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Abstract
Single-walled carbon nanotubes (SWNTs) are 1D nanostructures with distinct physical and chemical
properties that have shown great promise for applications in many fields, including biomedicine. Since
for biomedical application the water solubility is crucial and SWNTs have low solubility, various
methods (including polymer and biopolymer wrapping, chemical modifications) have been developed
to solubilize and disperse them in water. Due to their unique optical properties such as
photoluminescence in the NIR and strong resonant Raman signatures, they can be used as nanoprobes
in biomedical imaging and phototherapies. Furthermore, decoration of SWNTs with noble metal
nanoparticles will induce an excellent surface-enhanced Raman scattering (SERS) effect of the
nanoparticles-SWNTs composites, with applications in cell imaging. Herein, we present a new and
facile strategy for the DNA-assisted decoration of SWNTs with gold nanoparticles (AuNPs) and their
application in SERS imaging. By ultrasonication at room temperature of SWNTs with AuNPs
functionalized with synthetic DNA, SWNT-AuNPs nanocomposites with enhanced Raman signal were
obtained. Among the important advantages of the proposed method are the presence of the free DNA
overhangs around the SWNT-AuNPs suitable for post-synthetic modification of nanocomposite
through hybridization of complementary DNA strands containing molecules of interest attached by
well-developed bio-conjugation chemistry.

Introduction
Singe-walled carbon nanotubes (SWNTs), have attracted significant interest in the area of bio-oriented
medicine, for potential applications in biological detection, drug delivery, phototherapies, and
biomedical imaging (Liu et al. 2011; Liu et al. 2011; Yang et al. 2010; Kam et al. 2005; Liu et al. 2008;
Bartelmess et al. 2015). These particular applications owe to the unique one-dimensional structure of
SWNTs which exhibit distinctive resonance-enhanced Raman signatures for Raman detection/imaging
(Heller et al. 2005; Rao et al. 1997). Since the first report on Raman imaging of SWNTs in live cells
by Heller et al. in 2005, the field has gained a continuous attention (Bartelmess et al. 2015). Despite
the great focus towards the field, applications of pristine SWNTs are still limited by a relatively low
molar extinction coefficient (4.4×103 M−1 cm−1) (Schoeppler et al. 2011) and thus relatively long
spectral acquisition time. Surface enhanced Raman scattering (SERS) is an effect able to strongly
enhance Raman signals of molecules close to the noble metal surfaces or nanoparticles by as high as
many orders of magnitude (Qian et al. 2008; Cao et al. 2002; Zavaleta et al. 2009). SERS with SWNTs
studies and biomedical applications have also been widely investigated in recent years (Krafft et al.
2016; Bartelmess et al 2015; Chen et al 2008; Beqa et al. 2011). Since the pristine SWNTs have no
functional binding groups apart from some carboxyl groups on the defect sites and the tube-ends, it is
still a challenge to develop a facile method for the uniform functionalization of carbon nanotubes with
metal nanoparticles suitable for biomedical imaging. Several interesting routes have now been known
and devised for either covalently or noncovalent attaching of certain metal nanoparticles onto carbon
nanotubes (Moghaddam et al. 2004; Quinn et al. 2005; Chu et al. 2010; Choi et al. 2002; Azamian et
al. 2002). The noncovalent approach is in advantage by maintaining the properties of the nanotube, the
carbon scaffold being minimally perturbed during the functionalization. Even though a variety of
methods have been demonstrated for the noncovalent decoration of SWNTs with metal nanoparticles,
we observed some impediments in fabrication of water-soluble, functional and dispersed SWNT/noble
metal hybrid materials suitable for biomedical SERS imaging. Biopolymers could represent a solution
to some of the existing problems and several interesting techniques have already been reported,
involving the use of biopolymers for the preparation of SWNTs-metal nanocomposites. Lu and coworkers (Meng et al. 2014) have described a subtle method for the synthesis of golden SWNTs
nanohybrids by using the layer by layer self-assembly of two oppositely charged polysaccharides on
SWNTs as bridge, followed by the deposited of gold nanoparticles (AuNPs) on the SWNT surface by
an in situ reduction approach. Earlier, Deng and co-workers have extensively used different DNA
designs, including thiol-modified DNA sequences (Han et al. 2007) or hybridizable DNA sequences
(Li et al. 2007) wrapped around SWNT to efficiently attach AuNPs. Towards the use of DNA, Liu and
co-workers (Wang et al. 2012) reported an interesting and facile in situ solution phase approach to
grow noble metal nanoparticles onto noncovalently dispersed SWNTs stabilized by DNA with the

