could be due
to the weak interactions between FA and the SWCNTs. On the other
hand, the FA structure that was bound to the SWCNTs showed
remarkable differences in the bond angles and bond distances from
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Figure 4. (a) Fluorescence spectra of free FA (solid line) and conjugated FA (dashed line) and (b) radial breathing modes (RBM) of non-functionalized SWCNTs (solid line) and

FA-functionalized SWCNTs (dashed line).
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Figure 5. Topographic AFM micrograph of FA conjugated to SWCNT on a silicon susbstrate using imaging in non-contact mode.

the GLU moiety compared with free FA. Table 2 presents a compar-
ison between the dihedral angle from the free and conjugated FA.

According to Table 2, there were remarkable differences with
regard to the dihedral angle between free and conjugated FA. An
example is the contrast between the angle formed by (N17-C6-
C4-02) from GLU and free FA (62.6°) as opposed to its counterpart
for the FA SWCNT conjugate (167.2°). The structure of free FA en-
abled the formation of a hydrogen bond between 02 and 014 with
a bond distance of 1.73 A. This interaction was broken when FA
was conjugated to the structure of carbon nanotube (5.45 A); the
proton was oriented in a favorable way for the interaction with
the nanotube.

Hydrogen bonds occur when a donor atom donates its cova-
lently bonded hydrogen atom to an electronegative acceptor
atom [25]. Donor-acceptor distances of 2.2-2.5 A as strong and
covalent; 2.5-3.2 A as moderate, mostly covalent; and 3.2-4.0 A
as weak electrostatic [25,26]. Figure 3 shows the distances be-
tween GLU moieties from FA and SWCNTs. According to Jeffrey
and the results obtained in this Letter, the connection between
FA and SWCNT was governed by weak interactions such as
hydrogen bonds. This hydrogen interaction can be categorized
as moderate in strength.

Experimental evidences were further performed to prove the
weak interaction between FA and the carbon nanotubes. A compar-
ison between the FA and SWCNT-FA fluorescence emission spectra
is presented in Figure 4a. The fluorescence quenching by SWCNTs
was observed as a decrease in the fluorescence intensity of free
FA. This feature agreed well with the results previously presented
[27].

Raman spectroscopy has been extensively utilized to study the
vibrational modes and overtones of carbon nanotubes [28]. In par-
ticular, vibrational spectra can provide useful information when
exploring the functionalization of SWCNTs. Figure 4b shows the
evolution of the RBM of the nonfunctionalized and FA-coated
SWCNTs. The intensity of the RBM at 270 cm !, also known as
the roping peak [28], decreased after functionalization with FA.
The intensity drop of the roping peak was evidence of a good dis-
persion [29], and the result verified the dual role of FA in the dis-
persion and functionalization of the SWCNTs. This can be further
explained as a result of a low irregular distribution of sp> sites
due to the noncovalent functionalization that decreased the inten-
sity of the so-called van Hove singularities [30].

In addition to RBM, the disorder-induced D-band and the re-
lated G-band can be used to monitor the coating of the SWCNTs
through weak interactions [31]. The Ip/I¢ intensity ratios for the
SWCNTs and the FA-SWCNT are shown in Table 3, and were found
to be 0.186 and 0.217, respectively. These relatively small varia-
tions of the Ip/Ig ratios can be interpreted as an indication of a
weak interaction character between FA and the carbon nanotubes.

Covalent functionalizations, on the other hand, produce signifi-
cantly larger defects on the surface of the SWCNTs [31].

Finally we determined the length and diameters of the FA-
functionalized SWCNTs. Figure 5 shows a topographical 3 x 3 um
image of the SWCNT-FA conjugate. The protrusions with a size
of 4nm observed on the SWCNTs indicate the presence of FA
around the carbon nanostructure (originally SWCNT have a diam-
eter size ranging from 0.2 to 2 nm, see Section 2.2).

Thus, thanks to computational and experimental studies, we
have provided strong evidence of the bonding between FA and
SWCNTs through weak interactions such as hydrogen bonds.

4. Conclusions

This is the first report of the interactions between FA with car-
bon nanotubes as determined by computational tools. Comple-
mentary experimental studies showed the FA was coated on
SWCNTs thanks to weak and noncovalent interactions such as
hydrogen bonds. The SWCNT-FA conjugate analyzed here by com-
putational and experimental techniques could be the first step to-
ward an understanding of the interaction between FA and carbon
nanotubes for future applications in drug delivery systems based
on carbon nanostructures.
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