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ENHANCEMENT OF LUMINESCENCE
FROM A CARBON NANOTUBE AQUEOUS
SUSPENSION AT THE CYSTEINE DOPING:
INFLUENCE OF THE ADSORBED POLYMER

We have studied the enhancement of the luminescence intensity from semiconducting carbon
nanotubes with the adsorbed polymer (DNA) in an aqueous suspension due to the doping with
amino acid cysteine. The intensity increase is caused by the presence of a thiol group in the
cysteine structure, which allows a reduction of defects on the nanotube surface that quench the
emission. It is observed that the initial nanotube/polymer weight ratio affects the dependence
of the luminescence intensity on the cysteine concentration so that it is shifted toward greater
concentrations in case of the 1 : 1 ratio comparing to the dependence obtained for a suspension
with the 1 : 0.5 ratio. Such shift can be explained by a greater surface coverage with the polymer
that restricts the access of cysteine molecules to nanotube defects. We have also noted that the
obtained dependences vary for nanotubes with different chiralities, which can be attributed to
different densities of a polymer coverage on their surfaces.
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1. Introduction
Single-walled carbon nanotubes possess many unique
mechanical, electrical, and optical properties. The luminescence from semiconducting nanotubes is of particular interest among optical properties of this nanomaterial, because it has unusual spectral characteristics and is described within the exciton model with
unique parameters [1, 2]. The nanotube luminescence
is characterized by narrow bands at room temperature, is free of an essential background, and is timestable (without photobleaching and blinking) [3, 4,
5]. It is also of importance that the nanotube emission is located in the near infrared (NIR) range, where
living tissues have a transparent “window.” This
fact extends the possible applications of nanotubes
to the sphere of nanomedicine, including luminescent
diagnostics and photodynamic/photothermal therapy
[6]. Excitons in carbon nanotubes have a huge binding energy (Coulomb interaction) between electron
and hole (0.3–0.4 eV) [2]. This makes excitons very
mobile along the nanotube, the diffusion length being
over 100 nm [7]. Such high mobility is accompanied
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by the high sensitivity of the nanotube luminescence
to a local environment and to the adsorption of various organic and biological molecules or nanoparticles
on the nanotube surface. Such high sensitivity toward
the external environment can be exploited to create
various luminescent sensors [8].
The high mobility of excitons also leads to a small
quantum yield of the nanotube luminescence in an
aqueous environment (not above 1% [5]). This is
caused, along with other reasons, by the creation
of defects in nanotubes that quench the nanotube
luminescence through the trapping of excitons followed by their nonradiative relaxation [9, 10]. In work
[10], it was shown that the luminescence quantum
yield can be enhanced by the interaction of nanotubes
with small molecules that have redox activity (dithiothreitol, mercaptoethanol, trolox). It is assumed that
they neutralize the impact of defects on the luminescence owing to their chemical properties. Specifically,
dithiothreitol (DTT) [10, 11] and mercaptoethanol
[10] show reducing properties due to the presence of
thiol (–SH) groups in the structure.
We have shown [12] that the addition of cysteine
to nanotubes also leads to an enhancement of the
nanotube luminescence. This increase of the emission
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was explained by a reduction of defects, because this
amino acid also contains the thiol group. We also note
that, in these experiments, the water-soluble biopolymers were used for the solubilization of nanotubes to
prepare their aqueous suspensions. In the mentioned
experiments, DNA/RNA were used as such polymers,
and their influence on the nanotube luminescence
should be also considered. In our experiments concerning the influence of dithiothreitol on the nanotube emission [11], we have shown that the degree
of polymer coverage of the nanotube surface influences strongly the efficiency of the reducing agent addition. It was assumed that a more complete coverage
of the nanotube surface with a polymer, on the one
hand, will enhance its luminescence, because it hinders the access of defect- making molecules [13] (for
example, oxygen). On the other hand, such tighter
coverage hinders the access of a reducing agent to already existing defects and decreases its impact on the
luminescence.
In the present work, we have experimentally studied how the polymer coverage influences the nanotube
luminescent properties, by using the doping with cysteine as a probe. The different polymer coverages of
nanotubes were achieved through the preparation of
two nanotube aqueous suspensions with different initial weight ratios of nanotubes/single stranded DNA
(ssDNA). It is shown that this weight ratio has a
great influence on characteristics of the nanotube luminescence and allows one to tune the dependence of
the luminescence intensity on the cysteine concentration. It is also shown that the nanotube luminescence
intensity increase that occurs upon the addition of
cysteine into the suspension can be used for the detection of cysteine including the range of physiological
concentrations.
2. Materials and Methods
Single-walled carbon nanotubes produced by the
CoMoCAT method (SouthWest Nanotechnologies,
USA) were used without additional purification.
Nanotubes with (6,5) chirality prevailed in the starting material. Single-stranded DNA (ssDNA) obtained from natural double-stranded DNA [14] was
used for the preparation of nanotube aqueous suspensions. Initial weight ratios of nanotube bundles and
ssDNA were selected as 1 : 1 and 1 : 0.5 (300 𝜇g of
SWNTs in 1 mL of the aqueous suspension). For the
preparation of ssDNA-wrapped nanotubes, a buffer
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Fig. 1. Luminescence spectra of nanotube aqueous suspensions with different initial weight ratios of nanotubes and DNA
(1 : 1 and 1 : 0.5, shown by thin and thick solid lines, respectively). Luminescence spectra are normalized to the intensity
of the O–H stretching band (∼3400 cm−1 or ∼0.42 eV) in Raman spectra observed simultaneously with the luminescence