subsequent functionalization for targeted delivery. The authors succeeded in obtaining final SWNTmetal nanoparticles-PEG nanocomposites with successful application in SERS imaging of cells. Still,
some of the above presented strategies require quit a number of synthetic steps, and do not offer too
many facile possibilities in controlling neither the exact size of the decorated nanoparticles nor the
incorporation of specific targeting molecules to the final nanocomposite. Here, we report a simplified,
DNA-assisted method for the preparation of SWNT-AuNPs composites (Fig. 1) which, due to the
excess of free DNA overhangs around starting AuNPs, could be subsequently functionalized with
molecules of interest by means of hybridization with a labeled complementary DNA strand.

Fig. 1 Schematic illustration for the fabrication of water-soluble SWNT-AuNPs nanocomposites
starting from the DNA-functionalized gold nanoparticles and pristine single-walled carbon nanotubes.
By utilizing an adapted synthetic strategy (Pal et al. 2013), we first synthesized the DNAfunctionalized AuNPs which, after a purification step, were used directly to disperse the pristine
SWNTs utilizing ultrasonication. The sonication time was carefully varied to prepare optimum
SWNT-AuNPs nanocomposites, the process being monitored by atomic force microscopy (AFM),
transition electron microscopy (TEM) and by the enhancement of SWNTs SERS signal. The optimal
SWNT-AuNPs nanocomposites were tested for the SERS imaging of HeLa cells and for hybridization
experiments to check the possibility for the post-synthetic attachment of DNA-conjugated molecules
of interest. The proposed approach holds promise as a variable platform for the preparation of water
soluble SWNT-AuNPs nanostructures with the possibility of post-synthetic functionalization with
organic ligands through the complementary strand hybridization of the corresponding DNA
conjugates.

Experimental
Reagents
Gold(III) chloride hydrate, trisodium citrate, bis(p-sulfonatophenyl)phenylphosphine dehydrate
dipotassium salt, sodium chloride, magnesium cloride, methanol and SWNT® SG 76 single-wall
carbon nanotubes were purchased from Sigma Aldrich (Munich, Germany). 10xTAE buffer was
purchased from AppliChem GmbH (Germany). All DNA oligos were purchased HPLC-purified,
freeze-dried from Metabion AG (Germany) and diluted to the concentration of 100 µL. HeLa (human

cervix adenocarcinoma) cells from CLS-Cell-Lines-Services-GmbH, Germany were propagated in
alpha-MEM medium (Lonza) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin–streptomycin–amphotericin B mixture (Lonza) in a 37°C, 5% CO2 humidified environment.
Ultrapure water was used for preparing the working solutions in all the experiments.
Preparation of DNA-functionalized AuNPs
The detailed experimental conditions for the preparation and subsequent functionalization of AuNPs
are described in supplementary materials. Thus, citrate coated AuNPs (20 nm) were synthesized using
an adapted Turkevich method (Turkevich et al. 1951; Potle et al. 2010). Phosphine coated AuNPs were
synthesized following well-established strategy based on previous reports (Pal et al. 2013; Ding et al.
2010). In order to cover the AuNPs with DNA, the phosphine coated AuNPs with an excess of
approximately 200 fold of thiol modified DNA (5’-(T)40-SH-3') were gently mixed for 48 hours. To
remove the excess of unbound DNA, the mixture was purified using Amiconcon centrifugal filter
Ultrace-100K devices (100,000 NMWL, purchased from Millipore, catalogue number: UFC510096),
following the standard washing procedure recommended by the supplier, using 1xTAE buffer (pH =
7.4).

Preparation of CNT-AuNPs conjugates
To deposit AuNPs on SWNT, a suspension of SWNTs in ultrapure water (1 mg SWNTs in 1 mL H2O)
was prepared. From this sonicated stock solution, 1, 3 or 5 µL were mixed together with the filtered
DNA-functionalized AuNPs (40µL, 1µM) and 10xTAE buffer (5µL) to the final volume of 50 µL. The
obtained suspension was sonicated in a water/ice bath on VWR ultrasonic bath from 0 to 150 minutes
in order to obtain dark-red SWNT-AuNPs mixtures. Thus prepared mixtures were subsequently used
for characterization, Raman analysis and cell transfection experiments.
DNA hybridization experiments
TAMRA-labeled DNA sequences 5’-TAMRA-(A)40-3' (positive control) and 5’-TAMRA-(C)40-3'
(negative control) were dissolved separately in 1xTAE buffer (pH = 7.4) and NaCl (0.1 M) to the final
volume of 500 µL. The emission spectra of the solution were measured by exciting at 557 nm on a
Fluoromax 4 (Horiba Scientific) fluorescence spectrophotometer. Next, to the investigated solutions a
fixed amount of freshly prepared SWNT-AuNPs solution (5 µL) was added and the emission was
measured after 0, 30, 60, 120 and 180 min.

