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or double stranded DNA [11,12]. Anti-dsDNA 
antibodies can be found in the blood of systemic 
lupus erythematodes (SLE) patients. This auto-
immune disease is manifesting by formation of 
immunocomplexes [13]. The antibodies usually 
belong to class IgM in normal patients or IgG 
in SLE patients [14] and they can be transi-
ently found in the blood of patients with some 
viral infections (HIV, BK or B19 virus) [15]. 
Anti-dsDNA antibodies usually bind to sugar-
-phosphate backbone, base pairs or some double 
strand conformations. Anti-ssDNA antibodies 
should be able to bind to bases, nucleotides, 
oligonucleotides and sugar-phospate backbone 
[16]. Commercially available are also antibodies 
against DNA adducts such as those with cispla-
tin [17]. The combination of suitable antibodies 
can help identify the secondary structures of 
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1. Introduction 
Antibodies represent a specialized glycopro-

tein group and form the main base of vertebrate 
immune system. There are 5 immunoglobulin 
classes in mammalian serum: IgG, IgM, IgA, 
IgD and IgE [1]. In avian species the immuno-
globulins G are replaced by highly functionally 
similar immunoglobulins Y and there are also 
IgA and IgM present [2]. Antibodies are often 
used in variety of applications, including ELISA 
for the detection of various analytes [3], virions 
[4] or tumor markers [5], cell capture for sub-
sequent analysis [6] and magnetic immunose-
paration [7,8]. For bulk production, antibodies 
extracted from chicken egg yolks immunized 
with the specific antigen are often used [9]. 

Anti-DNA antibodies were first discovered in 
1957 [10] and they can bind to single stranded 

The anti-DNA antibodies are produced in patients with autoimmune disease called systemic 
lupus erythematodes. They can be reactive against double or single stranded DNA or DNA 
modified with some other molecules. Using the variety of antibodies it is possible to determine 
the structure of studied DNA. In this work, we used 4 anti-DNA antibodies produced in egg yolk 
after immunization of hens with DNA-mBSA antigen – anti-dsDNA, anti-ssDNA, afi-dsDNA 
and afi-ssDNA. The reactivity of these antibodies was evaluated using the dot blot method 
with different lengths and concentrations of DNA antigen. The most reactive antibodies 
(anti-ssDNA) were modified with carbon quantum dots synthesized from multiwall carbon 
nanotubes and this modification was verified by ELISA-like method with fluorescent detection 
and fluorescence resonance energy transfer between DNA and quantum dots was observed, 
increasing the sensitivity of the DNA detection.
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DNA [18].
To enhance the antigen detection limit it is 

possible to label the antibodies with highly 
fluorescent nanoparticles such as quantum dots 
(QDs) [3]. QDs have unique fluorescent charac-
teristics, including wide absorbance spectrum 
with narrow emission spectrum, high quantum 
yield or excellent photostability [19]. They are 
usually formed by a semiconductor crystals, 
such as CdTe, CdS or ZnS, but they can also be 
prepared from carbon materials with polymer 
coating [6]. These materials include nanodia-
monds [20], graphene [21], 
graphite [22], single- and 
multi-wall carbon nanotubes 
[23], citric acid [24] or sucro-
se [25]. The prepared carbon 
quantum dots usually show 
high fluorescence under UV 
light [26].

In this work, we studied 
anti-DNA antibodies pro-
duced in chicken egg yolks 
as a tool for DNA structure 
detection. We used four dif-
ferent anti-DNA antibodies: 
anti-dsDNA, afi-dsDNA, anti-ssDNA and afi-
-ssDNA. Their reactivity towards various sized 
DNA molecules was evaluated using dot blot 
method. The successful modification of anti-
-DNA antibodies with carbon quantum dots 
was determined by ELISA-like method with 
fluorescent detection.   

2. Results and Discussion
2.1 The reactivity of anti-DNA antibodies 
and DNA of different lengths

The reactivity of 4 different types of anti-DNA 
antibodies (anti-dsDNA, afi-dsDNA, anti-ssDNA 
and afi-ssDNA) to different lengths of double 
and single stranded DNA was evaluated using 
the dot blot assay on Zeta Probe membrane 
with high affinity to DNA. 6 different DNA 
samples were immobilized on the membrane 
in the order described in Fig. 1A – double and 
single stranded oligonucleotide (12 bp), double 
and single stranded DNA fragment (498 bp) 
and double and single stranded genomic DNA 

from bacteriophage λ (48502 bp). To determine 
which part of DNA serves as an antigen for anti-
-DNA antibodies, we used two concentrations 
of different DNA lengths – the same molar 
concentration (15 nM, Fig. 1B) and same mass 
concentration (100 μg/mL, Fig. 1C). The anti-
bodies used were produced in chicken egg yolk 
after hen immunization. Anti-chicken antibody 
labeled with horseradish peroxidase was used 
for colorimetric detection of antibody-DNA 
binding. Table 1 shows the quantification of 
the observed bands intensity

Figure 1: The dot blot assay for evaluation of antibo-
dy reactivity with single and double stranded DNA of 
different length.  (A) The sample order on Zeta Pro-
be membrane. (B) Dot blot assay with 15 nM DNA 
and 22 μg/mL of antibodies. (C) Dot blot assay with
100 μg/mL of DNA and 22 μg/mL of antibodies.