solution (0.005 mol/L Na+ cacodylate with 0.005
mol/L NaCl) was used. After the mixing of ssDNA
and nanotubes, their aqueous suspension was sonicated using the water bath method during 30 min
(22 kHz, 0.7 W) with the following ultracentrifugation (70000 g, 60 min).
The aqueous solutions of amino acid cysteine (Realab, Russian Federation) with concentrations of
10−6 – 5 × 10−2 mol/L were prepared for the titration of nanotube suspensions. The minimal addition
was 2 𝜇L of a cysteine solution (10−6 mol/L concentration). The time delay between additions and the
luminescence spectrum observation was 5 min.
The nanotube luminescence was excited using
a diode-pumped solid state (DPSS) laser (𝜆exc. =
= 532 nm, 5 mW). The luminescence was analyzed,
by using a spectrometer, and detected by applying
a thermocooled CCD-camera (spectral range 400–
1150 nm). The NIR absorption spectra of SWNTs
were obtained, by using a NIR spectrometer with a
cooled InGaAs detector (900–1600 nm). Quartz cuvettes were used in all spectroscopic experiments (2mm path length for the absorption registration).
3. Results and Discussion
Luminescence spectra of two ssDNA-wrapped nanotube aqueous suspensions with different initial
weight ratios of nanotubes and the biopolymer (1 : 1
and 1 : 0.5) are shown in Fig. 1 in the 1.1–1.6 eV
spectral interval. These suspensions will be further
denoted as SWNT : ssDNA 1 : 1 and SWNT : ssDNA
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Fig. 2. NIR absorption spectra of nanotube aqueous suspensions with different initial weight ratios of nanotubes and DNA
(1 : 1 and 1 : 0.5, shown by thin and thick solid lines, respectively). Spectral bands of individual nanotubes are shown for
the suspension SWNT : ssDNA 1 : 0.5 and denoted by the corresponding chirality