Characterisation techniques
UV/vis spectra were obtained with a PerkinElmer Lambda 35 UV/vis spectrophotometer (wavelength
range 200−1000 nm). Fluorescence spectra were acquired on a Fluoromax 4 (Horiba Scientific)
fluorescence spectrophotometer using cuvettes with a sample volume of 1000 μL. The samples for
atomic force microscope (AFM) analysis were deposited on freshly cleaved mica, pretreated with
MgCl2 solution (100 µM) for the better adhesion of DNA-functionalized samples. After drying, AFM
images were recorded in air in a tapping mode using NTEGRA Spectra (NT-MDT, Russia) instrument
with 3.1-37.6 N/m force constant cantilever of a silicon nitride cantilevers (NSC10, NT-MDT, Russia).
Transmission electron microscopy (TEM) images were obtained using Hitachi HT7700 microscope
operating at 100 kV in High Resolution Mode. TEM samples (3 µL) were deposited on 300 mesh
carbon-coated copper grids and dried overnight before examination. Raman spectra for SWNT
samples were recorded using a Raman spectrometer (inVia, Renishaw) in the solution phase.

Cytotoxicity test and Raman imaging of Cells
Cytotoxicity was measured using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay
(Promega) following manufacturer protocol. HeLa cells were seeded at a density of 10 4 cells per well
in 96 well plates, in complete medium. The next day, cells were treated with the freshly-prepared
SWNT-AuNPs reaction mixture (5, 10 and 20 µL of SWNT-AuNPs in 200 µL of medium) and then
grown for another 24 hours. Next, 20 µL of CellTiter 96® Aqueous One Solution reagent were added
to each well, and the plates were incubated for another 4 hours before reading the result. Absorbance at
490 nm was recorded with a plate reader (EnSight, PerkinElmer). Cell viability was calculated and
expressed as percentage relative to viability of untreated cells. Experiments were performed in two
duplicates and repeated two times. Data is presented as mean±S.D. (n=4).
Twenty four hours prior transfection, HeLa cells were plated in chamber slides with 8 wells (Lab
Tek) at a density of 104 cells/well and allowed to attach overnight. Cells were treated with the freshlyprepared SWNT-AuNPs reaction mixture (5 µL of SWNT-AuNPs in 200 µL of medium) and after 24
hours, they were fixed with 2.5% glutaraldehyde for 15 minutes and imaged under a Raman confocal
microscope (inVia, Renishaw) with a 633 nm laser (17 mW) as the excitation light source. A 50×
objective lens was used and each Raman spectroscopic map contained at least 90 × 90 spectra, with 1 s
integration time for each spectrum.

Results and discussions
Optimization of SWNT-AuNPs preparation
To increase the concentration of the AuNPs stock solution, 20 nm citrate-coated AuNPs obtained using
the standard Turkievich method were subjected to the concentration and subsequent dispersion and

