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Nanoparticles as a progressively developing branch offer a tool for studying the interaction of
carbon quantum dots (CQDs) with DNA. In this study, fluorescent CQDs were synthesized using
citric acid covered with polyethylene glycol (PEG) as the source of carbon precursors. Furthermore,
interactions between CQDs and DNA (double-stranded DNA and single-stranded DNA) were in-
vestigated by spectral methods, gel electrophoresis, and electrochemical analysis. Primarily, the
fluorescent behavior of CQDs in the presence of DNA was monitored and major differences in the
interaction of CQDs with tested single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA)
were observed at different amounts of CQDs (µg mL−1: 25, 50, 100, 250, 500). It was found that the
interaction of ssDNA with CQDs had no significant influence on the CQDs fluorescence intensity
measured at the excitation wavelengths of 280 nm, 350 nm, and 400 nm. However, in the presence
of dsDNA, the fluorescence intensity of CQDs was significantly increased. Our results provide basic
understanding of the interaction between CQDs and DNA. Such fabricated CQDs–DNA might be
of great benefit for the emerging nanomaterials based biosensing methods.
c© 2014 Institute of Chemistry, Slovak Academy of Sciences
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Introduction

The unique quantum size effect of quantum dots
(QDs) semiconductor nanocrystal stems from dimen-
sions smaller than the bulk exaction Bohr radius. This
unique effect is connected with QDs properties such
us broad excitation spectrum, excellent photostabil-
ity, high quantum yield of fluorescence and high pho-
tobleaching (Song et al., 2013; Yang et al., 2013). The
main advantage of semiconductor nanocrystals is their
high fluorescence, where organic fluorophores usually
do not have the excellent characteristics of QDs that
are associated with their high photostability and resis-
tance to photobleaching. Moreover, the spectral prop-

erties as emission and excitation can be changed eas-
ily based on the change of the size of semiconductor
nanocrystals (Fu et al., 2005). On the other hand, an
application of these semiconductor based QDs such
as CdTe, CdSe, CdSe/ZnSe, PbS, and CdS (Ryvolova
et al., 2012; Pohanka, 2014) is limited by the pres-
ence of heavy metals. This serious problem can be,
however, overcome due to the extremely low concen-
tration needed for their practical applications (Liu et
al., 2011; Song et al., 2013). Compared with these
semiconductor nanomaterials, CQDs show many ad-
vantages including chemical stability, biocompatibility
and low toxicity (Bai et al., 2011; Dong et al., 2010).
CDQs represent a new type of nanomaterials with
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nanocrystal structure where the crystal size is not gen-
erally lower than 10 nm in diameter. The importance
of CQDs is reflected in their electronic, mechanical,
chemical and optical properties. All of these proper-
ties allow using CQDs in different fields of research
such as catalysis, sensing, bioimaging, tissue engineer-
ing, optoelectronic and electronic devices (Bai et al.,
2011; Dong et al., 2013; Yang et al., 2013; Zhang et
al., 2013). Carbon nanoparticles have functionalized
and passivated surface states with carboxyl or hy-
droxyl groups with good photo-induced electron trans-
fer properties (Li et al., 2013a). There are many differ-
ent ways to synthesize various functionalized and non-
functionalized CQDs. These properties depend on the
different methods of CQDs preparation such as py-
rolysis (Jia et al., 2012), electrochemical exfoliation
(Li et al., 2011a; Long et al., 2012; Ming et al., 2012),
acidic oxidation (Liu et al., 2012), hydrothermal treat-
ments (Sahu et al., 2012), microwave passivation (Li et
al., 2011b), laser ablation (Cao et al., 2007), thermal
oxidation, and emulsion-assisted methods (Bourlinos
et al., 2008; Linehan & Doyle, 2014). Previously men-
tioned methods allow fast synthesis of CQDs with very
high quality using low cost raw materials (Kwon et al.,
2013; Liang et al., 2013; Liu et al., 2011). Materials for
the preparation of CQDs depend on the methods used.
Commonly used are carbon materials with different
sizes such as graphite, carbon nanotubes, carbon soot,
activated carbon, graphite oxide or different molecu-
lar precursors such as citric acid or glucose (Dong et
al., 2012a). Excellent optical properties of CQDs orig-
inate from carboxyl or hydroxyl groups passivated by
a polymer. These ensure the production of high flu-
orescent nanomaterials with high quantum yield and
excitation wavelength (Kim et al., 2013). In addition,
the unique photophysical and chemical properties of
CQDs have attracted special attention for their po-
tential application in biosensing (Dong et al., 2012b).
Biological macromolecules, such as DNA, can

