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Abstract
The review includes information on the current state of knowledge of immunometric methods with emphasis on the possibil-
ity of deoxyribonucleic acid (DNA) damage detection. Beginning with basic immunoassay enzyme-linked immunosorbent 
assay (ELISA), this review describes methods such as tyramide signal amplification (TSA), enhanced polymer one-step 
staining (EPOS), and time resolved amplified cryptate emission (TRACE) as improvements of ELISA’s developed over 
time to obtain more accurate results. In the second part of the review, surface plasmon resonance (SPR) and quantum dots 
(QDs) are presented as the newest outlooks in the context of immunoanalysis of biological material and molecular studies. 
The aim of this review is to briefly present immunoassays with emphasis on DNA damage detection; therefore, the types of 
methods are listed and described, types of signal indicators, basic definitions such as antigen and antibody are given. Every 
method is considered with an exemplary application focusing on DNA studies, DNA damage and instability detection.

Keywords  DNA damage · Immunoassay · Tyramide signal amplification (TSA) · Time resolved amplified cryptate 
emission (TRACE) · Surface plasmon resonance (SPR) · Quantum dots (QDs)

Introduction

Development of immunometric assays is highly relevant for 
the progress in immunochemistry and other fields. Type and 
sensitivity of a specific method translate into quality and 
precision of obtained analytical results. Accuracy of results 
is highly important in DNA damage experiments due to the 
fact that small differences in results may carry great meaning 
and/or indicate false positive results. Research is being car-
ried out worldwide to develop new or refine current immu-
nometric methods. In this review, the basics of immunoas-
says are described together with new methods that are useful 
in the study of small particles such as nucleotides.

Constant process of damage and repair takes place in 
the cells. DNA damage is caused by a number of factors 
including metabolic processes, where reactive oxygen spe-
cies (ROS), reactive nitrogen species, lipid peroxidation 

products, and others may be released. Oxidative damage 
which occurs naturally happens for minimum 10,000 times 
per day in Homo sapiens organism. Nowadays, environmen-
tal factors including food contaminants have a great impact 
on the level of DNA damage emerging in humans. UV light 
(ultraviolet light), ionizing radiation, and genotoxic chemi-
cals such as vinyl chloride, hydrogen peroxide or polycyclic 
aromatic hydrocarbons (found in smoke) are only a few fac-
tors which may interact with our bodies at the molecular 
level and, in many cases, lead to serious diseases. More 
than 70 types of DNA damage can be distinguished, includ-
ing oxidative damage (e.g., 8-hydroxy-2′-deoxyguanosine 
(8-oxo-dG)), depurinations, depyrimidinations, single-strand 
breaks (SSB), double-strand breaks (DSB), cytosine deami-
nations, O6-methylguanines, and others [1].

Common strategies to detect DNA damage comprise 
PCR (polymerase chain reaction), comet assay, TUNEL 
assay (terminal deoxyribonucleotidyl transferase-mediated 
deoxyuridine triphosphate nick end labeling), FISH (fluo-
rescence in situ hybridization), FCM (flow cytometry), halo 
assay (propidium iodide (PI) labeling), annexin V labeling, 
immunological and immunohistochemical assays such as 
ELISA, radioimmunoassays (RIA), gel electrophoresis, 
chromatography techniques, and others [2–4].
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Mapping DNA damage with PCR is widely adapted, as 
the DNA breakage stops the amplification during the proce-
dure. Even in the case of such a standard technique, improve-
ment is being made—the development of immuno-coupled 
PCR (ICPCR) allows to analyze thymine dimers at the gene 
level in human DNA through combining amplification with 
biotinylated DNA which is bound to antigen–antibody com-
plex and SINE (short interspersed DNA element) allows to 
detect damage and repair levels of DNA including adducts 
of cisplatin to DNA or modifications induced by UV-B light 
[5–8]. Comet assay (single cell electrophoresis) is another 
standard technique which detects overall damage of single 
cells caused mainly by radiation; SSBs, DSBs, oxidative 
DNA damage or even pyrimidine dimers may be observed 
within the population of cells. Improvements being made, 
the comet–FISH method allows to analyze distribution of 
different types of DNA damage within the genome due to 
labeling sequence of interest [9]. FISH is a technique using 
fluorescently labeled DNA probes thanks to which it is pos-
sible to locate specific DNA sequences on chromosomes. 
For patients with breast cancer, this method allows to deter-
mine mutations in HER-2 (human epidermal growth factor 
receptor 2). Another procedure was developed for patients 
with chronic myelogenous leukemia (CML)—dual-fusion 
and interphase dual-color FISH to assess patient after stem 
cell transplantation [5]. On the other hand, peptide nucleic 
acid probes (PNAs) are used in Q-FISH (quantitative fluo-
rescence in situ hybridization). PNAs, as synthetic oligonu-
cleotide probes, have a higher affinity comparing to RNA 
or DNA; therefore, they are used as probes to quantify 
sequences of interest on chromosomes. The most common 
application of the Q-FISH method is telomere length stud-
ies and DNA double-strand breaks that are associated with 
cancer and aging [10, 11].

Assays based on antibody interactions show distinct ben-
efits in the context of the DNA damage and instability detec-
tion such as sensitivity, selectivity, adaptability, and pos-
sibility of testing samples obtained from cells and tissues. 
In this review, we focus and describe in greater detail the 
group of immunoassays and other methods which employ 
principles and/or their elements.

DNA damage

DNA is the most important molecule in every living cell 
as it stores genetic information. Changes in bases or their 
complementarity (damage of nucleobases and/or sugar, 
covalent bonds between bases) may lead to mutations and 
have impact on overall health of the organism. DNA dam-
age is categorized as exogenous or endogenous. Exog-
enous DNA damage is caused by many extracellular fac-
tors such as ionizing radiation (X-rays, gamma, beta, alfa), 

UV radiation (UV-A: 380–320 nm, UV-B: 320–290 nm, 
UV-C: 290–190  nm), environmental pollution, chemo-
therapeutics, smoking, etc. [12]. These factors impact the 
body on molecular level causing formation of, e.g., SSBs 
(single-strand breaks), DSBs (double-strand breaks), and 
8-oxo-guanine for ionizing radiation, CPDs (cyclobutane 
pyrimidine dimers) and 6–4PPs (pyrimidine (6–4) pyrimi-
done photoproducts) for UV radiation. Different group of 
lesions are tandem base modifications including DNA–pro-
tein cross-links, purine 5′8-cyclonucleosides, and interstrand 
cross-links. Endogenous DNA damage include replication 
errors, base mismatches, DNA–topoisomerase complexes, 
base deamination/oxidation/methylation, and AP (apurinic/
apyrimidinic) sites [13].