1 : 0.5. We have performed the decomposition of spectra into bands corresponding to certain nanotube
species. The superposition of these bands gives the
resulting spectrum, which was fitted to the experimental one. Bands assigned to nanotube species
are shown in Fig. 1 with thin dashed lines for
SWNT : ssDNA 1 : 0.5 suspension, numbers in brackets denote the chirality of corresponding nanotubes
[11, 15]. Both luminescence spectra were normalized
to the intensity of the Raman band corresponding to the O-H stretching mode of water molecules
(∼3400 cm−1 or ∼0.42 eV), which was observed simultaneously with emission.
For both nanotube suspensions, the NIR absorption spectra were obtained in the spectral interval
1.15–1.35 eV (Fig. 2). The absorption bands were
associated with nanotube species (7,5), (6,5), (8,3),
(9,1) [15] (also observed in luminescence spectra).
It follows from Figs. 1 and 2 that both luminescence and NIR-absorption spectra of the suspension SWNT : ssDNA 1 : 1 have greater intensity comparing to corresponding spectra of the suspension
SWNT : ssDNA 1 : 0.5. It is explained by the fact
that the larger amount of the polymer suspends the
greater amount of nanotubes in water. In addition,
the different degrees of the polymer coverage of a
nanotube surface in two suspensions should be taken
into account, when the spectra are compared. It is
known that, even upon an invariable amount of nanotubes in a suspension, a change of the polymer
(DNA) coverage of their surface influences the lu-
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minescence intensity [13]. The assumption of different polymer coverages is also supported by the observation that the integral intensity of the emission
spectrum of the SWNT : ssDNA 1 : 1 suspension does
not exceed twice the intensity of the SWNT : ssDNA
1 : 0.5 one. We revealed that the integral intensity of
the SWNT : ssDNA 1 : 1 spectrum (both luminescence
and NIR absorption) is larger by only about 30% of
the SWNT : ssDNA 1 : 0.5 spectrum. This experimental observation allowed us to assume that the surfaces of individual nanotubes in the SWNT : ssDNA
1 : 0.5 suspension are covered by a smaller amount of
polymer than those in the SWNT : ssDNA 1 : 1 suspension. This is also confirmed by the fact that a noticeable amount of nanotubes in the SWNT : ssDNA
1 : 0.5 suspension aggregated into bundles and precipitated after 4 months of storage. For the suspension SWNT : ssDNA 1 : 1, no similar precipitation of
nanotubes was observed, which indicates their greater
stability. In other words, a greater amount of the adsorbed polymer provides the better temporal stability
of nanotubes in a suspension.
To understand better the influence of the polymer coverage on the emission properties of nanotubes,
we compare the observed spectra of two suspensions
in more details. Bands in the emission spectrum of
the SWNT : ssDNA 1 : 0.5 suspension are slightly (not
more than 2 meV) red-shifted comparing to similar
bands in the SWNT : ssDNA 1 : 1 spectrum. We assume that such shift occurs due to a smaller degree
of polymer coverage of nanotubes in the first suspension, so that their surface is more exposed to water. It is known that the spectral position of bands
in the nanotube luminescence spectrum depends on
the dielectric constant of a medium [16]. The smaller
value of this constant means that the nanotube surface is more isolated from water. As a result, the
nanotube bands are shifted toward higher energies
in the spectrum. As for the NIR absorption spectra,
the spectral shift for certain bands is smaller (not
above 1 meV), and the shift is not observed at all
for some bands. The smaller spectral shift for these
spectra can be related to a greater width (at half of
the height) of bands (by ∼10%) comparing to the luminescence one. A greater spectral width for the absorption can appear due to the contribution of small
nanotube bundles, which may not be observed in the
emission spectra, for example, because of the presence of metallic nanotubes quenching the luminesISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10
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cence in such bundles. Although the amount of nanotubes with metallic conductance is small (not above
10%) in the investigated samples, nevertheless, one
such nanotube can quench the luminescence of all
semiconducting nanotubes in a small bundle.
The detailed analysis of spectra (Figs. 1 and 2) has
shown that the intensity increases differently in spectral bands, when we pass from the SWNT : ssDNA
1 : 0.5 spectrum to SWNT : ssDNA 1 : 1 one. Note that
the luminescence spectra demonstrate a more essential difference in the band intensity increase. For example, the band attributed to (7,5) nanotubes shows
only a small rise of the emission integral intensity (3–
4%). We can also note that namely this band does
not show any spectral shift under comparison of the
spectra of two suspensions. As for the bands assigned
to (6,5) and (6,4) nanotubes, the spectral shift is
about 1.5 meV, and their integral intensity differ in
the luminescence spectra by 23% and 40%, respectively. These differences for bands attributed to various nanotubes suggest that the biopolymer can adsorb differently on nanotubes with different chiralities. The heterogeneous adsorption can be caused by
the different interaction energies between DNA and
nanotubes of different chiralities. The observed difference in the luminescence intensity increase for various
spectral bands cannot be explained by the transfer of
excitons between adjacent semiconducting nanotubes
(from nanotubes with greater band gap to those with
smaller one) [17]. In the experiments, on the contrary,
we observe a stronger luminescence intensity increase
(upon comparison of two suspensions) for nanotubes
with greater band gap [17].
The relative contents of (7,5), (6,5), and (6,4) nanotubes in two suspensions can be approximately estimated from the comparison of the intensities of
their bands. If we denote the integral intensity of
(7,5) band as 1, the ratio of the integral intensity of
three mentioned bands for the SWNT : ssDNA 1 : 1
suspension is 1 : 3.7 : 0.44, while this ratio for the
SWNT : ssDNA 1 : 0.5 one is 1 : 3 : 0.32. From these
ratios, it follows that the content of (6,5) and (6,4)
nanotubes is higher in the SWNT : ssDNA 1 : 1 suspension. We can also assume (considering the spectral shifts of these bands in two emission spectra)
that they have more adsorbed DNA on their surface
comparing to the SWNT : ssDNA 1 : 0.5 suspension.
The influence of the nanotube polymer coverage on
the luminescent properties was further studied by the
ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10