specifically interact with organic compounds (Zhao et
al., 2014) which show certain limitations associated
with long term photostability and solubility. For bio-
logical applications it is necessary to use water solu-
ble materials with excellent photostability and optical
properties. Semiconductor quantum dots characteris-
tics allow using these properties for the production
of new biosensors, which leads to their implementa-
tion in bio-analytical applications. These biosensors
enable the detection and diagnosis of different types of
illness and disease (Vaishnavi & Renganathan, 2014).
Because of its natural molecular recognition and struc-
ture properties, DNA represents a suitable biomaterial
for the interaction with other nanomaterials (He et
al., 2011). Many various prototypes of biosensors were
prepared by QDs–DNA conjugation using the advan-
tage of the excellent properties of QDs and the flex-
ibility and precision of interparticle distance tuning
by the DNA strand; moreover, this method represents

the easiest way of assembling heterogeneous nanos-
tructures via the DNA mediated approach (Grimes et
al., 2006; Wang et al., 2011). CQDs are also consid-
ered as materials with great potential to be used for
DNA analysis (Pandey et al., 2014; Su et al., 2014).
In the present article, the preparation of CQDs

covered with polyethylene glycol by a simple hy-
drothermal approach and the interaction of the pre-
pared CQDs with DNA are presented. The effect of
the DNA conjugation process on the structural sta-
bility of a polymer on a particular surface of CQDs
and on the stability of CQDs, as well on the inter-
action between CQDs and DNA was the main aim
of this research. The effect of the CQDs conjuga-
tion with DNA and the effect of this conjugation on
the CQDs stability were investigated. Also a part of
the experiments was done to investigate the effect of
the initial CQDs/DNA ratio on the amount of CQDs
per ssDNA and dsDNA. According to the results ob-
tained, the difference between the fluorescence of the
CQDs sample and CQDs–ssDNA was very small; how-
ever, in case of the CQDs–dsDNA sample, the fluo-
rescence intensity increase was much higher than in
case of CQDs or CQDS–ssDNA samples, which en-
ables to distinguish ssDNA and dsDNA. This shows
that methods employing CQDs–dsDNA provide a sig-
nificant benefit in DNA labeling. Spectral methods,
electrochemical analysis, and gel electrophoresis were
employed to investigate the interaction between CQDs
and DNA.

Experimental

Chemicals and materials

Citric acid, polyethylene glycol (PEG) with molec-
ular mass of 8000, ethylene glycol, sequence of the for-
ward primer 5′-CGCAAGAGAGGGATCAACTT-3′,
reverse primer 5′-TATTTCAATGCCTCGGCTCT-3′,
ACS H2O, tris-hydroxymethyl-aminomethane, acetic
acid, ethylenediaminetetraacetic acid, and ethidium
bromide were purchased from Sigma–Aldrich Co. (St.
Louis, MO, USA). A D-TUBE Dialyzer maxi MWCO
3.5 kDa was purchased from EMD Milipore Corpo-
ration (San Diego, CA, USA). Deionized water un-
derwent demineralization by reverse osmosis using an
Aqua Osmotic 02 (Aqua Osmotic, Czech Republic)
and was subsequently purified using a Millipore RG
(MiliQ water, 18 M, Millipore Corp., Billerica, MA,
USA). Universal soft tin containers were purchased
from Thermo-Fisher Scientific (Cambridge, UK). The
Transcriptor First Strand cDNA Synthesis Kit and
the MagNA Pure Compact RNA Isolation Kit were
purchased from Roche (Basel, Switzerland). The Taq
PCR kit was bought from New England BioLabs (Ip-
swich, MA, USA). Agarose was purchased from Ap-
pliChem (Darmstadt, Germany). RNA-later solution
was purchased from Ambion (Austin, TX, USA).
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Synthesis of CQDs