Worth mentioning is one of the main causes of the DNA 
damage—hydroxyl radical (·OH) which interacts with nucle-
otides through its addition to the double bond in bases or the 
abstraction of a proton from a sugar or nucleobase. ·OH is 
generated through water radiolysis (indirect effect of radia-
tion) or Fenton’s reactions (including metal ions, e.g., Fe2+) 
and reacts mainly at the site of its generation [12]. Stud-
ies have shown that ·OH prefers to add to C5 in thymine 
and cytosine or abstract hydrogen atom in methyl group. In 
case of guanine, ·OH adds to C8 and abstract H-atom from 
2-amino group. Adenine addition of ·OH takes place also 
on C8; however, oxidation products of adenine are not com-
monly found [14, 15]. The main oxidation products present 
in cellular DNA are listed in Table 1.

Theoretical basics of immunoassays

Immunometric methods are based on carrying out specific 
reactions between the antigen and the antibody. Both, the 
course and the result of the reaction depend on the structure 
of these components and the way they are combined.

An antigen is a protein, which after its appearance trig-
gers an immune response. The number of antibodies may be 
influenced by the phylogenetic distance between the antigen 
donor and the sensitized organism. The more the antigen 
is “foreign” to the organism (has greater phylogenetic dis-
tance), the greater the immune reaction may be. There are 
cases in which the immune response is small and difficult 
to detect. To increase the number of antibodies produced, 
compounds or mixtures, thereof, are used, which are called 
adjuvants. When administered together with the antigen, 
they intensify the immune response. Examples of the most 
commonly used adjuvants are CFA (complete Freud’s adju-
vant), IFA (incomplete Freud’s adjuvant), RAS (Ribi adju-
vant system) or Titermax, which is one of the new genera-
tion adjuvants [16].

The term antibody refers to proteins (immunoglobulins) 
secreted by activated B-lymphocytes (plasma cells) during a 
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humoral immune response that is triggered by the introduc-
tion of antigen into the body. Antibodies are directed against 
a specific antigen and are produced easier for larger and less 
soluble antigens. The goal of the antibodies is to bind anti-
gens to defend organism against external and intracellular 
bacteria, viruses, parasites, and toxins.

The antibody is composed of four glycoside peptide 
chains, two of which are referred to as heavy (H) and two 
are called light (L), with H chains longer than L. There are 
five types of heavy chains: α (alpha), δ (delta), γ (gamma), 
ε (epsilon), and μ (mi), which determine the antibody class. 
Light chains distinguish between types of antibodies and two 
types of light chains are known: κ (kappa) and λ (lambda). 
The chains, both H and L, are connected by disulfide bridges 
in hinge region, which determines the possibility of spread-
ing the arms of the antibody (segmental variation). After 
hydrolyzation of the antibody, two fragments are formed: 
Fab and Fc region, whereas after digestion, a F(ab’)2 frag-
ment is formed. The Fc region contains only H-chain con-
stant parts, while the Fab fragment includes both, the heavy 
and variable heavy chain part and the entire light chain. Each 
of the antibody arms, in the Fab region, has an antigen bind-
ing site (paratope) that consists of both types of chain (H and 
L). Schematic picture of antibody structure and its parts is 
presented in Fig. 1.

Classes of immunoglobulins, corresponding to the types 
of chains, are divided into: IgA, IgD, IgG, IgE, and IgM. 
Each class contains the same types of light chains (κ or 
λ); however, the type of heavy chains is specific for each 
class (α, δ, γ, ε, μ). Individual classes of immunoglobulins 

fulfill different functions in the human body. IgA plays 
a role in defense mechanisms in the serous and mucous 
membranes, preventing colonization of pathogens, they 
are called secreting immunoglobulins as part of saliva and 
tears. IgD appears on the surface of lymphocytes and acts 
as a receptor for antigens. IgE plays a major role in allergic 
reactions, helps to fight parasites, and causes the release 
of histamine from mast cells. IgG occurs in high concen-
tration in serum and is the main class of immunoglobu-
lins responsible for the organism’s resistance by playing 
a central role in the defense mechanisms of the cells. This 
is also the reason why the IgG is mainly acquired for the 
analytical purposes and is most commonly used in tests 
such as ELISA. IgG is the only class which is transported 
from the mother’s body to the fetus, providing immunity 
up to 3 months of age for the child. Single IgM molecules 
occur on the surface of B-lymphocytes and serve as a 
receptor for antigen fusions. IgM are the so-called first-
line immunoglobulins; they are the very first developed 
antibodies during immune response and are responsible 
for the elimination of pathogens until sufficient amounts 
of IgG are produced [17].

There are two types of antibodies: polyclonal and mono-
clonal. Polyclonal antibodies are obtained from sera of sen-
sitized animals and are directed against different epitopes 
of the antigen. An epitope (an antigenic determinant) is a 
part of the antigen which a free antibody binds, a B cell 
or T-cell receptor. The counterpart of an epitope is called 
a paratope. Monoclonal antibodies are produced by cells 
obtained by hybridizing spleen cells of an animal sensitized 

Table 1   Types of oxidative 
modifications of nucleobases 
present in cellular DNA [14, 15]

Target Product in DNA

Thymine 5,6-dihydroxy-5,6-dihydrothymine (thymine 5,6-glycols, Thy–
Gly)

5-hydroxy-5-methylhydantoin (Hyd–Thy)
5-hydroxymethyluracil (5-HmUra)
5-formyluracil (5-FoUra)

Cytosine 5-hydroxycytosine (5-OHCyt)
5,6-dihydroxy-5,6-dihydrouracil (uracil 5,6-glycols, Ura–Gly)
5-hydroxyhydantoin (Hyd–Ura)
1-carbamoyl-3,4-dihydroxy-2-oxoimidazolidine (Imid–Cyt)
5-hydroxymethylcytosine (5-HmCyt)
5-formylcytosine (5-FoCyt)
5-carboxycytosine (5-CaCyt)

Guanine 8-hydroxygianine (8-oxoG)
8-oxo-7,8-dihydroguanine (8-oxoGua)
2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy–Gua)
2,2,4-triamino-5(2H)-oxazolone (oxazolone)

Adenine 8-oxo-7,8-dihydroadenine (8-oxoAde)
4,6-diamino-5-formamidopyrimidine (Fapy–Ade)
Inosine
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with myeloma cells. These antibodies, unlike polyclonal 
antibodies, are directed only against one epitope of the anti-
gen. This property results in a much higher specificity of 
these antibodies but is also associated with a higher price.

