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Abstract
Novel, highly fluorescent cadmium telluride quantum dots conjugated with thymine and
stabilized with thioglycolic acid were obtained and characterized. Successful formation of the
conjugate was confirmed by elemental analysis, and UV–vis, fluorescence and Fourier transform
infrared spectroscopies. Crystal structure and composition of the conjugates were characterized
with xray diffraction and x-ray photoelectron spectroscopy. The size of the conjugates was 4–6
nm as demonstrated using atomic force microscopy and high resolution transmission electron
microscopy imaging. The plasmon resonance fluorescence band at 540 nm on excitation at 351
nm was observed for these nanoparticles. The intensity of this band increased with the increase
in the amount of conjugated thymine with no shift in its position. Based on the fluorescence
measurements it was found that the CdTe–thymine conjugate interacted efficiently and
selectively not only with adenine, a nucleobase complementary to thymine, but also with
adenine-containing modified nucleosides, i.e., 5′-deoxy-5′-(methylthio)adenosine and 2′-O-
methyladenosine, the urinary tumor markers which allow monitoring of the disease progression.
To the best of our knowledge, as yet, there have been no studies presented in literature on that
type of the interaction with CdTe–thymine conjugates. Therefore, the system presented can be
considered as a working component of a selective adenine/adenosine biosensor with potential
application in cancer diagnosis.

Keywords: CdTe, quantum dots, thymine, conjugate, photoluminescence

(Some figures may appear in colour only in the online journal)

1. Introduction

Quantum dots (QDs), known as nanoscale semiconductor
crystals, have attracted considerable attention in recent years
due to their unique electronic and optical properties [1–3].
QDs exhibit many attractive features, including large
absorption coefficients, size-dependent, tunable, and efficient
emission, as well as superior signal brightness [4–6]. The
large surface area of QDs, the ease of their modification with
different ligands [7, 8] and their resistance to photobleaching
are important advantages of QDs over organic dyes [9, 10]

and make them excellent fluorescent materials for use in
various areas including nanotechnology, biomedicine or
environmental monitoring [11–13]. In particular, biological
research relies greatly on the availability of sensitive and
selective fluorescent probes [14]. QDs seem to be a promising
material for these applications, as found in recent studies. For
example, QDs have been used as sensor materials for
detecting small molecules [15], compounds with biochemical
functions [16], ions [17] and toxic molecules [18]. Also, QDs
could be used to monitor pH, temperature and oxygen level
[19] and as a component of biosensors, which are small
devices aimed at the detection of target analytes which are
usually biomolecules such as proteins and nucleic acids [20].
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They use biological molecules to recognize the target and to
translate its presence into electrical or optical mass sensitive
signals allowing identification and the quantitative determi-
nation of the target molecules [21]. Thus, the biosensors
provide a means of rapid, highly sensitive and real-time
monitoring of biomolecules, including those of physiological
interest [22].

Deoxyribonucleic acid (DNA) is a biomacromolecule
serving as a carrier of genetic information used in the protein
biosynthesis [23, 24]. Adenine and guanine (purines), thy-
mine and cytosine (pyrimidines) are components of nucleo-
tides, the building blocks of both DNA and RNA (in RNA
thymine is replaced with uracil) [25]. The thymine–adenine
and guanine–cytosine base pairing phenomenon is very
important for maintaining the helical structure by DNA, in
which two helical chains of nucleotides are held together by
the hydrogen bonds, as demonstrated by Watson and Crick in
1953 [26]. Hydrogen bonds within the nucleobase pairs play a
key role in the molecular theory behind the transcription and
translation processes [27].

The abnormally high concentration of a nucleobase deri-
vative suggests the deficiency of the immune system and may
be indicative of various diseases. The increased level of these
compounds in body fluids such as blood or urine is considered
to be an important diagnostic of cancer, AIDS and the stage of
these diseases while its steady and controlled decrease down to
normal values may indicate success in therapy [28]. Therefore,
the quantitative and qualitative analysis of these nucleobase
derivatives is of great significance to clinical diagnosis.

The idea of the studies described in this paper was to
obtain and characterize the QDs-nucleobase bioconjugates
which could be used for the development of the novel
fluorescent detection system of the derivatives of com-
plementary nucleobases. In principle, the conjugation of the
QDs with the appropriate ligand could allow the recognition
of a target specifically bound by this ligand since the presence
of the target in the direct vicinity of the QDs surface may
change the properties of QDs luminescence [22]. For exam-
ple, the interactions between a target molecule and the surface
of QDs may influence the efficiency of the electron–hole
recombination process leading to the change in the lumines-
cence intensity [29, 30].