Common methods for the preparation of water
soluble CQDs were adopted according to Wang et
al. (2010a). Briefly, the solution of ethylene glycol
(10 mL), PEG-8000 (1 g) and citric acid (1 g) in a
100 mL three-neck flask was heated at 180◦C for 3 h
under nitrogen flow, and then cooled down to ambi-
ent temperature. Mili-Q water was then added and
the mixture was stirred for a couple of minutes. The
obtained solutions were purified for 24 h by dialysis
against Mili-Q water with a D-Tube maxi dialyzer to
remove ethylene glycol. Measurements of CQDs flu-
orescence were conducted by a multifunctional mi-
croplate reader Tecan Infinite 200 PRO (Tecan group
Ltd., Männedorf, Switzerland). The absorbance scans
were recorded in the range of 200–800 nm each 5 nm.
Emission wavelengths were measured at different ex-
citation wavelengths (280 nm, 350 nm, and 400 nm)
with 2 �L of the sample placed on a NanoQuant plate,
16 well, with a quartz optical lens. The CQDs freeze-
drying procedure was conducted using a Christ Alpha
1-2 (B. Braun Biotech International, Basel, Switzer-
land). C, H, N, and S content analysis was performed
using a CHNS organic elemental analyzer Flash 2000
(Thermo-Fisher Scientific Inc., Waltham, MA, USA).
Dried sample of CQDs was added into soft tin con-
tainers and burned at 950◦C.

Metallothionein–DNA amplification and
agarose gel electrophoresis

Amplification of DNA and preparation of poly-
merase chain reaction (PCR) products was conducted
as follows: Isolation process was set according to
the manufacturer’s instructions using a MagNA Pure
Compact (Roche, Basel, Switzerland). The mRNA ob-
tained from earthworms was converted to cDNA em-
ploying a Transcriptor First Strand cDNA Synthesis
Kit according to the manufacturer’s instructions us-
ing the random hexamer primer. PCR tubes with the
mixture were placed into a cycler reactor Mastercy-
clerc ep realplex 4S (Eppendorf AG, Hamburg, Ger-
many) for cycling as follows: incubation at 25◦C for
10 min, followed by incubation at 55◦C for 30 min,
inactivation of transcriptor reverse transcriptase by
heating to 85◦C for 5 min and termination of the re-
action by placing the tube on ice. cDNA was amplified
using the Taq kit. The sequence of the forward primer
was 5′-CGCAAGAGAGGGATCAACTT-3′ and the
sequence of the reverse primer was 5′-TATTTCAATG
CCTCGGCTCT-3′. The reaction mixture (25 �L)
was composed of 10 × standard Taq reaction buffer
(2.5 �L), 10 mM deoxynucleotide solution mix
(0.5 �L), 1 �L of each primer (10 �M), 5 U �L−1

Taq DNA polymerase (0.2 �L), ACS purity ster-
ile H2O (17.3 �L), and cDNA (2.5 �L) obtained
in the previous step. From this sample, the 228-bp