Fig. 3. Dependences of normalized integral luminescence intensities of (6,5), (7,5), and (6,4) nanotubes on the cysteine
concentration in two aqueous suspensions: SWNT : ssDNA 1 : 1
(a) and SWNT : ssDNA 1 : 0.5 (b)

titration of a nanotube aqueous suspension with cysteine, which acts, in fact, as a molecular probe. The
titration with cysteine was performed for two aqueous suspensions, so that its concentration ranged from
10−8 to 10−3 mol/L. The concentration dependences
of emission integral intensities for (7,5), (6,5), and
(6,4) nanotubes are presented in Fig. 3. In each case,
the normalization on the integral intensity of the corresponding band in the spectrum of a suspension
without cysteine was performed. We note that the
cysteine addition into a nanotube aqueous suspension
did not affect their NIR absorption spectrum.
The dependences of the nanotube luminescence intensity on the cysteine concentration doping demonstrate the emission enhancement with the amino acid
increasing concentration in the suspension (Fig. 3).
We have assumed earlier that such enhancement can
be related to the ability of cysteine to reduce p-defects
due to the presence of a thiol group in the structure
of this amino acid [12]. These defects can be formed
when oxygen binds covalently to carbon atoms in nanotubes [9]. In this case, certain atoms of a nanotube
are in the 𝑠𝑝3 -hybridized state. At the same time in
a defect-free nanotube, the delocalized 𝜋-electrons
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(in case of 𝑠𝑝2 hybridization) form a conjugated system. This means that the binding of oxygen results
in the formation of defects in the zone structure and
the appearance of holes in the valence band, which
serve as traps for excitons [10].
Upon comparing the emission intensity increase
for two suspensions, we can note that, for (6,5)
nanotubes, the final enhancement is ∼25% for the
SWNT : ssDNA 1 : 1 suspension and ∼35% for the
SWNT : ssDNA 1 : 0.5 one (Fig. 2). As the cysteine
concentration was varied by 5 orders of magnitude,
the logarithmic scale was used for the concentration
axis in the plotted dependences. Experimental values
were fitted with sigmoidal curves
𝐼(𝑥)/𝐼(0) = 𝐴2 +