In the current study we have focused our attention on the
preparation and characterization of the novel fluorescent
materials based on thymine-conjugated cadmium telluride
quantum dots (CdTe QDs–thymine). The role of thymine
ligand was to interact selectively with adenine-containing
biomarkers via the formation of the hydrogen bonds with the
assumption that this interaction would affect the fluorescence
of the QDs in a concentration-dependent manner.

To be useful in this biomedical application the QDs
should form stable suspensions in water. This can be achieved
by their functionalization with e.g., amphiphilic polymers
[31], silica compounds [32], and thiols [33] such as glu-
tathione, thioglycerol, or thioglycolic acid (TGA). Thiols are
particularly often chosen for the functionalization of QDs
[34]. The long-term stability of the QDs depends on the
strength of bond between the thiol group and the QD surface.

However, the moieties bound with thiol groups can be
cleaved from the QD surface, causing the QDs to aggregate
and precipitate from solution [35]. Thus, we have obtained
stable suspensions of CdTe QDs modified with TGA using a
facile one-pot method. We have selected TGA, since it
allowed both stabilization of QDs in water and their further
modification by providing free carboxyl groups which could
react with thymine. Moreover, CdTe QDs stabilized with
TGA are stable in both acidic and basic conditions and show
increased photoluminescence efficiency [36]. The TGA-
functionalized CdTe QDs can be dried and stored for several
months as solid and redispersed in water when needed [34].

Subsequently, CdTe–thymine conjugates were success-
fully obtained in water by reacting water-soluble TGA-func-
tionalized CdTe QDs with thymine. Successful formation of
the conjugate was confirmed by elemental analysis, and UV–
vis, fluorescence and Fourier transform infrared (FTIR)
spectroscopies. The crystalline structure of the obtained
material was characterized with x-ray diffraction (XRD). The
composition of CdTe QDs and their thymine conjugate was
also examined using x-ray photoelectron spectroscopy (XPS).
The size of the materials developed was estimated using
atomic force microscopy (AFM) and high resolution trans-
mission electron microscopy (HRTEM) imaging. The inter-
action of the conjugate with optimized composition with
different nucleobases and modified adenosine derivatives
which are cancer markers was then studied using the fluor-
escence spectroscopy.

2. Materials and methods

2.1. Materials

Sodium borohydride (NaBH4, Sigma Aldrich, 98%), tellurium
powder (Sigma Aldrich, 99.999%), cadmium chloride (CdCl2 ·
5/2 H2O, Sigma Aldrich), TGA (Sigma Aldrich, 98%),
2-propanol (Sigma Aldrich, 99.9%), thymine (TCI America,
98%), adenine (TCI America, 98%), guanine (TCI America,
98%), cytosine (TCI America, 98%), 5′-deoxy-5′-(methylthio)
adenosine (MTA, Sigma Aldrich, 98%), 2′-O-methyladenosine
(Sigma Aldrich, 98%) were used as received.

2.2. Apparatus

2.2.1. Elemental analysis. Elemental analysis was performed
with a CHNS Vario Micro Cube Elemental Analyzer.

2.2.2. Spectrofluorometry. A F-2700 Hitachi spectrofluorimeter
was used for fluorescence measurements. The excitation and
emission slits were adjusted to 5 nm. Excitation wavelength was
set at 351 nm.

2.2.3. Spectrophotometery. The electronic absorption
spectra were measured with UV–vis spectrophotometer
(Hitachi U-2900) using 1 cm quartz cuvettes.

2.2.4. Fourier transform infrared spectroscopy. FTIR
spectroscopy was used to determine the effectiveness of
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conjugation of thymine to CdTe QDs. The FTIR spectra were
recorded using a Thermo Fisher Scientific Nicolet IR200
spectrometer. The samples for FTIR analysis were isolated
from dispersion by drying in vacuum for 24 h.

2.2.5. Dynamic light scattering (DLS) and zeta potential
measurements. A Malvern Nano ZS light-scattering
apparatus (Malvern Instrument Ltd, Worcestershire, UK)
was used for DLS and zeta potential measurements. The time-
dependent autocorrelation function of the photocurrent was
acquired every 10 s, with 15 acquisitions for each run. The
sample of solutions was illuminated by a 633 nm laser, and
the intensity of light scattered at an angle of 173° was
measured by an avalanche photodiode. The z-averaged
hydrodynamic mean diameter (dz), dispersity index (DI)
and distribution profiles were calculated using the software
provided by Malvern. The zeta potential was measured using
the technique of laser Doppler velocimetry.

2.2.6. Transmission electron microscopy (TEM). TEM
observations were carried out using FEI TECNAI TF20
X-TWIN high resolution transmission electron microscope. It
is a 200 kV field emission gun microscope with a point
resolution �0.25 nm. A 200 mesh copper grid coated with
Formvar/carbon film (Pacific Grid-Tech) was dipped in the
sample dispersion and left for about 20 min. The excess of the
sample was blotted with a filter paper.