PCR product of the metallothionein gene was ob-
tained. The PCR product was mixed with CQDs
and run in a 2 % agarose gel electrophoresis using
agarose in 1 × TAE buffer (containing 40 mM tris-
hydroxymethyl-aminomethane, 20 mM acetic acid,
and 1 mM ethylenediaminetetraacetic acid) for 0 min,
5 min, 10 min, 15 min, 20 min, 25 min, 30 min, and
45 min at 60 V, respectively, using the electrophoretic
apparatus. The bands were visualized by a UV tran-
silluminator (VilberLourmat, Marne-la-Vallée Cedex,
France) at 312 nm. Ethidium bromide was used to
stain the PCR product. Measurements of PCR fluores-
cence were conducted by a multifunctional microplate
reader Tecan Infinite 200 PRO. The absorbance scans
were recorded in the range of 200–800 nm each 5 nm.
Emission wavelengths were measured at different ex-
citation wavelengths (280 nm, 350 nm, and 400 nm)
with 2 �L of the sample placed on a NanoQuant plate,
16 well, with a quartz optical lens.

AdT SWV determination of CA peak from
DNA–CQDs complex

Electrochemical measurements were performed on
an AUTOLAB Analyzer (EcoChemie, Utrecht, Ne-
therlands) connected to a VA-Stand 663 (Metrohm,
Herisau, Switzerland) using a standard cell with
three electrodes. A hanging mercury drop electrode
(HMDE) with the drop area of 0.4 mm2 was em-
ployed as the working electrode. An Ag/AgCl/3 M
KCl electrode served as the reference electrode and
a glassy carbon electrode was used as the auxiliary
electrode. Software GPES 4.9 supplied by EcoChemie
was employed for smoothing and baseline correction.
All measurements were performed in the presence
of the acetate buffer (0.2 M CH3COOH and 0.2 M
CH3COONa, pH 5.0) at 25◦C. Double-stranded DNA
(dsDNA) and single-stranded DNA (ssDNA) were ap-
plied to interact with CQDs on the surface of the
working electrode. Square wave voltammetry coupled
with the adsorptive transfer technique (AdT SWV)
was employed in this study. Conditions of the electro-
chemical determination were as follows: purge time:
120 s; frequency: 280 Hz; initial potential: 0 V; end
potential: –1.8 V; potential step: 0.005 V; ampli-
tude: 0.025 V. pH value was measured using the in-
oLab Level 3 (Wissenschaftlich-Technische Werkstat-
ten GmbH, Weilheim, Germany).

Results and discussion

Effect of CQDs on DNA interactions

In this part, fluorescent CQDs were synthesized
and the possibility of their interaction with DNA was
examined using citric acid covered with PEG as the
source of carbon precursors and live earthworms as
the source of DNA. Covering of the CQD surface and
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Fig. 1. Synthesis of PEG-functionalized CQDs (using citric acid as the carbon source and PEG as the capping agent) (a) and its
interaction with: ssDNA (10 �g mL−1) (b) and dsDNA (10 �g mL−1) (c) using different amounts of CQDs (�g mL−1: 25,
50, 100, 250, 500), measured immediately after mixing.

its interaction with single- and double-stranded DNA
is shown in Fig. 1.
Water soluble CQDs were prepared according to

the general method reported by Wang et al. (2010a).
Heating of the solution helped to carbonize the molec-
ular precursor. To produce CQDs, high temperature
(180◦C) is needed and nitrogen atmosphere was used
here to reach the temperature required for the car-
bonization of the molecular precursor because the
presence of oxygen during the heating process can lead
to product oxidation. Higher temperature can cause
the destruction of organic capping reagents which can
result in bad surface passivation and functional group
deprivation. Using citric acid as the carbon source,
the loss of organic matter was prevented and the
good properties of surface passivation were preserved.
Low carbonization temperature (< 180◦C) of citric
acid enabled the synthesis of functionalized CQDs. To
achieve nanomaterial stability, surface capping agent
PEG was used. The polymer provided surface func-
tionality, which leads to the enhanced luminescence
and chemical stability as confirmed by fluorescence in-
tensity measurements showing that after two months,
CQDs have high luminescence and bright blue color.
Chemical composition of CQDs was confirmed by el-
emental analysis. A sample for CHNS analysis was
prepared in these steps: CQDs sample (1 mL) was
lyophilized at –70◦C for 2 h, under the pressure of
70 Pa. After lyophilization, CQDs in solid state were
added into soft tin containers and burned in the fur-
nace at 950◦C of the CHNS elemental analyzer. Data
obtained from the CHNS elemental analyzer showed
that the CQDs sample contained 46 % of carbon and
7.1 % of hydrogen. Traces of nitrogen and sulfur were
not found in the analyzed sample.
Interactions of ssDNA (10 �g mL−1) and dsDNA