None of the tested antibodies were able to bind 
to oligonucleotides, either single stranded or 
double stranded. The anti-dsDNA antibody was 
able to bind to double stranded DNA fragment 
and both double and single stranded genomic 
DNA. With the same molar concentrations of 
DNA, the anti-dsDNA antibody bound most 
to the double stranded genomic DNA and the 
binding to double stranded DNA fragment 
and single stranded genomic DNA was similar. 
However, with the same mass concentrations 
of used DNA, the anti-dsDNA antibody bound 
equally to all three of these samples. From these 
results, it can be concluded that this antibody 
probably binds to the DNA mass (i.e. certain 
number of bases), not to a special part of DNA 
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Table 1: The colorimetric intensity quantification of dot blot assay.
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molecule. The afi-dsDNA was prepared by affi-
nity purification of anti-dsDNA antibodies. This 
antibody was able to bind only to the double 
stranded genomic DNA, it was non-reactive to 
any shorter or single stranded DNA.

The anti-ssDNA antibody was the most re-
active, it was able to bind to both single and 
double stranded DNA fragment and genomic 
DNA. With the same molar concentrations of 
DNA, the antibody bound most equally the 
double stranded DNA fragment and single st-
randed genomic DNA. The reactivity to single 
stranded DNA fragment was poor. With the 
same mass concentrations of DNA, the antibody 
equally bound to double stranded DNA frag-
ment and single and double stranded genomic 
DNA. There was no reactivity to single stran-
ded DNA fragment. Overall, the anti-ssDNA 
antibody is more reactive to double stranded 
DNA than single stranded which can be caused 
by the immunization process during which 

the single stranded DNA can form double 
strands with its complementary molecules. 
The afi-ssDNA was prepared in a similar way 
to the afi-dsDNA. With the same molar con-
centrations of DNA, this antibody bound to 

double stranded DNA fragments and single 
and double stranded genomic DNA, but in 
the case of same concentrations of DNA, the 
afi-ssDNA antibody bound only to double 
stranded DNA fragment and genomic DNA. 
These antibodies probably bind to some part 
of DNA molecule, but the reactivity is also 
dependent on the DNA mass.

2.2 Characterization of carbon quantum 
dots

The most reactive antibodies (anti-ssDNA) 
were subsequently modified with carbon 
quantum dots synthesized from multiwall 
carbon nanotubes (MWCNT-CQDs). Fig. 2A 
shows these quantum dots under ambient 
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Figure 2: The characterization of MWCNT-CQDs. (A) Visualization under ambient 
and UV (254 and 312 nm) light. (B) Absorbance spectrum of MWCNT-CQDs. (C) The 
fluorescence spectra of MWCNT-CQDs after various excitation wavelength.
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and UV (254 and 312 nm). Fig. 2B shows the 
absorbance spectrum of MWCNT-QDs. The 
absorption of these quantum dots is the highest 
for light of smaller wavelengths (UV light). Ho-
wever, their fluorescence intensity increased in 
dependence to the increasing excitation wave-
length with the excitation maximum at 330 nm. 

2.3  Modification of anti-DNA antibodies 
with carbon quantum dots

These quantum dots were used for the modifi-
cation of anti-ssDNA antibodies. The successful 
modification was verified by ELISA-like method 
with fluorescent detection (Fig. 3). The double 
stranded DNA fragments were immobilized 
on the surface of microtiter plate well and the 
rest of the surface was blocked by milk powder 
in PBS. The samples were then incubated with 
antibodies with and without MWCNT-QDs 
modification and excess molecules of antibodies 
were removed by washing. The fluorescence 
of MWCNT-QDs was measured using their 
excitation maximum at 330 nm. Antibodies 

with no MWCNT-QDs modification (Fig. 3A) 
showed no fluorescence using this excitation. 
In case of antibodies modified with MWCNT-
-QDS there was very low fluorescence observed 
and only with the highest DNA concentration 
(100 μg/mL) (Fig. 3B). However, high fluo-
rescence was observed with the excitation at 