2.2.7. Atomic force microscopy. AFM images were obtained
with Dimension Icon AFM (Bruker, Santa Barbara, CA)
working in the PeakForce mode in the air at room
temperature. Silicon tip on nitride cantilevers (Bruker) with
nominal spring constant of 0.24 N m−1 and tip radius of 2 nm
was used for the measurements.

2.2.8. X-ray diffraction. X’Pert PRO MPD diffractometer
(PANalytical) with a Bragg–Brentano geometry was used for
all XRD measurements. A copper x-ray sealed tube was used
as the radiation source. Graphite monochromator was applied
to select only Cu Kα (1.540598 Å–Κα1 and Κα2–1.544426 Å)
radiation.

2.2.9. X-ray photoelectron spectroscopy. XPS analysis was
carried out using a multifunctional ESCA instrument

equipped with additional equipment produced by PREVAC.
The vacuum chamber of the instrument was equipped with an
5-axial analytical precision manipulator, hemispherical
charged particle analyzer XPS, UPS and AES (VG Scient
R3000), two anticathodal x-ray tube Mg/Al (power Mg/Al
400/600 W), x-ray monochromator (three crystals) with the
radiation source (a single Al anticathode, 600 W), pumping
and measuring vacuum system (provided the vacuum base
<1×10−8 mbar after 48 h annealing at 150 °C), the charge
neutralizing gun (FS40-PS) on the surface of non-conducting
samples (energy range 0–500 eV, electron current 1–500 μA),
the ion gun to perform depth profiles (IS 40E-PS) and
electron gun for the Auger spectroscopy (ES 40C-PS). For
XPS experiment the QDs dispersions were dried in a vacuum
for 24 h.

2.3. Preparation of stable suspensions of CdTe QDs

The CdTe QDs were prepared in the reaction between Cd2+

and NaHTe in the presence of TGA acting as the stabilizing
agent using procedure described by Wei and coworkers [37]
with slight modifications. Briefly, sodium borohydride (150
mg, 4.0 mmol) was reacted with tellurium powder (25.5 mg,
0.20 mmol) in water to produce NaHTe. This reaction was
carried out under argon till the color of the solution changed
to light pink. Cadmium chloride (90 mg, 0.49 mmol) was
dissolved in 100 ml deionized water and 66.7 μl (0.96 mmol)
of TGA was added to that solution under stirring. The
pH value was adjusted to 11.2 by the addition of 10.0 mol l−1

NaOH solution dropwise. The resulting solution was degas-
sed by bubbling nitrogen for 30 min and freshly prepared
NaHTe was injected into it under vigorous stirring and the
reaction was carried out under nitrogen at 95 °C for another 1
h. The solution changed from colorless to orange. After
synthesis the CdTe QDs were purified by precipitation with
2-propanol. The obtained orange-colored powder was dried at
room temperature in the vacuum.

2.4. Preparation of CdTe–thymine conjugates

To obtain CdTe–thymine conjugates the dispersion of pur-
ified CdTe QDs (1 mg ml−1) in the PBS buffer (0.5 ml, 0.1
mol l−1, pH=7.5) and various volumes of thymine solution
(1 mg ml−1, 7.9 mmol l−1) were mixed (see table 1). The
resulting dispersions were diluted to the same volume (4 ml)
with PBS buffer and mixed thoroughly. The mixtures were
kept for 24 h in the dark in the ice-cooled bath before mea-
suring the fluorescence spectra at room temperature.

3. Results and discussion

3.1. Synthesis and physicochemical characterization of CdTe
QDs and CdTe–thymine conjugate

CdTe QDs were synthesized in water and stabilized with
TGA. The process is schematically shown in figure 1(A).

TGA provides steric stabilization of CdTe QDs. It also
passivates their surface by removing possible traps which

Table 1. The volumes and concentrations of reagents used in the
synthesis of the conjugates.

CdTe:thymine
molar ratio

VCdTe

(ml) Vthymine(μl)
(Thymine)

(μmol dm−3)

control 0.5 0 0
1:1 0.5 1.4 2.8
1:2 0.5 2.8 5.6
1:3 0.5 4.2 8.3
1:5 0.5 7.0 13.9
1:6 0.5 8.4 16.7
1:7 0.5 9.8 19.4
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could lower the photoluminescence efficiency of the QDs and
prevents the electron–hole recombination. Additionally, TGA
controls the kinetics of particle growth and hinders their
aggregation. This capping agent enables also covalent func-
tionalization of the QDs and their interaction with other
molecules through electrostatic forces and hydrogen bonding
[38]. This interaction of QDs with their environment is crucial
for the stability of their dispersions and photoluminescence
properties [39]. The CdTe QDs obtained were characterized
using various physicochemical techniques.