The reaction between the antibody and the antigen pro-
ceeds according to the equilibrium reaction scheme type 
A + B → AB. Based on this relationship, two basic concepts 
are distinguished in immunology: affinity and avidity. Affin-
ity means the binding strength of a single antigenic determi-
nant by a single paratope. The affinity value depends on the 
strength and rate of formation of bonds between the antigen 
and the antibody. Avidity is a term analogous to affinity, but 
it determines the binding strength of an antigen with many 
antigenic determinants with antibodies of different specific-
ity. The total energy of such bonds is much higher than the 
total energy of individual antibodies. The method for deter-
mining the average affinity was elaborated by Figuret et al. 
in 1985 using ELISA technique [18].

The basic types of markers in immunometric methods 
are radioactive isotopes, fluorochromes, enzymes, and pro-
teins containing heavy metal. Using those types of mark-
ers as a criterion, four groups of methods can be character-
ized: radioimmunoassays (RIA), immunofluorescent assays 
(IMF), immunoenzymatic assays, and assays with heavy 
metal-labeled antibodies.

Radioimmunoassays (RIA) are classic quantitative 
methods that use radioactive isotopes for detection of anti-
gen–antibody interactions through direct or indirect meas-
urement of the unlabeled macromolecular substance binding 
to a specific receptor system (e.g., antibody) [19]. The higher 
the radioactivity of the sample, the higher the concentra-
tion of the substance of interest should be detected. There 
is a number of isotopes available; in most cases, 125I iodine, 
32P phosphor, 14C radiocarbon, and 3H tritium are consid-
ered. Depending on the chosen compound, a different type 
of radiation is emitted: β particles (low penetration power) 
or γ rays (high penetration power) [2, 20, 21]. Equipment 

Fig. 1   Antibody structure. 1—
heavy chain (H), which contains 
variable domain (VH) and 
constant domain (from the 
N-terminus end: CH1, CH2, 
CH3); 2—light chain (L), which 
contains variable domain (VL) 
and constant domain (CL); 
3—hinged regions (S–S means 
disulfide bridges); 4—antigen 
binding sites [16]
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such as gamma counter measures both, β particles and γ 
rays, with a better result observed for the second ones. No 
need for sample preparation and a short time of analysis are 
advantages of using such counters. In spite of being one 
of the first techniques in the field, RIA is still employed in 
many diagnostic tests due to its sensitivity and simplicity. 
It consists of three stages: immunoreaction (antigen/anti-
body binding), competitive binding or competitive displace-
ment reaction, which gives specificity and measurement of 
radio emission providing high sensitivity (0.0006–0.006 µg 
antibody/ml) [22]. Moreover, RIA is cheap in operation; 
however, specialized instruments, meeting legal terms, and 
training of personnel are required prior to launching experi-
ments. For years, the technique was applied for diagnostic 
purposes, mainly to analyze a chosen antibody or antigen 
to diagnose patient’s disease [23, 24]. Nowadays, it is also 
used in screening for the immunity, allergens in the food 
industry or in the molecular biology laboratories. In the 
context of DNA damage detection, this method allows to 
effectively determine 6–4 photoproducts and cyclobutene 
dimers in DNA in variety of samples: cell cultures, organ 
cultures, tissues (e.g., from biopsies), bone marrow cells, 
urine, and others [25]. Few variants of the method are known 
which broaden range of applications: IRMA (immunora-
diometric assay), RAST (radioallergosorbent assay), and 
Farr assay which is employed for detection of anti-double 
stranded DNA (anti-dsDNA) antibodies and characteristics 
of systemic lupus erythematosus (SLE). In this method, 
anti-dsDNA/DNA complexes are separated from free DNA 
labeled with radioisotopes through ammonium sulfate pre-
cipitation after which dissociation of complexes takes place 
[26–30].

Immunofluorescent assays (IMF) adopt antibodies or flu-
orochrome-labeled antigens, where the result of the reaction, 

in the form of colored complexes, can be read, e.g., in ultra-
violet light. Fluorochromes are a group of organic dyes 
capable of emitting light due to the excitation of a suitable 
radiation source. The emission of light within the visible 
light range is necessary for the fluorochrome to be employed 
in the analysis. The most popular fluorochromes are: green 
fluorescein isothiocyanate (FITC), red tetramethylrhodamine 
(TRITC), red sulforhodamine 101 acid chloride (Texas red®, 
TR), and orange R-phycoerythrin (PE) [31].

Enzymes which represent immunoenzymatic assays are 
most commonly used as a label. The method is indirect—to 
determine the number of antibodies in a complex, the activ-
ity of the enzyme should be detected. Enzymes are attached 
to the antibody or antigen by means of glutaraldehyde or 
sodium periodate or enzyme–antienzyme complex (e.g., per-
oxidase–antiperoxidase (PAP), alkaline phosphatase–alka-
line antiphosphatase (APAAP)). For the enzymatic reaction 
to occur, the presence of substrates is necessary—hydrogen 
peroxide and the appropriate chromogen in which the reduc-
tion reaction form a water molecule of hydrogen peroxide 
and a colored compound of a chromogen. The complexes 
obtained differ in color depending on the enzyme and the 
chromogen introduced to the reaction. The most common 
enzymes are summarized in Table 2.

A different example of ligand labeling is labeling with 
colloidal gold. This process is based on specific physico-
chemical properties of gold that enable non-specific adsorp-
tion of chemical compounds on the surface of gold mol-
ecules. The classic strategy in the context of DNA studies 
is to label single-stranded DNA (ssDNA) with gold nano-
particles (AuNPs) and observe the change in color during 
the hybridization reaction of DNA strands. Tests using 
this type of mechanism are easy to conduct which is ben-
eficial for researcher. Colloidal gold was found useful in 

Table 2   Examples of enzymes used as markers in immunoassays with indication of possible chromogens and colors of complexes forming in the 
reaction [16]

Enzyme Chromogens Color

Horseradish peroxidase (HRP) orthophenylenediamine (OPD) Orange
3,3-diaminobenzidine (DAB) Brown
3-amino-9-ethylcarbazole Red
tetramethylbenzidine (TMB) Yellow
dimethylformamide (AEC) Pink
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) Green

Alkaline phosphatase (AP) naphthol phosphate AS-MX + Fast blue BB Blue
naphthol phosphate AS-TR + hexazonium fuchsine Red
5-bromo-4-chloro-3-indolyl phosphate
+ nitrotetrazolium blue

Indigo

β-D-galactosidase 6-bromo-2-naphthyl + Fast blue BB Blue–purple
5-bromo-4-chloro indolyl + Fast blue BB Blue–green

Glucose oxidase Phenazine methosulphate + nitrotetrazolium blue Blue–purple
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immunoassays, ELISA in particular, where it can be applied 
to the whole range of detected compounds and biomole-
cules [32, 33]. Currently, gold nanoparticles may also find 
its application as a probe for detection of DNA damage with 
QDs (quantum dots). AuNPs bind to ssDNA forming a plat-
form for hybridization of the second strand containing muta-
tion of interest which thereafter is detected by quenching of 
QDs after it binds to AuNPs–dsDNA [34].