230 nm. This fluorescence was observed in sam-
ples with antibodies without the MWCNT-QDs 
modification (Fig. 3C) as well as antibodies 
with MWCNT-QDs (Fig. 3D). However, the 
fluorescence was 4 times higher in the case of 
anti-ssDNA modified with MWCNT-QDs than 
unmodified antibodies and it increased with 
the increasing DNA concentration linearly. This 
difference between the fluorescence of carbon 
quantum dots and antibodies modified with 
carbon quantum dots bound to DNA can be 
probably explained by fluorescence resonance 
energy transfer between the DNA, antibodies 
and carbon quantum dots.
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3. Experimental Section 
3.1 Chemicals 

All chemicals of ACS purity were obtained 
from Sigma-Aldrich (St. Louis, MO, USA) un-
less otherwise stated. Deionized water under-
went demineralization by reverse osmosis 
using the instrument Aqua Osmotic 02 (Aqua 
Osmotic, Tisnov, Czech Republic) followed by 
further purification using Millipore RG (Milli-
pore, Billerica, MA, USA, 18 MO)–MiliQ water. 
The pH was measured using WTW inoLab pH 
meter (Weilheim, Germany).

3. 2  dsDNA and ssDNA preparation 
3 different lengths of DNA were used as samp-

les for evaluation of antibody reactivity – geno-
mic DNA (48502 bp), DNA fragment (498 bp) 
and oligonucleotides (12 bp). Genomic DNA 
isolated from bacteriophage λ was purchased 
from New England Biolabs (Ipswitch, MA, 
USA). From this DNA, xis gene fragment was 

amplified using Taq PCR kit purchased from 
New England Biolabs (Ipswitch, MA, USA) and 
primers synthesized by Sigma-Aldrich (St. Lou-
is, MO, USA) with the sequence 5́ -CCTGCTCT-
GCCGCTTCACGC-3´ for forward primer and 
5 -́TCCGGATAAAAACGTCGATGACATTT-
GC-3´ for reverse primer. The reaction mixture 
(100 μL) composed of 1× standard Taq reac-
tion buffer; 0.2 μM deoxynucleotide solution;
0.2 μM of each primer; 6.25 U of Taq DNA po-
lymerase and 750 ng DNA. PCR took place in 
Mastercycler ep realplex4 S (Eppendorf, New 
Brunswick, Germany) and the cycling condi-
tions were as follows: denaturation for 120 s at 
95 °C; 30 cycles of denaturation for 15 s at 95 °C, 
annealing for 15 s at 64 °C and elongation for 
45 s at 72 °C with a final elongation for 5 min at 
72 °C. Obtained DNA fragments were purified 
using MinElute PCR Purification Kit (Qiagen, 
Hilden, Germany) and their concentration was 
determined spectrophotometrically (Analytic 
Jena, Jena, Germany). The oligonucleotide se-

Figure 3: Modification of anti-DNA antibodies with MWCNT-CQDs determined by ELISA-like method 
with fluorescent detection. (A) Fluorescence spectra (excitation wavelength 330 nm) of microtiter plate 
wells coated with DNA fragment after incubation with anti-ssDNA antibodies. (B) Fluorescence spectra 
(excitation wavelength 330 nm) of microtiter plate wells coated with DNA fragment after incubation 
with anti-ssDNA antibodies modified with MWCNT-CQDs. (C) Fluorescence spectra (excitation wave-
length 230 nm) of microtiter plate wells coated with DNA fragment after incubation with anti-ssDNA 
antibodies. (D) Fluorescence spectra (excitation wavelength 230 nm) of microtiter plate wells coated 
with DNA fragment after incubation with anti-ssDNA antibodies modified with MWCNT-CQDs.
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quences were 5́ -ATGGAATGCAGG-3́  (O1) and 
5́ -CCTGCATTCCAT-3´ (O2), respectively and 
they were synthesized by Sigma-Aldrich (St. 
Louis, MO, USA). 

To produce double stranded oligonucleoti-
des, O1 and O2 were mixed in 1:1 molar ratio, 
heated at 99 °C for 4 min and slowly cooled to 
room temperature to enable the formation of 
double strand. To dissolve double stranded 
DNA fragment and genomic DNA and produce 
single stranded DNA, the samples were heated 
at 99 °C for 4 min, shock-cooled on ice to pre-
vent the re-formation of double stranded DNA 
and immediately used for subsequent analysis. 