3.1.1. FTIR analyses. To confirm the covalent attachment of
TGA to the QDs the FTIR spectra of TGA and CdTe QDs
stabilized with TGA were compared (figure 2(A)). The
absorption bands at 3440 cm–1 (OH stretching vibration),
2865 cm–1 (CH2 symmetric stretching vibration), 1556 cm–1

(COO– asymmetric stretching vibration), 1415 cm–1 (CH2

scissoring vibration), 1369 cm–1 (COO– symmetric stretching
vibration), and 1145 cm–1 (CO stretching vibration) were
observed for the TGA-capped CdTe QDs [40]. In addition,
the absorption band at 2568 cm−1 which can be attributed to
the S–H vibrations in TGA disappeared in TGA-capped CdTe
QDs, confirming that TGA was covalently bound to the
surface of the QDs which was accompanied by the
disappearance of the S–H bonds and the formation of the
S–Cd bonds. Considering that the asymmetric stretching
vibration of the carbonyl group within the carboxylic group of
TGA has shifted from 1711 to 1578 cm−1, one can postulate
that the carboxylic groups are deprotonated what provides
additional electrostatic stabilization of the QDs. Based on
these observations one can conclude that TGA should provide
effective stabilization for CdTe QDs.

In the next step the CdTe–thymine conjugates with
various number of thymine moieties bound to the QD surface

were prepared. The process is schematically shown in
figure 1(B). One of the most important parameters of this
synthesis is pH of the reaction mixture. Feng et al [41] have
recently shown that in order to prepare stable conjugates of
CdTe QDs with guanine the pH value of the aqueous
dispersion should be adjusted to 7.49 to maximize the
efficiency of the formation of the hydrogen bonds between –

NH2 groups of guanine and –COOH groups of TGA present
at the surface of QDs as well as to enable coordination of
Cd2+ ions by the lone pair electrons of the oxygen atom of
guanine. Taking into account these findings and the pKa
value for thymine (equation (1)) we carried out the synthesis
of CdTe–thymine conjugate in the PBS buffer (pH=7.5) at
constant ionic strength (I=0.01 M).

ð1Þ

The conjugate formation was confirmed by elemental
analysis and FTIR measurements. The results of elemental
analysis for CdTe QDs and CdTe–thymine 1:6 conjugate are
presented in table 2. The presence of sulfur in CdTe QDs
provides an evidence for the stabilization of CdTe QDs with
TGA while the presence of nitrogen in CdTe–thymine
particles confirmed conjugation of CdTe QDs with thymine.

Figure 1. Synthesis of the TGA-capped CdTe QDs (A) and CdTe–thymine conjugates (B).
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Figure 2(B) presents the FTIR spectra of thymine and
CdTe–thymine conjugates. The absorption bands at 3185 and
3160 cm−1 of thymine are attributed to the stretching
vibration of N–H groups while a band at 1700 cm−1 is
characteristic of C=O vibration. The stretching modes of
pyrimidine ring are the combinations of the stretching of the
C–N, C=N, C–C and C=C bonds of the ring. The bands at
1445, 1290, 1240, 1030 and 700 cm−1 were assigned to the
ring stretching modes [42]. Analysis of the spectrum of
CdTe–thymine conjugate indicated that the absorption band
present in the range of 3500–3000 cm−1 can be attributed to
the stretching vibration and the hydrogen bond associated N–
H group. Bands with maxima at about 1675 and 1450 cm−1

can be assigned to the asymmetric and symmetric stretching
vibrations of COO−, respectively. Bands at 1400 cm−1

assigned to O–H bond of TGA-stabilized CdTe QDs can be
also observed. The formation of the hydrogen bond between –
NH2 of thymine and –COOH of CdTe QDs can be also
postulated based on the absorption band at about 3400 cm−1,
on a decrease of absorption at 1680 cm−1 and on the presence
of a broad band in the 1325–1675 cm−1 region [42]. One can
also suggest that the splitting of C=O vibration band at 1700
cm−1 may result from the formation of the coordination bond
between oxygen and cadmium. The presence of split bands of
C–N and N–H vibrations in the range of 1500–750 cm−1

resulted from the hydrogen bond formation between different
molecules (TGA–thymine; thymine–thymine; TGA–TGA).