(10 �g mL−1) with CQDs were studied separately with

different amounts of added CQDs. Samples of CQDs
at the corresponding concentration were mixed with
ssDNA and dsDNA solutions and the changes in the
absorption spectra were monitored by spectrophotom-
etry. The CQDs–DNA absorbance maximum was ob-
served at 260 nm. It clearly follows from the results
showed in Fig. 2A that increasing the concentration
of CQDs mixed with DNA results in a gradual in-
crease of the CQDs absorption. This can be caused by
the interaction of the electron pairs of oxygen atoms
from PEG with DNA bases forming hydrogen bonds.
From the obtained results it can be concluded that
the absorbance of CQDs increases with their increas-
ing concentration. However, results of CQDs–ssDNA
measurements showed that the absorbance gradually
increases with the increasing concentration of CQDs,
but no changes in the absorbance were observed in
the concentration range of 50–100 �g mL−1, followed
by a gradual increase of the absorbance. In case of
the CQDs–dsDNA sample, the absorbance gradually
increased and then a slight decrease was observed at
50 �g mL−1, from this point, the absorbance contin-
ued to increase gradually (Fig. 2A).
As previously mentioned, the interactions of ss-

DNA and dsDNA with CQDs were studied separately
with different amounts of CQDs and the fluorescence
was measured at the excitation wavelengths of 280 nm,
350 nm, and 400 nm for CQDs and DNA. When the
excitation wavelength of 280 nm was used, a narrow
peak at 376 nm was found. The fluorescence intensity
at 376 nm increased due to the CQDs concentration
increase, which can be seen from the obtained fluores-
cence intensity in Fig. 2B. From the results obtained,
it can be seen that the fluorescence intensity of CQDs
gradually increased with the increasing concentration
of CQDs in the sample. However, the mixture of CQDs
and ssDNA showed certain variation in the fluores-
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Fig. 2. Absorption and fluorescence spectra of CQDs–DNA (10 �g mL−1 of ssDNA or dsDNA) with different amounts of CQDs
(�g mL−1: 25, 50, 100, 250, and 500): influence of the increasing concentration of CQDs (a) CQDs–ssDNA (b), and
CQDs–dsDNA (c) on the absorbance (A); influence of the increasing concentration of CQDs (a), CQDs–ssDNA (b), and
CQDs–dsDNA (c) on the fluorescence measured at the excitation wavelengths of 280 nm (B), 350 nm (C), and 400 nm (D),
respectively; fluorescence intensity of CQDs–DNA (F): CQDs (a), ssDNA (b), dsDNA (c), CQDs–ssDNA (d), CQDs–dsDNA
(e); fluorescent image taken under the UV excitation at 312 nm (F): CQDs (a), ssDNA (b), dsDNA (c), CQDs–ssDNA (d),
CQDs–dsDNA (e).

cence intensity. At lower concentrations, the fluores-
cence intensity of CQDs mixed with ssDNA rapidly
increased but then it showed gradual decrease in the
concentration range of 50–100 �g mL−1, followed by
further gradual increase of the fluorescence intensity
at higher concentrations. The variation in the fluo-

rescence intensity at 376 nm can be explained by the
adsorption of ssDNA on the surface of CQDs via π–π
interactions (Ding et al., 2014). In case of the CQDs–
dsDNA sample, the variation of the fluorescence in-
tensity is also noticeable; however, in contrast to the
CQDs–ssDNA sample, it can be seen that the fluores-
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Fig. 3. Scheme of the adsorptive transfer technique for the interaction of DNA and CQDs: working electrode is immersed in a drop
containing the target molecule (DNA) to be adsorbed on the surface of this electrode (A); DNA-modified HMDE is rinsed
in the buffer (B); the electrode is transferred to the solution containing CQDs to allow their interaction with molecules
adsorbed in the previous step (C); after another rinsing step (D), the adsorbed complex is detected in the presence of
supporting electrolyte; adsorbed complex is consequently electrochemically analyzed (E).