stabilization with bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (Ding et al.
2010). This procedure allowed us to obtain a stock solution of phosphine-stabilized AuNPs
characterized by TEM (Fig. S1) equal to 1 µM which was subsequently used for the functionalization
with DNA. To fully cover the surface of AuNPs with single-stranded DNA, 3’-thiol-modified-(T)40
DNA sequence was used in a 200 fold excess, incubated at room temperature in a 1xTAE buffer
solution in course of 48 hours. Subsequently, to remove the excess of unbound DNA, the reaction was
filtered and washed three times with 1xTAE buffer using Amiconcon centrifugal filter Ultrace-100K
devices. Thus obtained DNA-functionalized AuNPs (AuNPs-DNA) were characterized by TEM (Fig.
S2) and used for the functionalization of SWNTs. In the next step, raw SWNTs (1, 3 and 5 µL) were
mixed together with a fixed amount of AuNPs-DNA in 1xTAE buffer and sonicated in a conventional
VWR ultrasonic bath. We expected that during the sonication a part of long single-stranded DNA
sequences attached to AuNPs will wrap around the SWNTs, leading on one hand to the SWNTs
dispersion and, to the attachment of AuNPs to the carbon scaffold. Aliquots from the sonicated
reaction mixture were collected every 30 min and the Raman signal enhancement was monitored by
measuring the spectra under 633 nm laser excitation. Particularly, the G-band peak at ~1590 cm-1 was
observed, being the most intense Raman feature of SWNTs, also used as a direct measure for the
SWNT distribution inside the biological samples. We could observe that when using 1 or 3 µL of
SWNTs stock solution, very weak or no significant Raman signal or SERS effect of the investigating
reactions were observed. The reaction mixture containing 5 µL of SWNTs presented a very weak
Raman signal (Fig. 2, black curve) before sonication, showing a considerable Raman signal
enhancement already after 30 minutes of sonication (Fig. 2, red curve).
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Fig. 2 Dependence of the Raman signals intensity of SWNT-AuNPs on sonication time.
The SERS enhancement effect first rose with the increase of sonication time, reaching its optimum
after 60 min (Fig. 2, red and light-blue curves). Subsequent sonication did not show any Raman signal
enhancement up to 150 min, meaning that the optimal sonication time for the preparation of these

nanocomposites at the utilized concentration was equal to 60 min. The SERS enhancement factor after
60 min was calculated to be ~13 (Camargo et al. 2010).
The reaction mixture after 60 min of sonication was analyzed by AFM on freshly cleaved mica,
pretreated with MgCl2 for better attachment of DNA modified nanoparticles or nanostructures (Fig. 3).

Fig. 3 Examples of AFM images of the SWNT-AuNPs after 60 min sonication.
Analyzing the AFM images, we could observe that after 60 min of continuous sonication AuNPs
were attached to the carbon nanotubes yielding dispersed SWNT-AuNPs nanocomposites.
Interestingly, at this ratio between SWNTs (5 µL) and AuNPs (40 µL) after careful analyses of several
areas of the same mica surface (Fig. 2, S3 (A)), we did not observe large amounts of individual
unbound AuNPs, meaning that at this ration between AuNPs-DNA and SWNTs the reaction is shifted
towards the formation of final assemblies. TEM analysis was also employed for the characterization of
the prepared nanocomposites (Fig. S4), proving the attachment of AuNPs to the SWNTs. The detailed
interpretation of the TEM results was impeded by the low contrast of dispersed SWNTs, and the
agglomeration of SWNT-AuNPs nanocomposites during sample preparation. Nevertheless, analyzing
numerous TEM images, we could still observe multiple AuNPs aligned along SWNTs, similar to the
structures observed by AFM.
Combination of AFM and Raman techniques were also employed to investigate the formation
SWNT-AuNPs at higher concentration of row SWNTs. When increasing the amount of SWNTs to 10
µL or higher under standard reaction condition, we could observe an initial enhancement of the Raman
signal intensity after 60 min of sonication similar to the previous experiment, followed by a strong
decrease after 90 min (data not presented). This fact could be explained by the localized agglomeration
of the multiple SWNTs around AuNPs which served as nucleation centers, due to the large excess of
the attached single-stranded DNA overhangs, for the excess of SWNTs. This fact was proved by the
AFM analyses of the sample sonicated for 90 min (Fig. S3), the results showing the appearance of
multiple micrometer size agglomerations on the mica surface after 90 min of sonication. Interestingly,
bulky and non-uniform agglomerations of different size were also observed by the optical microscope

when performing Raman measurements on samples after 90 min of sonication at the mentioned
concentration.

RAMAN imaging of Cells
Cell toxicity test was carried out first to determine the cytotoxicity of the synthesized SWNT-AuNPs
nanocomposites at optimum conditions prior to cell transfection experiments. The obtained
experimental results revealed a cell viability higher than 75% at all tested concentrations (Fig. S5).
Next, HeLa cells were incubated with freshly prepared SWNT-AuNPs for 24 hours, washed
extensively with ultrapure water and afterwards fixed with 2.5% glutaraldehyde prior to Raman
imaging (Fig. 4). The imaging was conducted using a 633 nm laser (17 mW) as the excitation light
source. Additionally, an optical microscope equipped with 50× objective lens was used to compare the
optical and Raman image of the investigated area.