3.1.2. XPS measurements. In order to gain a deeper insight
into the chemical composition and the bonding state of the
materials developed, XPS measurements were employed
(figure 3). XPS may be applied to assess the surface
compositions of the particles and it has good surface-
accuracy since it only penetrates 2–10 nm deep into the
sample. Thus, the atomic ratio determined employing XPS
reflects the near-surface composition of the particles [43]. The
sample analyzed with XPS is bombarded with x-ray photons
which leads to the emission of photoelectrons from the
surface whose binding energies are characteristic of the
element present at the surface. The XPS spectra for CdTe
QDs and CdTe–thymine conjugate are depicted in figure 3.
Detected peaks are typical for Te 3d (582.6 and 572.4 eV), Cd
3d (411.9 and 405 eV), O 1 s (531.3 eV), C 1 s (285.3 eV)
and S 2p (162.6 eV) [44, 45] confirming that obtained CdTe
QDs are stabilized with TGA consisting of oxygen, sulfur and
carbon. In the full range of XPS spectrum for CdTe–thymine
conjugate the new peak of N 1 s with maximum at binding
energy of 400 eV appeared and the signal from O 1 s and C 1
s became more intensive. Moreover, in the case of the
conjugate the peaks assigned to Te 3d and S 2p are visible
only in high-resolution XPS spectra (see inserts in figure 3).
These changes might be explained considering the presence
of thymine moieties bound to the QDs surface. Taking into
account the fact that the XPS shows only the composition of
the QD surface binding of thymine to QDs surface decreased
the signals from the Cd, Te and S. Overall, the results of XPS
analysis confirmed previous conclusions on CdTe QDs and
CdTe–thymine composition based on elemental analysis and
FTIR spectra.

3.1.3. XRD analyses. The crystalline structure of the
materials was studied with the x-ray powder diffraction
technique. Figure 4 shows the XRD patterns for CdTe QDs
and CdTe–thymine conjugates. The XRD pattern of the CdTe
QDs revealed peaks in the range of 22°–28.9°, 41.5°–44.6°

Figure 2. FTIR spectra of TGA and TGA-capped CdTe QDs (A) and
FTIR spectra of thymine and the CdTe–thymine conjugate (B).

Table 2. Results of elemental analysis of CdTe QDs and CdTe–thymine conjugate.

Sample Content (%)

C H N S
CdTe QDs 7.27±0.23 1.58±0.02 — 12.95±0.12
CdTe–thymine (1:6) 5.77±0.01 1.23±0.00 0.18±0.02 6.85±0.03

5

Nanotechnology 28 (2017) 045701 Ł Rodzik et al



and weak peak at 51.4° that could be assigned to (111), (220)
and (311) diffraction planes and corresponding to cubic zinc-
blende structure [46]. XRD pattern obtained for CdTe–
thymine was quite similar to that for CdTe QDs, however, the
new diffraction peak at 2θ of 27.5°, which might be attributed
to thymine, was observed. It was previously shown that a film
composed of thymine exhibits a very sharp peak at around
2θ=27.2° [47]. This peak overlaps with that for CdTe QDs
and therefore might have caused its observed broadening.
Additionally, we assume that the shift to higher angles in
XRD pattern for CdTe–thymine conjugate may reflect the
successful conjugation of nucleobase to CdTe QDs. Jiang
et al [48] synthesized the gadolinium doped CdTe QDs and
noticed that diffraction peaks of Gd:CdTe QDs were slightly
shifted towards higher angles with the increase in the amount
of Gd3+ dopant. This evidence confirms that the Gd3+ ions
have been embedded into the crystal lattice of CdTe. Zhang

et al [49] reported CdTe@GdS fluorescent-magnetic
nanoparticles for tumor-targeted dual-modal imaging. They
performed XRD analysis to show crystal structure of the
CdTe QDs and the CdTe@GdS NPs. Authors have shown
that the reflection peaks of the CdTe@GdS NPs shift to the
higher degree region contrasting with the bulk CdTe QDs
what confirmed that the GdS shell was successfully coated
onto the surface of CdTe QDs. These results clearly
demonstrate that the native CdTe QDs crystalline structure
was retained in CdTe–thymine conjugate developed.

3.2. Determination of size and zeta potential of CdTe QDs and
CdTe–thymine conjugates

The zeta potential and DLS measurements of the CdTe QDs
were performed since the intensity of fluorescence and posi-
tion of the plasmonic resonance band of the QDs is strongly

Figure 3. XPS spectra of CdTe QDs and CdTe–thymine.
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dependent on their size [50]. The values of the mean hydro-
dynamic diameter (dz), DI and the zeta potential (ζ) found are
presented in table 3. The hydrodynamic diameter of the CdTe
QDs stabilized with TGA was 119.7±2.2 nm whereas the
size of the CdTe–thymine conjugates ranged from 196±3.1
nm (for 1:1 conjugate) to 960±8.7 nm (for 1:2 conjugate).
Distribution profiles of the hydrodynamic diameters obtained
from DLS measurements for CdTe QDs and CdTe–thymine
1:6 conjugate are presented in figure 5. As expected, the zeta
potential of CdTe QDs was negative resulting from the pre-
sence of the negatively charged thiol groups at the surface of
the QDs. The values of zeta potential have not changed
considerably on formation of conjugates. Although the zeta
potential values of all the systems indicated they can form
stable aqueous dispersions, in some of them aggregates were
formed as indicated by their larger size and high DI values.