3.3 Preparation of antibodies
Chicken anti-DNA antibodies were prepa-

red by HENA (Prague, Czech Republic). Hens 
were immunized with DNA-mBSA complex 
and IgY fraction reactive to DNA-mBSA was 
obtained from egg yolk. The antibodies were 
stabilized with 0.1% NaN3 in PBS and protein 
concentration was 38.8 mg/mL in immuno-
globulin fraction for anti-dsDNA, 30.1 mg/mL 
for anti-ssDNA, 29.2 mg/mL for afi-dsDNA and 
22.2 mg/mL for afi-ssDNA. For the analysis, 
antibodies were diluted with antibody dilu-
tion buffer containing 1 mg/mL BSA in PBS 
(137  mM NaCl, 2.7 mM KCl, 1.4 mM NaH2PO4, 
and 4.3 mM Na2HPO4, pH 7.4) to a concentra-
tion of 22 μg/mL.

3.4 Dot bot assay
2 μL of the DNA samples (15 nM or 

100 μg/mL) were immobilized on a Zeta Pro-
be membrane (Bio-Rad, Hercules, CA, USA) 
and dried at 37 °C in an incubator Galaxy 14S 
(Eppendorf, New Brunswick, Germany). The 
membrane was blocked for 30 min during ro-
tation at 40 rpm (Multi RS-60, Biosan, Riga, 
Latvia) in a blocking buffer containing 1% milk 
powder in PBS. The solution was replaced by 
primary antibodies (anti-dsDNA, afi-dsDNA, 
anti-ssDNA or afi-ssDNA antibody). The mem-
brane was incubated with antibodies for 1 h at 
room temperature during rotation and then 
washed with PBS with 0.05% Tween 20 (PBS-T). 
The secondary antibodies labeled with horsera-
dish peroxidase (Dako, Glostrup, Denmark) in 

dilution of 1:1500 in dilution buffer were added 
to the membrane and incubated for 1 h during 
rotation.  Visualization in chromogenic sub-
strate followed after washing with PBS-T. The 
membrane was immersed in the solution com-
posed of substrate buffer (0.5 M acetate buffer, 
pH 5.4), 0.4 mg/mL 3-amino-9-ethylcarbazole 
and hydrogen peroxide in the ratio 1000:10:1. 
The assay was performed according to [27]. 
Mean intensity of the color was quantified by 
Carestream Molecular Software (Rochester, 
NY, USA) in each spot and the color of the bac-
kground was deducted.

3.5 Multiwall carbon nanotubes-
based CQDs (MWCNT-CQDs) 
preparation and characterization

MWCNT (0.1 g) were heated in 3:1 mixture of 
H2SO4 : HNO3 (10 ml) under reflux at 140 ºC for 
8 h. After cooling acetone (10 ml) was added. 
The mixture was left overnight and Na2CO3 
(10.6 g) in water (80 ml) was added with sti-
rring. Brown oily viscous liquid was collected 
on the bottom of the tube after centrifugation 
(25000 rpm, 20 min, 20 ºC). Aqueous layer was 
used for fluorescence measurement. Absorban-
ce and fluorescence spectra were measured 
using the TECAN microtitration plate reader 
Infinite 200 PRO (Männedorf, Switzerland) 
using 100 μL of the sample in the UV transpa-
rent 96-well plate. Each absorbance value is an 
average of 5 measurements.

3.6 Modification of anti-DNA 
antibodies with MWCNT-CQDs and 
ELISA-like verification method

25 μL of MWCNT-CQDs  was mixed with  
5 μL of anti-ssDNA antibodies (1.4 mg/mL) and   
75 μL of water and incubated for 2 h at 20 °C 
during rotation at 60 rpm. 50 μL of DNA frag-
ment (100 μg/mL) was pipetted on microtiter 
plate well and incubated at 37 °C for 2 h. The rest 
of the well surface was blocked for 30 min with 
a blocking buffer containing 1% milk powder 
in PBS. The solution was replaced by 100 μL of 
anti-ssDNA antibodies modified with MWCNT-
-CQDs and incubated at 37 °C for 1 h and then 
washed three times with water. Visualization 
was performed by absorbance and fluorescence 
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spectra measurement using TECAN microtitra-
tion plate reader Infinite 200 PRO (Männedorf, 
Switzerland) in 100 μL of water.

4. Conclusions 
In this work, the reactivity of anti-DNA antibo-

dies was evaluated using the dot blot method. 
The antibodies were subsequently modified with 
carbon quantum dots and used in an ELISA-
-like DNA detection method with fluorescent 
detection. Using this approach it is possible 
to increase the sensitivity of DNA immuno-
-based detection and eliminate the need to use 
secondary antibodies labeled with HRP in these 
methods. Moreover, using the combination of 
different anti-DNA antibodies it is possible to 
determine different DNA structures. 
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