cence intensity of CQDs/dsDNA gradually decreased
in the concentration range of 25–50 �g mL−1, and then
it gradually increased at higher concentrations. From
these results it can be concluded that CQDs are bound
into the structure of dsDNA. In such a case it is as-
sumed that electron pairs of oxygen atoms from PEG
can be bound with DNA bases by hydrogen bonds,
but according to Li et al. (2013b), four different mech-
anism can be adopted for QDs and DNA binding: QDs
externally bind to DNA backbones while DNA wraps
around QDs; QDs seemingly generate DNA loops by
simultaneously binding to two different sites on a DNA
molecule; QDs form a bridge to connect two or more
DNA molecules together. This binding arises from the
high affinity of QDs to DNA. It can be concluded that
the tested ssDNA and dsDNA interact with CQDs.
For excitation wavelengths of 350 nm, the emis-

sion peak was found at 430 nm (Fig. 2C), while the
measurement at 400 nm showed an emission peak at
464 nm (Fig. 2D). In these two cases, the fluorescence
intensity was found to be much lower in comparison
with that at the emission wavelength of 280 nm. Flu-
orescence intensity decreased in all samples when the
excitation wavelength increased. However, ssDNA and
dsDNA have very low fluorescence intensity whereas
they showed high intensity when mixed with CQDs,
in such a case, dsDNA showed higher intensity than
ssDNA (Figs. 2E and 2F).

DNA–CQDs interaction

Square wave voltammetry coupled with the ad-
sorptive transfer technique is one of the most sensi-
tive methods for DNA detection (Bartošík & Paleček,
2011; Krejcova et al., 2013). The adsorptive transfer
technique is based on the strong adsorption of the
target molecule on the surface of the working elec-
trode (Huska et al., 2009). In this study, interactions
of dsDNA and ssDNA with CQDs on the surface of

a working electrode were studied, which is shown in
Fig. 3. A 5 �L sample of DNA (dsDNA or ssDNA)
(concentration of 1 �g mL−1) was placed on Parafilm.
A hanging mercury drop electrode (HMDE) was sub-
sequently immersed into this drop. DNA was accumu-
lated for 120 s on the surface of the immersed HMDE.
After the accumulation step, HMDE was rinsed. The
DNA-modified HMDE was subsequently transferred
into 5 �L of CQDs, and then rinsed and transferred
into a supporting electrolyte after a certain time inter-
val. The absorbed complex was consequently electro-
chemically analyzed (Paleček, 2002; Paleček & Fojta,
2001).

Electrochemical detection of CA peak from
DNA–CQDs complexes

The ability of nucleic acids to produce analyti-
cally useful electrochemical reduction and oxidation
signals was first reported by the end of the 1950s and
at the beginning of the 1960s (Paleček, 1960, 1961).
These signals originate from the residues of bases in
DNA. Adenine (A) and cytosine (C) residues in DNA
produce reduction signals. Guanine (G) produces a
specific anodic signal explained by the oxidation of
the DNA reduction product formed at highly nega-
tive potentials (Paleček, 2002). The main aim of this
study is to monitor the changes of the cytosine adenine
(CA) signal from complex of ssDNA and dsDNA with
CQDs. Measurements were conducted separately for
each DNA type with the prolonging interaction time
and increasing CQDs concentration.