Taking into account the results of both DLS and fluor-
escence measurements, the 1:6 conjugate was chosen as the
system with the optimal properties.

3.3. Morphology of CdTe QDs and of CdTe–thymine 1:6
conjugates

The morphology of the materials obtained was studied using
TEM in normal and high resolution mode (HRTEM). Figure 6
presents TEM/HRTEM micrographs of TGA-capped CdTe
QDs and CdTe–thymine conjugate. One could observe that
both types of materials had tendency for aggregation
(figures 6(A) and (C)). The images of the aggregates clearly
revealed the presence of many closely stacked nanoparticles.
It was found from HRTEM images that the average size of the
CdTe QDs and CdTe–thymine conjugate was 3–4 nm and
5–6 nm, respectively (figures 6(B) and (D)).

The hydrodynamic diameter obtained from DLS mea-
surements was in the range of 120 and about 274 nm for
CdTe QDs and CdTe–thymine 1:6 conjugate, respectively.
The diameters of the particles found from the DLS

measurements were thus greater than those observed on TEM
micrographs. The reason for this is that the DLS method
measures the mean hydrodynamic diameter, that is the size of
the particle together with the layer of ions and solvent
molecules surrounding it. Additionally, since the intensity of
the scattered light increases with the increasing size of the
objects, the z-averaged hydrodynamic mean diameter
obtained by cumulate analysis is overestimated and normally
larger than that obtained by TEM [51]. The results obtained
by means of these two techniques differ significantly, how-
ever, it should be emphasized that they provide the com-
plementary information. TEM findings inform about the size
and shape of the core while DLS gives a deeper insight into
the particle’s diameter in the aqueous medium.

To gain more insight into the morphology of the mate-
rials developed AFM studies were performed. Figures 7(A)
and (B) display the AFM 3D render, while figures 7(C) and
(D) present the AFM images with cross-sections of TGA-
capped CdTe QDs (figure 7(C)) and CdTe–thymine conjugate
(figure 7(D)), respectively. As can be seen, the CdTe QDs
stabilized with TGA were reasonably well dispersed at the
sample surface. The crystalline structures on their surface had
the diameter equal to 2.5±0.5 nm whereas the diameter of
the CdTe–thymine conjugates was around 3.4±0.6 nm.

Figure 4. XRD pattern of CdTe QDs and CdTe–thymine conjugate.

Table 3. The values of the mean hydrodynamic diameter (Dh),
dispersity index (DI) and the zeta potential (ζ) of the conjugates
studied.

Type of the material pH Dh (nm) DI ζ(mV)

CdTe QDs 7.5 119.7±2.2 0.313 −37.7±2.7
CdTe–thymine 1:1 7.5 196.0±3.1 0.281 −38.9±2.5
CdTe–thymine 1:2 7.5 960.1±8.7 0.702 −36.0±3.5
CdTe–thymine 1:3 7.5 458.5±9.7 0.399 −34.9±4.7
CdTe–thymine 1:5 7.5 776.1±8.4 0.787 −36.3±2.9
CdTe–thymine 1:6 7.5 273.6±9.1 0.267 −37.7±2.7
CdTe–thymine 1:7 7.5 308.4±1.1 0.398 −39.7±2.6

Figure 5. Distribution profiles of the hydrodynamic diameter
obtained from DLS measurements for: CdTe QDs (blue line) and
CdTe–thymine 1:6 conjugate (red line).
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These results seem to be in accordance with the HRTEM
findings. When comparing the AFM 3D render for CdTe QDs
stabilized with TGA and for the CdTe–thymine conjugates
some differences could also be noticed. The tendency to form
aggregates is more pronounced in the case of the CdTe–
thymine conjugates which might be explained considering the
possible thymine-thymine interactions.

Consequently, these experiments confirmed earlier find-
ings that thymine was successfully attached to CdTe QDs
what resulted in their increased size as shown also by means
of TEM/HRTEM measurements.

