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‘We propose an approach to the design of a new type of hybrids of
oligonucleotides with fluorescein-functionalized single-walled car-
bon nanotubes. The approach is based on stacking interactions
of functionalized nanotubes with pyrene residues in conjugates
of oligonucleotides. The amino- and fluorescein-modified single-
walled carbon nanotubes are obtained, and their physico-chemical
properties are investigated. The effect of the functionalization
type of carbon nanotubes on the efficacy of the sorption of pyrene
conjugates of oligonucleotides was examined. The proposed non-
covalent hybrids of fluorescein-labeled carbon nanotubes with oli-
gonucleotides may be used for the intracellular transport of func-
tional nucleic acids.

1. Introduction

Carbon nanotubes (CNTs) possessing chemical passivity
and compatibility with biomacromolecules and cells are
investigated actively in different fields of nanobiotech-
nology and biomedicine. The wide variety of both co-
valent and non-covalent functionalization methods have
been described [1]. The application of CNTs as trans-
porters of biologically active compounds into living cells
requires the presence of reporter groups in their struc-
ture to carry out the monitoring of transfection during
both in wvitro and in vivo experiments. The presence
of fluorophore residues linked to the CNT surface could
provide us the possibility to observe the nanocomplexes
by confocal microscopy.

2. Experimental Part

Commercial carboxylic acid functionalized single-
walled carbon nanotubes (SWNT-COOH, Sigma-
Aldrich, 652490) were used in this work.

Functionalized nanotubes and their hybrids with
oligonucleotides were characterized by UV-Vis, fluores-
cent, and infrared spectroscopies, Raman spectroscopy,
thermogravimetric and elemental analyses, transmis-
sion and scanning electron microscopies. A fluorime-
ter Cary Eclipse (Varian Inc., USA), spectrophotometer
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Shimadzu UV-vis-2100 (Shimadzu, Japan), electron mi-
croscopes LEO 1430 (LEO, Germany) and JEM 2010
(JEOL, Japan), confocal microscope Cell Observer SD
(Zeiss, USA), IR-spectrometer Scimitar FTS 2000 (Dig-
ilab, Australia), Raman spectrometer T64000 (Horiba
Jobin Yvon, Italy), CNT-analyzer Carlo Erba 1106
(Carlo Erba, Italy), and thermoanalyzer TG 209 F1
(NETZSCH, Germany) were used for these purposes.

Hexamethylenediamine and PAMAM G3.0 function-
alized SWNTs (SWNT-HMDA and SWNT-PAMAM)
were prepared by analogy with [2,3].  Fluorescein-
labeled carbon nanotubes, SWNT-HMDA-FITC and
SWNT-PAMAM-FITC, were obtained by analogy with
[4,5].  Oligonucleotides were synthesized within the
solid-phase phosphoramidite method on an auto-
matic synthesizer ASM-800 (Biosset, Russia). Con-
jugates of oligodeoxyribonucleotides and oligo(2'-
O-methylribonucleotides) with pyrene residues at-
tached to the 5'-phosphate group directly or via a
hexa(ethyleneglycol) phosphate linker were synthesized
as described previously [6] and used for the preparation
of hybrids with SWNT. The structure of the conjugates
was proved by MALDI-TOF mass spectrometry, UV and
fluorescent spectroscopies.

For the preparation of hybrids, the functionalized
SWNTs were dispersed in a 5 x 1078 M water solution
of 5’-pyrene conjugate of oligonucleotide by ultrasonica-
tion during 30 min. The concentrations of functionalized
SWNT were varied within 2.5-250 pg/ml.

3. Results and Discussion

Here, we propose an approach to the preparation of
non-covalent hybrids of oligonucleotides with fluorescent
single-walled carbon nanotubes based on the stacking in-
teractions of pyrene conjugates of oligonucleotides with
the surface of nanotubes. This approach does not re-
quire severe conditions at the stage of a modification of
CNTs and is remarkable due to the relative simplicity
of the synthesis of pyrene conjugates and a higher den-
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Fig. 1. Strategy of SWNT multifunctionalization

sity of CNT functionalization as compared with other
methods.

We have developed the multifunctionalization strategy
including primary covalent SWNT functionalization by
the aminolinker introduction, secondary covalent SWNT
functionalization by the coupling of fluorescein isothio-
cyanate (FITC) to amino groups, and the non-covalent
attachment of 5-pyrene conjugates of oligonucleotides
on the SWNT surface (Fig. 1).