dsDNA–CQDs complex

CA peak of dsDNA was determined at (–1.42 ±
0.01) V (Fig. 4A). Accumulation time of dsDNA was
optimized to 120 s. Interaction time (0 s, 30 s, 60 s,
90 s, and 120 s) of dsDNA and CQDs was determined.
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Fig. 4. Typical SW voltammograms of dsDNA (a), dsDNA–CQDs (b), and ssDNA–CQDs (c) complexes (A); dependence of relative
CA peak height (solid circle, solid square and solid triangle) and potential (empty circle, empty square and empty triangle)
on the interaction time of CQDs with DNA (B) as: dsDNA (a), dsDNA–CQDs complex (b), ssDNA–CQDs complex (c),
dsDNA (d), dsDNA–CQDs complex (e), ssDNA–CQDs complex (f); dependence of relative CA peak height on the CQDs
concentration used in their interaction with dsDNA (C) and with ssDNA (D). The AdT SWV method was used. Parameters
of AdT SWV were as follows: time of accumulation: 120 s; time of interaction: 30 s (C), 120 s (D); purge time: 120 s;
frequency: 280 Hz; initial potential: 0 V; end potential –1.8 V; step potential: 0.005 V; amplitude: 0.025 V.

Height of the CA peak of the dsDNA–CQDs complex
decreased linearly until the interaction time of 120 s
(Fig. 4B). Thus, the relative CA peak height of the
dsDNA–CQDs complex was reduced by 20 % with-
out the change of the of interaction time. It means
that the interaction between dsDNA and CQDs oc-
curs immediately. Furthermore, the relative CA peak
height of the dsDNA–CQDs complex continuously de-
creased by more than 50 % after the interaction time
of 30 s and then gradually decreased after the interac-
tion time of 60 s, 90 s, and 120 s, respectively. The po-
tential of the CA peak of dsDNA–CQDs significantly
changed in comparison with that of the CA peak of
dsDNA (Fig. 4A). The dependence of the concentra-
tion of CQDs on the interaction between dsDNA and
CQDs was also studied (Fig. 4C). Different concentra-
tions of CQDs were applied to study their interaction
with dsDNA. The interaction time of 30 s was chosen
as it provides the most rapidly decreasing signal. Ac-
cumulation time of dsDNA was 120 s. It can be seen
that the signal of the CA peak of the dsDNA–CQDs
complex diminishes linearly with the increase of the

CQDs concentration, showing thus that the interac-
tion of dsDNA with CQDs decreases the CA peak sig-
nal of dsDNA–CQDs depending on the increasing con-
centration of CQDs used in the dsDNA-CQDs inter-
action process. A hypothesis can be drawn that CQDs
bind into the structure of dsDNA (Fig. 1). Moreover,
the interaction between dsDNA and CQDs on the sur-
face of the working electrode takes place immediately.

ssDNA–CQDs complex

For the detection of the CA peak of the ssDNA–
CQDs complex, square wave voltammetry coupled
with the adsorptive transfer technique was also em-
ployed. CA peak of ssDNA was determined at
(–1.38 ± 0.01) V. The electrochemical signal of ss-
DNA is generally higher than that of dsDNA at the
mercury and carbon electrodes (Bartošík & Paleček,
2011). This study provides the same results also for the
HMDE. Interaction time (0 s, 30 s, 60 s, 90 s, and 120
s) of ssDNA and CQDs was studied, while the accumu-
lation time of ssDNA was 120 s. The signal of the CA
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Fig. 5. Gel electrophoresis experiment using visualization by a UV transilluminator at 312 nm: Cutting part from gel of QDs with
DNA without staining (first column); QDs without staining (second column); QDs with DNA after staining with ethidium
bromide (third column); DNA after staining with ethidium bromide (fourth column).

peak of the ssDNA–CQDs complex decreased linearly
until the interaction time of 120 s (Fig. 4B). Unlike the
dsDNA–CQDs complex, the rate of the ssDNA–CQDs
signal decrease was lower and the potential change
was insignificant. The dependence of the concentra-
tion of CQDs on the interaction between ssDNA and
CQDs was also observed (Fig. 4D). Different concen-
trations of CQDs were used in their interaction with
ssDNA. The optimized accumulation time of ssDNA
was 120 s. It can be seen that the signal of the CA
peak of the ssDNA–CQDs complex decreases linearly
with the increase of the CQDs concentration. The ab-
sorption of ssDNA on the surface of CQDs via π–π
interactions resulted in the decrease of the CA peak
signal depending on the increasing amount of CQDs
in the ssDNA–CQDs interaction process.