3.4. The UV–vis and fluorescence spectra of CdTe QDs and
CdTe–thymine conjugates

The optical properties of TGA-capped CdTe QDs and CdTe–
thymine conjugates were then characterized. Figure 8 shows
electronic absorption and fluorescence spectra of these
materials. The broad-band absorption was observed for both
types of materials, typical of nanoparticles. The absorption
band of the CdTe–thymine conjugate was stronger and red
shifted with respect to that of the CdTe QDs. These differ-
ences can be explained considering the interaction between

Cd2+ ions present at the surface of CdTe QDs and the oxygen
atoms of thymine [41], as well as with the differences in the
size of these nanoparticles. The fluorescence spectra dis-
played the plasmonic resonance emission band at about 540
nm on excitation at 351 nm. The emission spectra of both
CdTe QDs and CdTe–thymine conjugate were characterized
by a symmetric band. The full-width at half-maximum
(FWHM) of fluorescence emission band for CdTe QDs was
46 nm and for CdTe–thymine conjugate 37 nm. That may
suggest that the optical properties of CdTe–thymine conjugate
was superior over the pristine CdTe QDs. According to the
literature, narrow and visible luminescence peaks are
observed with FWHM value in the range of 38–52 nm [33].
Other researchers [52] reported that PL spectrum of CdTe
QDs and CdTe-adenine was characterized by good symmetry
and was sufficiently narrow with FWHM of 66 nm and 49
nm, respectively.

Interestingly a red shift in the absorption spectra of
obtained conjugate was observed while no noticeable shift in
the emission spectra was seen. This phenomenon might be
explained considering the Stokes shift which is commonly
observed in semiconductor QDs. In order to explain the origin

Figure 6. TEM and HRTEM micrographs of CdTe QDs: (A) (TEM), (B) (HRTEM), and of CdTe–thymine conjugates: (C) (TEM), (D)
(HRTEM).
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of the Stokes shift in QDs two different mechanisms were
proposed. The process of absorption occurs with participation
of chemical moieties being in the ground S electronic state
which lies deeper than an optically passive state (P state) in
the valence band to form an exciton in the singlet state of the
electron and hole. The first mechanism postulated that the
deexcitation takes place into the P state with the help of
phonons and therefore the Stokes shift is given by ΔESP (the
difference in energy between the exciton states formed with S
and P hole states) [53]. According to the second mechanism
[54] the exciton in the singlet state first thermalizes into a
triplet from where it deexcites with the help of phonons either
to the S state, with the Stokes shift given by ΔEST (repre-
senting the singlet-triplet splitting) or to the P state at the top
of the valence band, with the Stokes shift: ΔESP+ΔEST. In
addition to these mechanisms, the redshift might be also
observed if the initial ground state and the final excited state

Figure 7. AFM 3D render for CdTe QDs (A), CdTe–thymine conjugate (B) and AFM images with cross-sections for CdTe QDs (C) and
CdTe–thymine conjugate (D).

Figure 8. UV–vis absorption and fluorescence spectra of CdTe QDs
and CdTe–thymine conjugate (the concentration of CdTe QDs was
0.125 mg ml−1).
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have a different atomic configuration. Such a red shift, known
as Frank–Condon shift, is commonly observed in molecules
and it points to the defects in solids and may be also relevant
in ultrasmall QD’s [55].

According to the literature, Stokes shift decreases with an
increase in the radius of the dot and disappears beyond a
certain radius [56]. Moreover, Fei et al in their study on the
CdTe/CdS core–shell structured QDs demonstrated that the
Stokes shift decreases with increasing core–shell ratio, which
can be ascribed to the strength of the electron–phonon cou-
pling increasing with the core–shell ratio of the nanocrystal
increasing [57]. Considering the literature findings it might be
postulated that thymine conjugation strongly affected the
electronic state of CdTe-QDs inducing the red shift in
absorbance spectra and thus reducing Stokes shift.

The position of the fluorescence band was not dependent
on the amount of thymine in the CdTe–thymine conjugate but
the intensity of the emission band was influenced by that
parameter (see figure 9). The fluorescence intensity of CdTe–
thymine conjugates was generally growing with an increase in
thymine concentration, although not monotonically. The
highest fluorescence intensity was observed when the molar
ratio of CdTe to thymine in the reaction mixture was 1:7 (see
table 1). That can be explained considering the coordinated
interactions between the surface of CdTe QDs and the
nitrogen atoms of thymine as well as with the hydrogen bond
formation. These interactions can effectively remove the
dangling bonds and surface defects, resulting in higher
fluorescence intensity of CdTe–thymine conjugates [52]. It
was also suggested that by removing of local energy traps on
surface and by neutralizing of the surface charge one may
increase the PL intensity [41]. There is, however, a limit to
which the surface of QD can be modified with thymine,
because too high content of biomolecules introduced can

destabilize this colloidal system resulting in the QDs aggre-
gation and reduced fluorescence intensity.