Fig. 4. Dependences of the normalized integral intensity
of the nanotube emission on the cysteine concentration for
three bands assigned to (6,5) (a), (7,5) (b), and (6,4) (c)
nanotubes, which is observed in the luminescence spectra of
SWNT : ssDNA 1 : 1 (full squares) and SWNT : ssDNA 1 : 0.5
(full circles)

Fig. 5. Schematic picture showing the polymer wrapping
v ) the nanotube with small pitch (top) that restricts the
around
access of cysteine to the nanotube surface sites and wrapping
with a larger pitch (bottom) which allows the access of cysteine
molecules to the nanotube
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𝐴1 − 𝐴2
1 + (𝑥/𝑥0 )𝑝

(where: 𝐼(𝑥) is the luminescence intensity of suspensions at the cysteine concentration 𝑥; 𝐴1 , 𝐴2 , 𝑥0 , and
𝑝 are fitting parameters).
It follows from Fig. 3 that, for the SWNT : ssDNA
1 : 0.5 aqueous suspension, the concentration dependences of the luminescence intensity have approximately the similar behavior for three bands corresponding to (7,5), (6,5), and (6,4) nanotubes. As for
the SWNT : ssDNA 1 : 1 suspension, the dependence
of the (7,5) nanotube band intensity is more steep in
the concentration range of 5 × 10−5 – 10−3 mol/L of
cysteine comparing to those dependences of (6,5) and
(6,4) nanotubes.
Further, we carried out a more detailed analysis of the emission dependences on the cysteine
concentration for nanotubes with the same chirality, but in different suspensions. Such comparison
of the dependences is presented in Fig. 4 for nanotubes with chiralities (6,5), (7,5), and (6,4). It follows from the comparison that, for nanotubes of
all three chiralities, the concentration dependences
are more steep for the aqueous suspension with the
SWNT : ssDNA 1 : 0.5 ratio comparing to the second
suspension (with 1 : 1 weight ratio). For (6,5) nanotubes, this trend is observed in the concentration
range 10−5 –10−3 mol/L. We assume that the differences in concentration dependences of the emission of three nanotube bands can appear due to
different polymer coverages of their surface in two
suspensions, and this difference influences the nanotube defect reducing by cysteine. The less amount of
polymer strands on nanotubes in the SWNT : ssDNA
ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10
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1 : 0.5 suspension makes their surface more accessible for cysteine molecules comparing to the polymerwrapped nanotubes in the SWNT : ssDNA 1 : 1 suspension. This fact has an effect on the sensitivity of
the luminescence of the SWNT : ssDNA 1 : 0.5 suspension to the cysteine molecules and on the concentration dependence behavior so that this suspension
shows a stronger enhancement at the same amino acid
concentration.
A steeper rise of the concentration dependence for
(7,5) nanotubes comparing to (6,5) and (6,4) in case
of the SWNT : ssDNA 1 : 1 suspension (in the concentration range of 10−5 –10−3 mol/L) can appear due to
a greater accessibility of defects on the (7,5) nanotube
surface to cysteine in this suspension. The greater influence of defects on the luminescence from these nanotubes is also manifested in a small increase of the
emission intensity in the spectrum of the initial suspension with a larger polymer amount (3–4%). In the
NIR absorption, the intensity of the band corresponding to these nanotubes is increased by 30%, and this
value is close to the increase of the absorption of other
nanotubes. This means that the amount of (7,5) nanotubes is increased by a third, but they demonstrate a
very weak emission. These experimental observations
point out that DNA that adsorbs on the surface of
(7,5) nanotubes has a disordered conformation. It is
possible that wrapped DNA has a large pitch as it
is schematically shown in Fig. 5. Less dense polymer
coils on the nanotube assist the adsorption of cysteine molecules on its surface between the rare coils,
including the adsorption on the defect sites.
We paid a special attention to the comparison of
the emission intensity increase at the cysteine addition into two suspensions in the concentration interval 50 × 10−6 – 200 × 10−6 mol/L. Exactly in this
concentration interval lies the content of cysteine in
the healthy human organism. For the comparison, we
have chosen the most intense band in the luminescence spectrum at 1.24 eV corresponding to (6,5) nanotubes. Figure 6 shows the linear fits of experimental
values, by starting from the 4×10−5 mol/L concentration for each suspension. The ranges of physiological
concentrations in human urine [18] are also shown in
Fig. 6 for healthy men and women. It follows from
Fig. 6 that a deviation of the linear fit line from experimental values is not essential and is about ±1.5%.
We indicate that the linear dependence of the emission intensity on the concentration logarithm can be
ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10