Immunometric methods find many applications in diverse 
scientific fields, e.g., agriculture, environmental protection, 
veterinary science, medicine, food analysis, and molecular 
biology. Applications range from the analysis of compounds 
such as proteins and peptides, microorganisms (molds, bac-
teria), toxins (mold, bacterial, and other), hormones, antibi-
otics, vitamins, pesticides, and metal ions to small particles 
such as nucleotides, DNA or RNA [35–37].

Enzyme‑linked immunosorbent assay 
(ELISA)

ELISA belongs to the group of solid-phase tests and is an 
enzyme immunoassay that uses a color reaction of the 
enzyme coupled to the antibody. It is performed on micro-
plates, where the adsorption of antigens or antibodies takes 
place on the walls of the wells (depending on the chosen 
technique). The technique is based on the immobilization of 
the antigen on the surface of the solid phase and the intro-
duction of biological material that contains antibodies spe-
cific for the antigen, covalently linked to the enzyme [38]. 
The antigen forms an immune complex with the antibody, 
thanks to which the antibody is also bound to the substrate. 
After introducing the substrate, the enzyme catalyzes the 
reaction, which results in a product, usually a colored one. 
The concentration of this product can be determined spec-
trophotometrically allowing quantitative and qualitative 
analysis. The amount of product formed corresponds to the 
concentration of the antibody–antigen complex which is cal-
culated based on a standard curve determined using specific 
standards. The quantity of a product, equivalent to the con-
centration of the antibody–antigen complex, is proportional 
or inversely proportional (depending on the type of test) to 
the quantity of the given substance in the sample. There are 
several types of ELISA test—based on direct reaction (non-
competitive, competitive with catching antibodies, com-
petitive with catching antigen), indirect reaction (normal, 
with the avidin–biotin system, with the enzyme–antienzyme 
complex, e.g., PAP), “sandwich”-type test and competitive 
or non-competitive reaction [39–41]. Basic types of ELISA 
are presented in Fig. 2.

In laboratory diagnostics, an indirect ELISA is most 
commonly employed. Two types of antibodies are used: 
primary, which recognizes a given antigen and frequently 

is a monoclonal one, so that the designation is as specific 
as possible and secondary, which is labeled and recognizes 
primary antibody. The primary antibody is not labeled; 
therefore, costs of analysis are significantly reduced, which 
is beneficial, given the high price of monoclonal antibod-
ies. A secondary antibody is labeled and attaches to a given 
primary antibody. The standard ELISA technique does not 
show high sensitivity and, therefore, it was refined by creat-
ing “sandwich”-type ELISA, which differs in that the anti-
gen is not immobilized directly on the substrate but is bound 
to the coat antibody introduced on the microplate first. This 
assay is used, among others, to detect the amount of the test 
protein in a sample and in diagnostic tests, e.g., to determine 
the titers of antibodies in the blood. Detection of DNA oxi-
dative damage, e.g., thymine glycols or 8-hydroxyguanine 
is also possible with commercially available kits [5, 43].

The ELISA test and its many variants are one of the most 
popular and common techniques due to a number of advan-
tages such as versatility, high sensitivity (depending on the 
method), selectivity, specificity of reactions, the possibility 
of multiple repetitions, relatively short analysis time, sim-
plicity of execution, and low cost, which makes the tech-
nique profitable in both practical and economical terms. 
However, there are also some disadvantages: a limited num-
ber of commercially available specific antibodies and high 
cost of purchase, reduced specificity of antibodies labeled 
with enzymes, and the need to obtain appropriate dilutions 
of reagents in case of indirect techniques. Moreover, in case 
of DNA damage detection, the possible crossreactivity of 
applied antibodies with DNA bases is major drawback. All 
these shortcomings have led to the development of improve-
ments to this method and other more efficient techniques 
have been introduced.

Detection enhancement approaches

Tyramide signal amplification (TSA)

TSA is an amplification approach that uses biotinylated 
tyramine to increase the detection sensitivity of a target 
protein or nucleic acid. This method can also be found in 
the literature under the name ImmunoMax or CARD (cata-
lyzed reporter deposition) [44]. The TSA reaction is based 
on the ABC method (avidin–biotin–peroxidase complex). 
Biotinylating of antibodies and markers such as peroxidase 
takes place, while avidin acts as a bridge connecting biotins 
that are part of these proteins. The affinity of the avidin and 
biotin molecules is high, whereby the bonds are stable.

The reaction of TSA using biotinylated tyramine is ini-
tially performed like the classic ABC reaction (Fig. 3). 
However, after the peroxidase introduction, biotinylated 
tyramine is used to build up additional biotin molecules 
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at the site of the reaction between the antigen and the anti-
body. The goal is to obtain as many molecules of bio-
tin as possible in the solution while introducing to the 
reaction only one enzyme molecule (peroxidase). Bio-
tin present in the reaction environment can be detected 
by many methods, e.g., the avidin–enzyme complex or 

streptavidin-biotinylated enzyme may be adopted. The 
advantage of the TSA method is its sensitivity—antibod-
ies can be used in a 10–100 times lower concentration 
compared to indirect ELISA reaction such as PAP method 
(peroxidase–antiperoxidase) [45].

Fig. 2   Schematic presenta-
tion of basic types of ELISA 
(enzyme-linked immunosorb-
ent assay): a direct, b indirect, 
c sandwich, d competitive; Ag 
antigen, Ab antibody, E enzyme, 
S substrate [42]
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TSA can be applied in FISH and, due to its sensitivity and 
speed, it allows to detect short oligonucleotide probes often 
within a single day of analysis, which is not possible with 
classic protocol. Moreover, this method needs 2–10-fold 
lower concentrations of hybridization probes and more than 
one probe can be used in reaction, thus allowing multiple 
target detection [44, 46].

Enhanced polymer one‑step staining (EPOS)

The EPOS method has been developed to simplify and 
shorten the time of performing immunochemical reactions 
and to eliminate or reduce unspecific staining resulting from 
biotin activity. However, sensitivity remains close to the 
sensitivity of the ABC reaction. The EPOS method starts 
with the introduction of a ready complex into the reaction 
environment containing a large number of antibodies and a 
marker (e.g., HRP) connected to each other by a branched, 
inert polymer, e.g., dextran which dissolves in water, making 

Fig. 3   Schematic overview of 
the a standard ABC and b bioti-
nylated tyramine amplification 
(TSA) method; A avidin, B bio-
tin, P enzyme (HRP horseradish 
peroxidase) [44]
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the entire complex well soluble and stable [47]. A maxi-
mum of 70 molecules of the enzyme and 10 molecules of 
the secondary antibody can be attached to a single polymeric 
backbone. To improve this standard protocol, the EnVision 
system has been developed (Fig. 4). The system is based 
on a two-step reaction, where in the first stage, the primary 
antibody is introduced, and in the second stage, a complex 
of secondary antibody, enzymes (e.g., HRP), and polymer 
is introduced.