Fig. 4 Overlapped optical and Raman images of HeLa cells incubated with AuNPs-CNT for 24 hours
at 37°C.
Under these experimental conditions, strong Raman signals were observed and, the recorded red
areas in the Fig. 4 corresponded to G-band intensities that can be used as an indicator of the SWNTAuNPs composites presence in the analysed cells. By overlapping optical and Raman images (Fig. 4,
Fig. S6) we could note that red areas were predominantly located on the HeLa cells, with little or no
background signals observed in the analysed images, showing the specific attachment of SWNTAuNPs to cells. At this step of investigation we couldn’t speculate on whether the SWNT-AuNPs were
stuck to the cell surface or inside the cytoplasm. A more detailed plane by plane in deep Raman
analyses are needed and the results will probably elucidate the interaction mechanism of SWNTAuNPs with cells, taking into account the highly charged negative surface of SWNT-AuNPs due to the
attached DNA sequences with cell membrane.

Hybridization experiments
In order to check the possibility of post-synthetic functionalization of the SWNT-AuNPs
nanocomposites with the molecules of interest, we conducted a hybridization experiment involving
both complementary (positive control) and non-complementary (negative control) single-stranded
DNA sequences labeled with a fluorophore (Fig. 5).
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Fig. 5 Fluorescence spectra for the hybridization experiment of the SWNT-AuNPs with
complementary 5’-A40-TAMRA-3’ (left) and non-complementary 5’-C40-TAMRA-3’ (right)
sequences.
We have first prepared separate solutions of TAMRA-labeled DNA sequences in 1xTAE buffer (pH
= 7.4) and NaCl (0.1 M) with the final volume of 500 µL and measured their fluorescence by exciting
at 557 nm (Fig. 5, black curves). The control sequence was designed in such a way that in case of the
complementary hybridization with the SWNT-AuNPs the fluorescent molecule should be positioned
close to the AuNPs thus considerably quenching its emission (Pal et al. 2013). The length of the
TAMRA-labeled sequences was the same as the length of the poly-T sequence attached to the AuNPs.
To both investigated solutions a fixed amount (5 µL) of freshly prepared SWNT-AuNPs solution was
added and the fluorescence of the resulted mixture was measured (Fig. 5, red curves). The measured
emission of the solution where the TAMRA-labeled sequence (poly A-TAMRA) was complementary
to the poly-T sequence of the AuNPs attached to the SWNT suffered considerable decrease in intensity
(Fig. 5, left). This effect is governed by the binding of the designed complementary strand to the
SWNT-AuNPs nanocomposite, showing that a post-synthetic functionalization with chemical
modifications able to be attached to a synthetic DNA sequence is possible. The decrease in
fluorescence intensity was monitored in course of three hours to complete the hybridization process,
hampered by the relatively long complementary sequences. In case of poly C-TAMRA solution
(negative control) emission spectra after addition of the same amount of SWNT-AuNPs, did not suffer
significant changes (Fig.5, right) after three hours. A small decrease in the spectrum intensity of poly

C-TAMRA after the addition of SWNT-AuNPs could be explained by the unspecific quenching of
TAMRA emission by AuNPs in solution.

Conclusions
In summary, a DNA-assisted method has been developed to decorate gold nanoparticles onto pristine
SWNTs in the solution phase, yielding SWNT-AuNPs nanocomposites which exhibited noticeable
SERS effect. Owing to the strongly enhanced Raman signals of nanotubes by SERS, it was possible to
label and Raman image HeLa cells. Moreover, the developed methodology for the preparation of
SWNT-AuNPs nanocomposites took into account the possibility of post-synthetic functionalization
through complementary hybridization with molecules of interest attached to a complementary DNA
strand using well-developed bio-conjugation chemistry. This post-synthetic hybridization possibility
was verified by monitoring the quenching of fluorescence signal of TAMRA fluorophore-labeled
complementary DNA strand.
The resulted SWNT-AuNPs represent an interesting nanoplatform with easy to tune size of AuNPs
prior to the synthesis and facile decoration with large library of small molecules known or easy to
attach to synthetic DNA postsynthetically. These make the final nanocomposites promising candidates
in selective cancer cell labeling and imaging, nanoscale electronics or sensor developments. Further
research towards the increasing the density of AuNPs within the SWNT-AuNPs nanocomposites,
possibility of nanocomposite positioning (immobilization) on various surfaces through hybridization or
construction of even more complex nanostructures due to available hybridization binding sites are
under investigation in our group.
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