Fig. 6. Experimental values of the normalized integral emission intensity for the most intense band assigned to (6,5) nanotubes at different cysteine concentrations and their linear fits
in case of SWNT : ssDNA 1 : 1 and SWNT : ssDNA 1 : 0.5 aqueous suspensions. Two areas with different hatches show the
ranges of physiological cysteine concentrations in urine for men
and women

used for the detection of cysteine and for the determination of its concentration. It should be noted that
cysteine performs important functions in organism
and its abnormal level can be a sign of certain diseases like cardiovascular diseases, Huntington’s disease, etc. Therefore, the control over its level in human organism is a necessary task. The intensity of
the Raman band corresponding to the O–H stretching
mode of water molecules (∼3400 cm−1 or ∼0.42 eV)
observed simultaneously with the nanotube emission
can serve as a checkpoint to normalize the luminescence intensity in future biosensors.
4. Conclusions
The addition of cysteine into an aqueous suspension
of nanotubes with adsorbed DNA enhances the luminescence of semiconducting nanotubes. This enhancement is explained by a reduction of luminescencequenching defects on the nanotube surface with the
thiol group of cysteine.
The increase of the nanotube luminescence intensity at the cysteine doping of suspensions containing nanotubes depends on the degree of polymer
(single-stranded DNA) coverage of the nanotube surface. The different polymer coverages were obtained
by the preparation of suspensions using different initial weight ratios of nanotubes : polymer 1 : 1 and
1 : 0.5. It is found that this initial ratio has an essential influence on the dependence of the nanotube
luminescence on the cysteine concentration. For the
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suspension with 1 : 1 ratio, the dependence is shifted
to higher concentrations of the amino acid. This can
be explained by a greater degree of polymer coverage of the nanotube surface in the suspension with a
higher ratio, which restricts the access of a cysteine
molecule to nanotube defects. The different concentration dependences of the emission from the nanotubes of different chiralities is also revealed. This observation points out on the different binding energies
of DNA with different nanotubes.
The experiments shows that the nanotube luminescence can be used for the detection of cysteine in
aqueous solutions, firstly, due to the selectivity of the
luminescence enhancement provided by a presence of
a thiol group only in the cysteine structure among
all amino acids, secondly, due to the linearity of the
dependence of the luminescence intensity on the cysteine concentration (on semilogarithmic scale) in the
interval of 50–200 𝜇mol/L, which corresponds to the
level of cysteine in healthy human organism. We can
also note that the level of detection of cysteine due
to the nanotube luminescence enhancement is about
10−6 mol/L.
This work has been supported by the National Academy of Sciences of Ukraine: Grant No. 15/15-H (the
program “Fundamental Problems of the Creation of
new Nanomaterials and Nanotechnology”) and Grant
No. 0114U001070.
1. V. Perebeinos, J. Tersoff, and P. Avouris, Scaling of excitons in carbon nanotubes, Phys. Rev. Lett. 92, 257402
(2004) [DOI: 10.1103/PhysRevLett.92.257402].
2. M.S. Dresselhaus, G. Dresselhaus, R. Saito, and A. Jorio, Exciton photophysics of carbon nanotubes, Ann.
Rev. Phys. Chem. 58, 719 (2007) [DOI: 10.1146/annurev.physchem.58.032806.104628].
3. N. Ai, W. Walden-Newman, Q. Song, S. Kalliakos, and
S. Strauf, Suppression of blinking and enhanced exciton
emission from individual carbon nanotubes, ACS Nano 5,
2664 (2011) [DOI: 10.1021/nn102885p].
4. M.J. O’Connell, S.M. Bachilo, C.B. Huffman, V.C. Moore, M.S. Strano, E.H. Haroz, K.L. Rialon, P.J. Boul,
W.H. Noon, C. Kitrell, J. Ma, R.H. Hauge, R.B. Weisman,
and R.E. Smalley, Band gap fluorescence from individual
single-walled carbon nanotubes, Science 297, 593 (2002)
[DOI: 10.1126/science.1072631].
5. V.A. Karachevtsev, in: Photophysics of carbon nanotubes
interfaced with organic and inorganic Materials, edited by
I.A. Levitsky, W.B. Euler, V.A. Karachevtsev (Springer,
London, 2012), p. 89.
6. G. Hong, S. Diao, A.L. Antaris, and H. Dai, Carbon
nanomaterials for biological imaging and nanomedicinal