Two types of amino-modified SWNT bearing hexam-
ethylenediamine residue (SWNT-HMDA) or polyami-
doamine dendrimer G3.0 (SWNT-PAMAM) were pre-
pared. The Kaiser test [7] was employed to quantify the
amount of amino groups after the primary functionaliza-
tion step (0.11-0.26 mmol/g). The fluorescein-labeled
SWNTs (SWNT-HMDA-FITC and SWNT-PAMAM-
FITC) were obtained, by using these amino-modified
SWNTs. Amino- and fluorescein-modified nanotubes
were characterized by infrared spectroscopy, thermo-
gravimetric analysis, elemental analysis, Raman spec-
troscopy, and transmission and scanning electron micro-
scopies.

Table 1. The data of thermogravimetric and elemental
analyses of functionalized SWNTs

Functionalized Element content, % | Weight loss upon

SWNT C |H N heating up

400°C, %
SWNT-COOH 89.8 0.7 - 7.7
SWNT-HMDA 79.5 2.5 4.7 27.8
SWNT-PAMAM 56.2 5.5 14.6 42.5
SWNT-HMDA-FITC 70.7 3.0 3.5 46
SWNT-PAMAM-FITC 63.6 2.9 5.7 44
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Fig. 2. FTIR spectrum of SWNT-PAMAM-FITC

The FTIR spectra of aminomodified (SWNT-HMDA
and SWNT-PAMAM) and fluorescently labeled (SWNT-
HMDA-FITC u SWNT-PAMAM-FITC) carbon nan-
otubes show characteristic vibration modes correspond-
ing to ¥(N-H) in amino groups and v(C=0) and v(C-
N) in amide groups. The FTIR spectrum of SWNT-
PAMAM is presented in Fig. 2 as an example.

Thermogravimetric and elemental analyses confirmed
the presence of HMDA, PAMAM, and FITC residues on
the surface of functionalized SWNTs (Table 1).

The maxima in the region of 260-290 nm (corre-
sponded to SWNTs) and 495 nm (corresponded to fluo-
rescein) were observed in the electronic absorption spec-
tra of fluorescein-labeled SWNTs. The Raman spectra
of functionalized SWNTs display the D band (wp = 1300
em™ 1), G band (wg = 1500-1550 cm~1!), and the radial
breathing mode (RBM) band (wgpm = 158 cm™1). The
diameter was calculated according to [8] and was equal
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Fig. 4. Confocal microscopy of SWNT-HMDA-FITC. 1 — bundle
of nanotubes; 2 — individual nanotubes

to 1.71 nm. The ratio Iy /Ig grows upon the functional-
ization that can be considered as an indirect confirma-
tion of the organic molecule attachment to the SWNT
surface (Fig. 3).

The individual SWNTs with length up to 1.5 gm and
their aggregates were observed, by using SEM. The addi-
tional organic groups were visualized as bulky structures
on the ends of SWNTs. The presence of PAMAM and
PAMAM-FITC groups on the SWNT surface was con-
firmed by TEM. The possibility of the visualization of
fluorescently labeled SWN'Ts by confocal microscopy was
demonstrated (Fig. 4).
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5'-Pyrene conjugates of oligodeoxyribonucleotides and
oligo(2’-O-methylribonucleotides) (Fig. 5) were purified
by PAAG electrophoresis and immobilized on function-
alized SWNTs.

The fluorescent properties of the obtained hybrids
were investigated. The increasing amount of SWNTs in
a solution reduced the fluorescence intensity of pyrene
groups because of the fluorescence quenching upon the
interaction with nanotubes [9]. We used this phe-
nomenon to elaborate the method of quantitative esti-
mation of the amount of oligonucleotides fixed on the
SWNT surface. This method may be applied for the
concentration of nanotubes in a solution up to 50 mg/ml.

The presence of bulky functional groups on the nan-
otube surface may affect the rate and the completeness
of the sorption of pyrene residues. The isotherms (25°C)
of the absorption of 5’-pyrene modified oligonucleotides
on the nanotubes surface are plotted in Fig. 6.

It is shown that the rates of oligonucleotide sorption
are slightly different in the cases of modified and un-
modified SWNTs. The complete sorption of oligonu-
cleotide (90-95%) was achieved when the concentration
of SWNTs was about 50 pug/ml irrespective of the type
of nanotube functionalization. The presence of a hex-
aethyleneglycol linker between the pyrene residue and
an oligonucleotide decreases the oligonucleotide sorption
efficiency, if the concentration of SWNTs is less than
50 pg/ml. The capacity of a carbon nanotube was
amounted to be about 100 pmol/g.