In this variant of the EPOS method, the total incubation 
time is shorter and larger variety of primary antibodies can 
be applied, which increases the number of possible applica-
tions of the method. Moreover, in comparison to the one-
step EPOS, the two-step EnVision technique showed higher 
sensitivity—it is possible to use greater dilutions of primary 
antibody solutions without losing the accuracy of the results 
[48, 49]. The EnVision system is constantly improved by its 
manufacturer. An example is EnVision DuoFLEX +, which 
allows the introduction of a mixture of secondary antibodies 
to the reaction, each of which is directed against a differ-
ent primary antibody. This allows simultaneous execution 
of two measurements, which significantly saves time and 
gives the possibility of a reliable comparison of reaction 
results [50–52]. The next generation of techniques based on 
polymer complexes is the PowerVision detection system. 
It uses small, multifunctional polymeric connectors for the 
better tissue permeability than dextran and, at the same time, 
shows higher detection sensitivity [53].

Due to their sensitivity, the mentioned systems have 
found their application in the study of small molecules such 
as antibody–antigen interactions. In in vitro diagnostic tests, 
EPOS/EnVision may be applied to assess progression and 
malignancy of the tumor in cancer patients through detec-
tion of PCNA (proliferating cell nuclear antigen) and Ki-67 
antigen in the frozen sections of tissues [48]. Moreover, the 
method can be used in case of infectious disease such as 
HIV and tuberculosis for detection of DNA targets, which is 
possible at the level of fM (10−15). Still, signal amplification 
techniques may also be applied, e.g., quantum dots, which 
yet increase the levels of detection [53].

Time resolved amplified cryptate emission (TRACE)

The TRACE technique is based on the phenomenon of 
non-radioactive fluorescence energy transfer via resonance 
between a donor and an acceptor. The donor is an Europium 
cryptate (Eu) or Terb (Tb) (Fig. 5) bound to an antibody, 
and the acceptor is a fluorophore, allophycocyanin (APC, 
XL665) bound to a different antibody. The energy is trans-
mitted when both complexes bind to the molecule being 
tested (e.g., antigen during the complete immune response) 
and the donor molecule is excited at 337 nm [54, 55]. The 
reaction is schematically presented in Fig. 6. The emission 
range of donor and acceptor fluorescence differs significantly 
from one another—cryptate gives signal at 620 nm and APC 

Fig. 4   Schematic overview of 
the EnVision method. In the 
first step, primary antibody 
binds to antigen, and in the 
second step, complex of enzyme 
and secondary antibodies 
attached to dextran backbone is 
introduced to the reaction; HRP 
horseradish peroxidase [47]
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at 665 nm. In addition, Europium cryptate is characterized 
by a long fluorescence life (10−6 s) as opposed to APC (10−9 
s). Nevertheless, after transfer of energy from the donor to 
APC, it exhibits a fluorescence life estimated in microsec-
onds. These two parameters (spectrum and time of illumina-
tion) allow to clearly distinguish the related particles from 
free particles in the solution. The measured fluorescence 
value is proportional to the concentration of the analyte 
determined.

The TRACE technique allows one-step measurement 
in a homogeneous solution. The results obtained with this 
method are highly reproducible and precise, and the short 
incubation time (from 9 to 59 min, depending on the chosen 
type of test) facilitates work. The TRACE method has been 
adapted to work with KRYPTOR systems. This system may 
be used, e.g., for follow-up testing of cancer patients through 
detecting level of marker proteins, e.g., chromogranin A. It 

is employed also in thyroid diagnostics through detection 
of anti-Tgn (thyroglobulin) and anti-TPOn (thyroid peroxi-
dase) antibodies. In the context of molecular interactions, 
nucleotides labeled with Europium cryptate serve as the new 
type of biotinylated labels for the RNA:DNA hybrid detec-
tion through measurement of FRET (fluorescence resonance 
energy transfer) signal. The FRET technique allows to exam-
ine structure and dynamics of macromolecule interactions 
such as proteins and its approaches in the range of 10–100 Å, 
in many solution conditions which is greatly beneficial for 
nucleic acid studies [56–60]. For the purpose of nucleic 
acid analysis (DNA hybridization and sequencing, PCR), 
the OLA (oligonucleotide ligation assay) method is known 
to be of a great use. The OLA is appropriate for the detection 
of specific mutations in nucleotide sequence, it incorporates 
cryptate label tris-bipyridine-Eu(3 +) thanks to its long-lived 
fluorescence which allows to reach high sensitivity through 
time-resolved method of detection. TRACE in combination 
with OLA allows detection of single nucleotide. An example 
of OLA–TRACE application was demonstrated in the case 
of K-ras oncogene mutation analysis [61].

Surface plasmon resonance (SPR)

The SPR phenomenon is one of the optical phenomena that 
have their application in chemo- or biosensors. Such sensors 
consist of a receptor layer that interacts with a given sub-
stance and a component that converts the measured param-
eter into a signal (optical, acoustic, electric). In the case 
of biosensor, the receptor layer is formed by a biological 
material (e.g., enzymes, antibodies, microorganisms, tissues, 
nucleic acids or other biologically active compounds) [62]. 
The biological component remains in direct contact with 
the sensor which interacts with the substance of interest. It 
gives a signal strictly dependent on the concentration of the 
analyte in the test sample.

Fig. 5   Chemical structure of Europium cryptate

Fig. 6   Schematic overview of TRACE reaction. Europium cryptate 
serves as an energy donor and APC (allophycocyanin, XL665) serves 
as an energy acceptor. When donor and acceptor are bound to anti-
gen (tested molecule), upon excitation at 337 nm, cryptate transfers 

energy to APC. Signal is measured at 665 nm and corresponds to the 
quantity of bound cryptate and fluorophore. It is proportional to ana-
lyte concentration [54]
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Due to their sensitivity and selectivity, biosensors allow 
to measure the analyte in a simple and quick manner; there-
fore, they have a wide range of application, e.g., in envi-
ronmental monitoring, clinical diagnosis, pharmaceutical 
science, and food research [63]. Worth mentioning are also 
DNA-based biosensors which rely on the DNA hybridiza-
tion process and occur as solid-phase-based reactions [64]. 
Furthermore, biosensors are used to detect DNA damage. 
For example, damage induced with hydroxyl radicals may 
be determined by the electrochemical DNA biosensor with 
carbon electrode and dsDNA adsorbed on its surface as a 
method of identifying genotoxic chemicals [65]. Different 
study shows an impedimetric biosensor which allows to 
detect DNA damage (also induced with hydroxyl radicals) 
through implementing gold electrode with DNA and gold 

nanoparticles as a receptor layer as a method for testing pro-
tective/antioxidative properties of deferoxamine (DFO) [66].