Gel electrophoresis analysis of dsDNA

Using PEG-coated CQDs as a support for PCR
amplification of dsDNA, substantial DNA coupled
with CQDs was provided under optimized conditions.
In this part of the experiment, 10 mL of CQDs were
ten times concentrated to 1 mL using lyophilization
at –70◦C for 2 h under the pressure of 70 Pa. For each
sample, the DNA concentration was 300 �g mL−1. The
samples were diluted in the ratio of 1 : 1 to obtain the
same concentration of DNA (150 �g mL−1) and QDs
in each. After the PCR reaction, the gel electrophore-
sis experiment was carried out to investigate the suc-
cessful extension of CQDs–DNA conjugates (Fig. 5).
The PCR product was mixed with CQDs and pro-
cessed by the 2 % agarose gel electrophoresis for 0 min,
5 min, 10 min, 15 min, 20 min, 25 min, 30 min, and
45 min at 60 V, 400 mA and 25◦C. The band of CQDs
with a DNA strand (lane 1), CQDs (lane 2), CQDs
with a DNA strand and ethidium bromide (lane 3),
and a DNA strand with ethidium bromide (line 4)
were observed by a UV transilluminator. From these
lanes it can be seen that with the changing interaction
time, migration time of the samples also change. Lane

1 corresponds to the injection of CQDs mixed with
DNA in the gel.
It can be clearly seen from Fig. 5, that the smear

area in lane 2 (CQDs) is slighty larger and brighter
than that in lane 1 (CQDs–dsDNA), which suggests
that CQDs were bound into the structure of dsDNA.
To verify the hypothesis that the CQDs interact with
DNA, the samples were stained with ethidium bro-
mide, which serves as a fluorescent label for DNA vi-
sualization. On the lanes stained with ethidium bro-
mide, the influence of CQDs concentration on DNA
was determined. Lane 3 shows the sample of CQDs–
DNA stained with ethidium bromide. As the DNA is
distorted by the presence of CQDs, the labeling fluo-
rescence intensity is reduced. In lane 4, only DNA was
stained with ethidium bromide and from this lane, the
high fluorescence intensity of DNA with the same mi-
gration time of sample as in other cases can be seen.
A comparison of lanes 3 and 4 shows that the sample
with DNA has higher fluorescence intensity than those
with CQDs, which is probably caused by the CQDs be-
ing bound into the DNA strand blocking the ethidium
bromide binding into the DNA structure. The interca-
lation of CQDs into the DNA structure also leads to
changes in the electrophoretic behavior of the CQDs–
DNA complexes (Wang et al., 2010b).

Conclusions

In summary, structurally and optically stable
CQDs functionalized with DNA can be successfully
produced. Investigation of the physicochemical inter-
actions between CQDs and DNA during their con-
jugation, spectral methods, electrophoresis, and elec-
trochemical analysis provide an insight into the major
experimental parameters determining the CQDs func-
tionalization with DNA. According to the obtained
data, it can be assumed that the ssDNA strand con-
jugates with CQDs via π–π interactions. The interac-
tion between CQDs and dsDNA indicates that CQDs
are bound into the structure of dsDNA via electron
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pairs of oxygen atoms from PEG bound with DNA
bases by hydrogen bonds. PEG bounded into the ds-
DNA significantly increases the fluorescence of CQDs.
ssDNA can also increase the fluorescence of CQDs,
but such an increase is lower than that of dsDNA due
to the weaker bond between ssDNA and PEG. These
CQDs–DNA conjugates are optically stable. However,
this paper presents a potential application of CQDs in
the design of highly sensitive biosensors.
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