The data on non-covalent hybrids of oligonucleotides
with functionalized SWNTs were obtained, by us-
ing high-resolution electron microscopy. TEM im-

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 7



FLUORECENTLY LABELED BIONANOTRANSPORTERS

®
OOO

®
OOO y

0 _ .
N—E_ %/\ON g_ 0—-Oligonuclectides
(1-IVb)

{o]

H . .
N—E—o—OIlgonucIeotldes

o (I-lva)

Oligodeoxyribonucleotides

5-ACCCTGAAGTTCCGGCAAGCTG-3 (I)
5-AACCGTGGTCATGCTCC-3' {II)

Oligo(2'-0O-methylribonucleotides)
5-AMcmecmemymagmamamgmymymememagmagmemamamgmemumam-3' (1)
5-AMAMCMCMGMyMGEMGmymcmamymamemymemem.3 (1V)

Fig. 5. 5’-Pyrene-modified oligonucleotides used for the preparation of hybrids
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Fig. 6. Isotherms of the 5’-pyrene conjugate (Ia) absorption on the

surface of functionalized nanotubes. Conditions: 25 °C, oligonu-
cleotide concentration 5 x 1076 M

ages demonstrated the simultaneous presence of a func-
tional group (FITC, PAMAM, PAMAM-FITC) and an
oligonucleotide in the structure of hybrids. Oligonu-
cleotides were visualized as folded nanosized structures
on the SWNT surface (Fig. 7).

The investigation of the desorption of 5'-pyrene con-
jugates of oligonucleotides from the CNT surface was
performed. Pyrene conjugates of oligonucleotides were
displaced from the CNT surface by methylene blue that
caused the precipitation of carbon nanotubes. The in-
crease of the desorbed 5'-pyrene conjugate of oligonu-
cleotides in supernatant upon a rise of the methylene
blue concentration was observed by the gel electrophore-
sis assay. These data confirmed the non-covalent nature
of hybrids.

The stability of oligonucleotides during the prepara-
tion of hybrids was studied. The gel electrophoresis as-
say displayed no strand breaks in oligonucleotides af-
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Fig. 7. TEM-image of the non-covalent hybrid of 5'-pyrene conju-
gate (ITa) with SWNT-HMDA-FITC
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Fig. 8. Stability of oligonucleotide (Ia) during preparation of
their hybrids with functionalized SWNTs (NT) and ultrasonica-
tion (US). Pip — piperidine treatment

ter the ultrasonication in the presence of SWNT-COOH
(Fig. 8). The absence of apurinic/apyrimidinic (AP)
sites in oligonucleotides attached to SWNT-COOH was
demonstrated by the piperidine treatment. The re-
versed phase HPLC analysis of hydrolyzates of the same
oligonucleotides did not detect any products of nucle-
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oside oxidation. These data proved the stability of
oligonucleotides during the formation of hybrids.

4. Conclusions

The results obtained demonstrate the feasibility of the
proposed approach for the design of hybrids of oligonu-
cleotides with CNTs. Such non-covalent hybrids may be
applied to making the bionanotransporters of functional
nucleic acids (siRNA, NA-enzymes, aptamers, etc.)
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OJIYOPECHEHTHO MIYEHI
BIOHAHOTPAHCIIOPTEPU HYKJIEIHOBUX

KHNCJIOT HA OCHOBI BYIVIEHEBIIX HAHOTPYBOK

/1.C. Hosonawuna, €.K. Anapuin, A.I'. Benvaminosa
PezowMme

Y nmaHiii pobOoTI MM HPOIOHYEMO HOBHI MiAXiJ JO CTBOPEHHS TIi-
OpUAiB OJIIrOHYKJIEOTHAIB 3 (DIIYOPECIEHTHO MIiUE€HHMH OJHOCTIiH-
HUMU BYIJIEIEBUMU HAaHOTpyOKamu. Bukopucranuii Hamu Inijxisn
3aCHOBAHUI HA CTEKUHI-B3a€MOJil 3aJIMIIKIB IipeHy B CKJIaZi IIi-
PEHITbHUX KOH'IOraTiB OJIFOHYKJIEOTHUIIB 3 IOBEPXHEIO (DYHKIIO-
HaJII30BaHUX HAHOTPYOOK. Bysio orpumano amino- i diryopeciiein-
mopudikoBani ofHoCTiHHI ByriemeBi HaHOTPYOKH 1 BHBUEHO IX
disuko-ximiyui BiractuBocti. Jlociimkeno edeKT BILUIUBY THILY
dyHKIioHaII3anil ByIJIeleBUX HAHOTPYDOOK Ha e(DeKTUBHICTH COpO-
il mipeHiIbHUX KOH’IOraTiB OJIIFOHYKJIEOTUIIB. 3alPOIOHOBAHI B
poboTi HekoBajeHTHI ribpuan ¢IIyOpeCIeHTHO MiYeHUX BYTJIEIE-
BUX HAHOTPYOOK 3 OJIINOHYKJIEOTHIAMU B IIEPCIEKTUBI MOXKYTb Oy~
TH BUKOPHUCTAHI sIK TPAHCIIOPTEPH (PYHKI[IOHAJIBHUX HYKJIETHOBUX
KHCJIOT Y KJIITUHU.
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