Analytical instruments operating on the basis of surface 
plasmon resonance use the phenomenon of optical meas-
urement of the refractive index on the surface of the sensor 
(which usually is coated with metal, with ligand molecules 
immobilized on its surface). The sensor forms the lower 
wall of the flow chamber, through which a properly selected 
buffer flows. Analyte is injected into the buffer and as it 
binds to the ligand, the molecules accumulate on the sen-
sor surface leading to changes in the refractive index and 
reflected light, which is proportional to the mass of accumu-
lated molecules. The scheme of the SPR method is shown 
in Fig. 7. The detected signal is read in the RU (resonance 
units), where 1 RU corresponds to approximately 1 pg/mm2 

Fig. 7   The scheme of operation of surface plasmon resonance (SPR) [68]
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of the tested substance [67]. Results (in a form of a sen-
sogram) contain information whether the interaction takes 
place, what is its power and specificity, how much of the 
analyte has been bound on the surface of the sensor, and 
what is the kinetics of the interaction.

The SPR technique is relatively new and one of the first 
recommended applications was structure assessment of the 
recombinant macromolecules through determination of the 
compatibility of the obtained structure with its naturally 
occurring form. It has been achieved by comparing the 
way of natural ligands or monoclonal antibodies attach-
ment. At the moment, multitude of analysis can be per-
formed using the SPR method. It is especially adapted for 
the small molecules as they can be determined with very 
high accuracy reaching even 10−13–10−16 M. Other exam-
ples of SPR application are: quantitative and qualitative 
determination of toxins, monitoring gene expression, study 
of interactions between antigen and antibody, DNA–pro-
tein, RNA–protein, DNA–DNA, RNA–RNA, cell–protein, 
and kinetics of those reactions [69, 70]. The method has 
a number of advantages, such as very high sensitivity and 
selectivity of the measurement, the ability to study the 
kinetics of the reaction in real time, the lack of complex 
sample processing, short analysis time, and no need of 
using markers or labels. In addition, the sensor can be used 
repeatedly after appropriate regeneration [71].

In the context of DNA studies, SPR is employed for 
DNA kinetics determination, DNA strand separation 
and hybridization, enzymatic mechanisms, and even for 
detection of single-point mutations [72]. Studies show that 
the DNA-based SPR biosensor is able to analyze DNA 
sequences and detect differences of one nucleobase. In 
this case, mutation at 248 codon in DNA extracted from 
the wild-type and mutated cancer cell line with TP53 gene 
mutation was determined by a gold surface sensor cou-
pled with synthetic oligonucleotide probes [73]. Addition-
ally, surface plasmon resonance is useful in DNA damage 
research as a real-time analysis method of binding affinity 
of oligonucleotides and enzymes. Deutsch et al. analyzed 
the interaction of DNA templates with 8-oxoG (7,8-dihy-
dro-8-oxoguanine) in its sequence with hS3 (human 
ribosomal protein S3) which is involved in cleaving AP 
sites (apurinic/apyrimidinic sites) and protein translation. 
Thanks to SPR technique, the research showed exact bind-
ing affinity of hS3 to 8-oxoG which was 3–5-fold higher 
than binding affinity of OGG1 (8-oxoguanine DNA glyco-
sylase) indicating that hS3 protein may have its functions 
in the DNA base excision repair system (BER) [74].

Currently, there is a spectrum of devices available—one 
among many solutions is the FLEXChip system, which is 
one of the large format flow cell SPR array-based systems 
and allows monitoring of approximately 400 reactions 
simultaneously by a camera that reads the reflected light 

rays for each molecule to be measured [75]. On the other 
hand, DNA-based SPR biosensors have hardly been used 
with biological material. New combinations of SPR, sen-
sors (e.g., mass spectrometry), and matrices (e.g., aptamers, 
DNAzymes) are developed to allow analysis of complex bio-
logical systems which is a promising prospect for the future 
of this method [71].

Quantum dots (QDs)

Quantum dots are semiconductor crystals of small size, the 
core of which is composed of elements of groups IIB–VIA 
of the periodic table, e.g., CdSn. The coating consists of ele-
ments belonging to groups IIIA–VA, e.g., InP. Dimensions 
of quantum dots lie within the limit of 10–20 nm [76]. The 
physical properties (melting point, absorption, emission of 
radiation, electrical conductivity) depend not only on the 
structure and chemical composition of a given crystal, but 
also on its dimensions. By manipulating QDs diameter in 
the range of 2–7.5 nm, the emission of any wavelength in 
the entire visible spectrum (450–650 nm) can be obtained 
(Fig. 8a). For QDs at constant diameter, changing only one 
of the compounds in the dot’s composition allows to obtain 
fluorescence emission in the range of 610–800 nm (Fig. 8b) 
[77].

Quantum dots, thanks to their properties, (narrow emis-
sion bands, high photostability, high emission efficiency, 
small size) enable to study the behavior of individual 

Fig. 8   Change in fluorescence emission band in relation to a crystal 
size or b chemical composition of quantum dots [77]
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particles marked with single dots. In combination with exist-
ing methods such as ELISA, PCR, FRET, FISH or Western 
blot, they improve detection levels. In the ELISA test, QDs 
are used for labeling antibodies successfully replacing fluo-
rophores, thus, increasing sensitivity and speed of analysis 
[78, 79]. When compared to fluorescein isothiocyanate and 
rhodamine 6G, QDs show a broader excitation profile, the 
emission band is narrower and more symmetrical than for 
both fluorophores, which allows to obtain highly specific 
results [77, 80]. The comparison of the QDs and fluoro-
phores’ main properties is summarized in Table 3.

In the case of PCR, QDs can increase specificity of 
amplification through interacting with Taq polymerase or 
DNA templates, which improve the specificity [78]. FRET 
technique combined with QDs creates a new platform for 
DNA detection and with enhanced efficiency of analysis. 
Different combinations of QDs and fluorescent dyes were 
demonstrated for a different purpose: DNA detection (QDs/
Cy5 (cyanine)), nucleic acid detection (CdSe/ZnS-QDs/
TAMRA (carboxytetramethylrhodamine)), and detection of 
DNA hybridization (TGA (thioglycolic acid)-CdTe-QDs/
Cy3) [78, 80, 81]. FISH can incorporate oligonucleotide 
probes labeled with QDs. By labeling linear DNA molecule 
with biotin and digoxigenin, two-color determination of the 
orientation of a single DNA molecule is achievable. Once 
labeled with QDs, DNA molecules are detected with fluo-
rescence microscopy [82, 83]. DNA damage and quantifi-
cation of nucleic acids may be achieved through graphene 

quantum dots binding to damaged ssDNA pre-labeled with 
gold nanoparticles [34]. Recently, CdTe/ZnSe QDs have 
been proved to interact with nucleobases (which show dif-
ferent fluorescent emission for every base), allowing to 
apply this method to detect DNA damage and mutations at 
the level of 500 pM of DNA [84]. A different study shows 
the possibility of detection of DNA damage caused by UV 
radiation and hydroxyl radicals through binding carbon dots 
(C-dots) to the genomic DNA extracted from PC3 cells [85]. 
Wang et al. described an efficient method of detection of 
BPDE (anti-benzo(a)pyrene diol epoxide)–DNA adducts 
using a QD–antibody–DNA complex as an analysis target. 
It allowed to measure adducts’ concentration at the level of 
10−15 M, which is 5400 times more sensitive than 32P-labe-
ling. According to the authors, this method may also be 
employed for DNA damage and repair studies [86].