938

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

therapy, Therapy Chem. Rev. 115, 10816 (2015) [DOI:
10.1021/acs.chemrev.5b00008].
A.J. Siitonen, D.A. Tsyboulski, S.M. Bachilo, and R.B. Weisman, Dependence of exciton mobility on structure in
single-walled carbon nanotubes, J. Phys. Chem. Lett. 1,
2189 (2010) [DOI: 10.1021/jz100749c].
S. Kruss, A.J. Hilmer, J. Zhang, N.F. Reuel, B. Mu,
and M.S. Strano, Carbon nanotubes as optical biomedical sensors, Adv. Drug Deliv. Rev. 65, 1933 (2013) [DOI:
10.1016/j.addr.2013.07.015].
G. Dukovic, B.E. White, Z. Zhou, F. Wang, S. Jockusch,
M.L. Steigerwald, T.F. Heinz, R.A. Friesner, N.J. Turro,
and L.E. Brus, Reversible surface oxidation and efficient luminescence quenching in semiconductor single-wall carbon
nanotubes, J. Am. Chem. Soc. 126, 15269 (2004) [DOI:
10.1021/ja046526r].
A.J. Lee, X. Wang, L.J. Carlson, J.A. Smyder, B. Loesch,
X. Tu, M. Zheng, and T.D. Krauss, Bright fluorescence
from individual single-walled carbon nanotubes, Nano
Lett. 11, 1636 (2011) [DOI: 10.1021/nl200077t].
N.V. Kurnosov, V.S. Leontiev, A.S. Linnik, O.S. Lytvyn, and V.A. Karachevtsev, Photoluminescence intensity enhancement in SWNT aqueous suspensions due to
reducing agent doping: Influence of adsorbed biopolymer, Chem. Phys. 438, 23 (2014) [DOI: 10.1016/
j.chemphys.2014.04.006].
N.V. Kurnosov, V.S. Leontiev, A.S. Linnik, and V.A. Karachevtsev, Influence of cysteine doping on photoluminescence intensity from semiconducting single-walled carbon nanotubes, Chem. Phys. Lett. 623, 51 (2015) [DOI:
10.1016/j.cplett.2015.01.046].
H. Cathcart, V. Nicolosi, J.M. Hughes, W.J. Blau,
J.M. Kelly, S.J. Quinn, and J.N. Coleman, Ordered DNA
wrapping switches on luminescence in single-walled nanotube dispersions, J. Am. Chem. Soc. 130, 12734 (2008)
[DOI: 10.1021/ja803273s].
V.A. Karachevtsev, A.Yu. Glamazda, A.M. Plokhotnichenko, V.S. Leontiev, and A.S. Linnik, Comparative study on
protection properties of anionic surfactants (SDS, SDBS)
and DNA covering of single-walled carbon nanotubes
against pH influence: luminescence and absorption spectroscopy study, Materialwissenschaft und Werkstofftechnik
42, 41 (2011) [DOI: 10.1002/mawe.201100728].
T.J. McDonald, D. Svedruzic, Y.-H. Kim, J.L. Blackburn,
S.B. Zhang, P.W. King, and M.J. Heben, Wiring-up hydrogenase with single-walled carbon nanotubes, Nano Lett.
11, 3528 (2007) [DOI: 10.1021/nl072319o].
A.G. Walsh, A.N. Vamivakas, Y. Yin, S.B. Cronin,
M.S. Unlu, B.B. Goldberg, and A.K. Swan, Screening of
excitons in single, suspended carbon nanotubes, Nano Lett.
7, 1485 (2007) [DOI: 10.1021/nl070193p].
V.A. Karachevtsev, A.M. Plokhotnichenko, A.Yu. Glamazda, V.S. Leontiev, and I.A. Levitsky, Excitonic energy
transfer in polymer wrapped carbon nanotubes in gradually grown nanoassemblies, Phys. Chem. Chem. Phys. 16,
10914 (2014) [DOI: 10.1039/C4CP00776J].

ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10

Enhancement of Luminescence from a Carbon Nanotube Aqueous Suspension

18. E. Kaniowska, G. Chwatko, R. Glowacki, P. Kubalczyk,
and E. Bald, Urinary excretion measurement of cysteine
and homocysteine in the form of their S-pyridinium derivatives by high-performance liquid chromatography with ultraviolet detection, J. Chromatogr. A 798, 27 (1998) [DOI:
10.1016/S0021-9673(97)01193-X].
Received 05.04.16
М.В. Курносов, В.С. Леонтьєв, В.О. Карачевцев
ЗРОСТАННЯ ЛЮМIНЕСЦЕНЦIЇ
ВУГЛЕЦЕВИХ НАНОТРУБОК У ВОДНIЙ
СУСПЕНЗIЇ ПРИ ДОПУВАННI ЦИСТЕЇНОМ:
ВПЛИВ АДСОРБОВАНОГО ПОЛIМЕРУ
Резюме
Вивчалося зростання iнтенсивностi люмiнесценцiї водної
суспензiї напiвпровiдникових вуглецевих нанотрубок з ад-
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сорбованим полiмером (ДНК) при допуваннi амiнокислотою цистеїном. Зростання iнтенсивностi люмiнесценцiї нанотрубок зумовлене наявнiстю тiольной групи в структурi цистеїну, за допомогою якої вiдбувається вiдновлення
дефектiв на нанотрубковiй поверхнi, що гасять свiтiння.
Встановлено, що початкове вагове спiввiдношення нанотрубки:полiмер iстотно впливає на залежнiсть iнтенсивностi люмiнесценцiї вiд концентрацiї цистеїну, яка при спiввiдношеннi 1 : 1 зсувається в дiапазон великих концентрацiй амiнокислоти в порiвняннi iз залежнiстю, отриманою
при спiввiдношеннi 1 : 0,5. Такий зсув пояснюється бiльш
значним покриттям поверхнi нанотрубок полiмером, який
блокує доступ молекул цистеїну до дефектiв. Вiдзначається
також вiдмiннiсть в цiй залежностi для нанотрубок рiзної
хiральностi, яка пов’язана з рiзною щiльнiстю полiмерного
покриття поверхнi рiзних нанотрубок.
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