3.5. Interaction of CdTe–thymine conjugates with nucleobases
and modified nucleosides studied with fluorescence
spectroscopy

Finally, the interaction of CdTe–thymine conjugates with
adenine, the nucleobase complementary to thymine, was
studied. CdTe–thymine conjugate (1:6, pH=7.5) was titra-
ted with adenine and, to determine the selectivity of the
conjugate-adenine interaction, also with other nucleobases. It
was observed that fluorescence intensity of CdTe–thymine
conjugate increased considerably on addition of adenine and
this effect is especially pronounced for adenine concentration
up to 0.7 mmol ml−1 (see figure 10(B)). This effect could not
be ascribed to dilution as shown in a separate experiment. For
higher concentrations of the titrant the fluorescence intensity
reached a plateau and then decreased slightly (10 A). For
other nucleobases the effect of fluorescence enhancement
with growing nucleobase concentration was much smaller
(figure 10).

The experiment has proven high sensitivity and selec-
tivity of CdTe–thymine conjugate fluorescence towards ade-
nine. This may be attributed to the specific interactions
between thymine and adenine, as reported in the literature
[58]. Figure 11 demonstrates the proposed mechanism of
CdTe–thymine conjugate interaction with adenine.

Furthermore, to evaluate the applicability of the obtained
materials for detection of modified nucleosides in body fluids,
the interaction of CdTe–thymine conjugates with 5′-deoxy-5′-
(methylthio)adenosine (MTA) and 2′-O-methyladenosine was
also evaluated in a similar way as for nucleobases. As shown
in figure 12, the fluorescence intensity of CdTe–thymine
conjugate is significantly enhanced in the presence of MTA
and 2′-O-methyladenosine. This effect could not be ascribed
to dilution as shown in a separate experiment

Figure 13 demonstrates the proposed mechanism of
CdTe–thymine conjugate interaction with both types of
modified nucleosides.

The modified adenine-containing nucleosides studied
have been chosen because they have been identified as the
urinary tumor markers and hence finding a method of their
detection and quantitation may provide a way of cancer
diagnosis and progression. Moreover, urinary nucleosides
may also indicate the occurrence of other diseases such as
AIDS, cystic fibrosis and severe immunodeficiency disease
resulting from the deficiency of adenosine deaminase (ADA).
Moreover, it is known that the accumulation of 2′-O-methy-
ladenosine could play a role in the pathological processes in
ADA-deficient patients [59]. Moreover, MTA can be also
found in human urine. That compound is a substrate of 5′-
methylthioadenosinephosphorylase (MTAP), an enzyme
known to be expressed by tumor suppressor genes [60].

Based on these preliminary experiments one can postu-
late that the CdTe–thymine conjugate we developed can serve
as a working component for the selective biosensor of adenine
and/or its compounds.

Figure 9. The fluorescence emission spectra of CdTe–thymine
conjugates obtained using different CdTe:thymine molar ratio,
λexc=351 nm. (Insert: dependence of the relative fluorescence
intensity (I/I0) on the CdTe:thymine molar ratio used during their
synthesis.)
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4. Conclusions

Novel fluorescent material based on TGA-capped CdTe–
thymine conjugates has been developed and thoroughly
characterized. CdTe QDs stabilized with TGA forming stable
aqueous dispersion with excellent fluorescence properties
were synthesized. Successful conjugation of TGA-protected
CdTe QDs with thymine was confirmed by elemental analy-
sis, FTIR, DLS, TEM/HRTEM and AFM measurements.
Crystal structure and composition of the CdTe QDs and their
conjugates with thymine were characterized by means of
XRD and XPS techniques. It was demonstrated that the size
of conjugates was 4–6 nm and that the native CdTe QDs
crystallization was retained in CdTe–thymine conjugate
developed. It was shown that coordination and hydrogen
bonds between thymine and CdTe QDs enhanced fluores-
cence intensity and increased the stability of the CdTe QDs.
The conjugate with the optimal composition (QDs/thymine

Figure 10. Dependence of the relative fluorescence intensity (I/I0) of
CdTe–thymine conjugates in the presence of nucleobases: adenine,
guanine and cytosine (pH=7.5, λexc=351 nm) for the long (A)
and (B) the short range of the titrant concentration To show the
effect of dilution, fluorescence was also measured upon the addition
of corresponding volumes of PBS solution.

Figure 11. The mechanism of interaction between CdTe–thymine conjugate and adenine.

Figure 12.Dependence of the relative fluorescence intensity (I/I0) of
CdTe–thymine conjugates in the presence of MTA and 2′-O-
methyladenosine. To show the effect of dilution, fluorescence was
also measured upon the addition of corresponding volumes of PBS
solution.
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of 1:6 mol mol−1 in the reaction mixture) interacted strongly
with adenine and with modified nucleosides, 5′-deoxy-5′-
(methylthio)adenosine and 2’-O-methyladenosine, which are
known as cancer biomarkers. High sensitivity and selectivity
of CdTe–thymine fluorescence towards adenine and modified
adenosine suggests that it can be potentially useful for
development of the biosensor for adenine/adenosine
biomarkers.
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