Summary

Spontaneous and environmentally induced DNA damage 
affects all living cells. Detection of this damage and explor-
ing DNA repair systems are important; hence, more atten-
tion is paid to the innovation and development of highly 
precise techniques. On the other hand, classic methodolo-
gies such as PCR cannot recognize type of detected DNA 
damage, other techniques give chance to detect single cells 
with DNA damage in a given population (comet assay), 
analyze the ratio of apoptotic to necrotic cells (FCM and 
FISH) or detect oxidative damage, and quantify thymine 
dimers (HPLC–electrospray tandem mass spectrometry 
and GC–MS) [5, 87–89]. Methodology is crucial for sensi-
tive detection of genome DNA damage, characterization of 
damage type, and quantification of DNA damage and repair 
mechanisms. Possible matches between methods and DNA 
damage are presented in Table 4.

There is a multitude of known and applied methods in 
the field of molecular studies of DNA and its damage. From 
classic to the newest variants of each method, all the advan-
tages and limitations should be taken into consideration 
while choosing methods for one’s own research. The field of 

Table 3   The comparison of general properties of quantum dots and 
fluorophores [77, 78]

Quantum dots Fluorophores

Excitation Wide range
(UV light can 

excite a dot of 
any size)

Small range

Emission range 20–40 nm 50–100 nm
Fluorescence life 10–40 ns <10 ns
Photostability Over 14 h 20 min (fluorescein)
Molar extinction coef-

ficient
105–106 [1/M*cm] 103–105 [1/M*cm]

Table 4   Chosen types of DNA damage, antibody, and method recommended for detection with possible detection level [90–95]

DNA damage Antibody/method Level of detection

5-HmCyt Anti-5HmCyt antibody/SPR 1,6*10−10–5*10−9 M
5-MCyt Anti-5MCyt monoclonal antibody + HRP secondary antibody/ELISA 4,2*10−13 M
8-oxoG Peroxidase-labeled anti-8-oxoG monoclonal antibody/ELISA 5*10−12 g/ml
6–4PP Anti-6–4PP antibody + HRP secondary antibody/ELISA n/a
CPD Anti-CPD antibody + HRP secondary antibody/ELISA n/a
BPDE–DNA adducts Anti-BPDE antibody + HRP secondary antibody/ELISA 1,2*10−10 M
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modern techniques is worth exploring, as our knowledge of 
the world grows, accuracy and precision with which we want 
to discover the world also grow, provoking further improve-
ment of the tools we need and want to use.

Acknowledgements  This study was supported by the Medical Univer-
sity of Lodz (503/3-045-02/503-31-002) and by the National Science 
Center, Poland (Grant No. 2016/23/B/NZ7/03367).

Author contribution  KB 70%, BK 20%, SU 5%, MS 5%. All authors 
read and approved the final manuscript.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Yu Y, Wang P, Cui Y, Wang Y (2018) Chemical analysis of DNA 
damage. Anal Chem 90(1):556–576

	 2.	 Pfeifer G (ed) (1996) Technologies for detection of DNA damage 
and mutations, 1st edn. Springer Science + Bussiness Media LCC, 
New York

	 3.	 Wood DK, Weingeist DM, Bhatia SN, Engelward BP (2010) 
Single cell trapping and DNA damage analysis using microwell 
arrays. Proc Natl Acad Sci 107(22):10008–10013

	 4.	 Figueroa-González G, Pérez-Plasencia C (2017) Strategies for 
the evaluation of DNA damage and repair mechanisms in cancer. 
Oncol Lett 13(6):3982–3988

	 5.	 Kumari S, Rastogi RP, Singh KL, Singh SP (2008) DNA damage: 
detection strategies. Excli J 7:44–62

	 6.	 Chang L, Li J, Wang L (2016) Immuno-PCR: an ultrasensi-
tive immunoassay for biomolecular detection. Anal Chim Acta 
910:12–24

	 7.	 Malou N, Raoult D (2011) Immuno-PCR: a promising ultrasensi-
tive diagnostic method to detect antigens and antibodies. Trends 
Microbiol 19(6):295–302

	 8.	 Wölfle U, Esser PR, Simon-Haarhaus B, Martin SF, Lademann J, 
Schempp CM (2011) UVB-induced DNA damage, generation of 
reactive oxygen species, and inflammation are effectively attenu-
ated by the flavonoid luteolin in vitro and in vivo. Free Radic Biol 
Med 50(9):1081–1093

	 9.	 Glei M, Hovhannisyan G, Pool-Zobel BL (2009) Use of Comet-
FISH in the study of DNA damage and repair: review. Mutat Res 
Rev Mutat Res 681(1):33–43

	10.	 Poon SSS, Lansdorp PM (2001) Quantitative fluorescence in situ 
hybridization (Q-FISH). In: Current protocols in cell biology, vol. 
18. Hoboken: John Wiley & Sons, Inc.

	11.	 Risques RA et al (2008) Ulcerative Colitis is a disease of accel-
erated colon aging: evidence from telomere attrition and DNA 
damage. Gastroenterology 135(2):410–418

	12.	 Karwowski BT (2013) 5’8-cyklo-deoksyadenozyna. Podwójne 
uszkodzenie w obrębie pojedynczego nukleozydu/nukleotydu. 

Wiad Chem vol. 64, no. Copyright (C) 2013 American Chemical 
Society (ACS). All Rights Reserved., pp. 1013–1048, 2010

	13.	 Walker G, Chatterjee N (2017) Mechanisms of DNA damage, 
repair, and mutagenesis. Environ Mol Mutagen 58:235–263

	14.	 RichardWagner JC, Agents O, Radiation UV (2013) DNA base 
damage by reactive oxygen species. Cold Spring Harb Perspect 
Biol 5:1–18

	15.	 Cadet J, Douki T, Ravanat J-L (2010) Oxidatively generated base 
damage to cellular DNA. Free Radic Biol Med 49(1):9–21

	16.	 Zabel M (1999) Immunocytochemia. PWN, Warszawa
	17.	 Dabbs DJ (2010) Diagnostic immunohistochemistry : theranostic 

and genomic applications. Elsevier, Amsterdam
	18.	 Friguet B, Chaffotte AF, Djavadi-Ohaniance L, Goldberg ME 

(1985) Measurements of the true affinity constant in solution of 
antigen-antibody complexes by enzyme-linked immunosorbent 
assay. J Immunol Methods 77(2):305–319

	19.	 Annesley TM (2010) It’s about the journey, not the destination: 
the birth of radioimmunoassay. Clin Chem 56(4):671–672

	20.	 T. Chard, Immunoassay. Elsevier, 1996
	21.	 Goldsmith SJ (1975) Radioimmunoassay: review of basic princi-

ples. Semin Nucl Med 5(2):125–152
	22.	 Grange RD, Thompson JP, Lambert DG (2014) Radioimmu-

noassay, enzyme and non-enzyme-based immunoassays. Br J 
Anaesth 112(2):213–216

	23.	 Haschek WM, Rousseaux CG, Wallig MA (2010) Fundamentals 
of toxicologic pathology. Boston

	24.	 Preedy VR, Burrow GN, Watson R (2009) Comprehensive hand-
book of iodine: nutritional, biochemical, pathological and thera-
peutic aspects. Elsevier, Amsterdam

	25.	 Berton TR, Mitchell DL (2012) Quantification of DNA photo-
products in mammalian cell DNA using radioimmunoassay. Meth-
ods Mol Biol 920:177–187

	26.	 Smeenk RJ, van den Brink HG, Brinkman K, Termaat RM, 
Berden JH, Swaak AJ (1991) Anti-dsDNA: choice of assay in 
relation to clinical value. Rheumatol Int 11(3):101–107

	27.	 Derksen RH, Bast EJ, Strooisma T, Jacobs JW (2002) A com-
parison between the Farr radioimmunoassay and a new auto-
mated fluorescence immunoassay for the detection of antibod-
ies against double stranded DNA in serum. Ann Rheum Dis 
61(12):1099–1102

	28.	 Smeenk R, Brinkman K, van den Brink H, Swaak T (1990) A 
comparison of assays used for the detection of antibodies to DNA. 
Clin Rheumatol 9(1 Suppl 1):63–72

	29.	 Fadal RG (1992) Experience with RAST-based immunotherapy. 
Otolaryngol Clin N Am 25(1):43–60

	30.	 Miles LE (1975) Properties, variants, and applications of the 
immunoradiometric assay method. Ric Clin Lab 5(1):59–72

	31.	 Holmes KL, Lantz LM (2001) Chapter 9 Protein labeling with 
fluorescent probes. Methods Cell Biol 63:185–204

	32.	 Drummond TG, Hill MG, Barton JK (2003) Electrochemical DNA 
sensors. Nat Biotechnol 21(10):1192–1199

	33.	 Chuanlai X, Huting W, Chifang P, Zhengyu J, Liqiang L (2006) 
Colloidal gold-based immumochromatographic assay for 
detection of diethylstilbestrol residues. Biomed Chromatogr 
20(12):1390–1394

	34.	 Lu Q, Wei W, Zhou Z, Zhou Z, Zhang Y, Liu S (2014) Electro-
chemiluminescence resonance energy transfer between graphene 
quantum dots and gold nanoparticles for DNA damage detection. 
Analyst 139(10):2404–2410

	35.	 González-Martínez MÁ, Puchades R, Maquieira Á (2018) Immu-
noanalytical technique: enzyme-linked immunosorbent assay 
(ELISA). Modern Tech Food Authent Elsevier, pp. 617–657

	36.	 Slage KM, Ghosn SJ (1996) Immunoassays. tools for sensitive, 
specific, and accurate test results. Lab Med 27(3):117–183

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


4703Review: immunoassays in DNA damage and instability detection﻿	

1 3

	37.	 Wu AH (2006) A selected history and future of immunoassay 
development and applications in clinical chemistry. Clin Chim 
Acta 369(2):119–124

	38.	 McCarthy J (2003) Immunological techniques: ELISA. Detect 
Pathog Food pp. 241–258

	39.	 David W (2005) The immunoassay handbook, 3rd edn. Elsevier 
Ltd, Amsterdfam

	40.	 Li Y, Zhang G, Mao X, Yang S, De Ruyck K, Wu Y (2018) High 
sensitivity immunoassays for small molecule compounds detec-
tion—Novel noncompetitive immunoassay designs. TrAC Trends 
Anal Chem 103:198–208

	41.	 Cox KL, Devanarayan V, Kriauciunas A, Manetta J, Montrose 
C, and Sittampalam S (2004) Immunoassay methods. Eli Lilly & 
Company and the National Center for Advancing Translational 
Sciences, 2004

	42.	 Davies C (2013) Principles of competitive and immunometric 
assays (including ELISA)1. Immunoass Handb pp. 29–59

	43.	 Giacci M, Fitzgerald M (2018) Oligodendroglia are particularly 
vulnerable to oxidative damage after neurotrauma in vivo. J. Exp. 
Neurosci 12(29):6491–6504

	44.	 Johnson I, Spence M (Eds) (2010) The molecular probe hand-
book. a guide to fluorescent probes and lableling tecnologies, 
11th ed. Invitrogen

	45.	 Schmitt O, Preuße S, Haas SJP (2004) Comparison of contrast, 
sensitivity and efficiency of signal amplified and nonamplified 
immunohistochemical reactions suitable for videomicroscopy-
based quantification and neuroimaging. Brain Res Protoc 
12(3):157–171

	46.	 Bobrow MN, Moen PT (2001) Tyramide signal amplification 
(TSA) systems for the enhancement of ISH signals in cytogenet-
ics. In: Current protocols in cytometry, vol. Chapter 8. Hobo-
ken: John Wiley & Sons, Inc

	47.	 Taylor CR, Rudbeck L (Eds) Educational IHC guidebook: 
immunohistochemical staining methods. Dako, 2013

	48.	 Tsutsumi Y, Serizawa A, Kawai K (1995) Enhanced polymer 
one-step staining (EPOS) for proliferating cell nuclear antigen 
(PCNA) and Ki-67 antigen: application to intra-operative frozen 
diagnosis. Pathol Int 45(2):108–115

	49.	 Van der Loos CM, Naruko T, Becker AE (1996) The use of 
enhanced polymer one-step staining reagents for immunoen-
zyme double-labelling. Histochem J 28(10):709–714

	50.	 Sabattini E et al (1998) The EnVision ++ system: a new immu-
nohistochemical method for diagnostics and research. Critical 
comparison with the APAAP, ChemMate, CSA, LABC, and 
SABC techniques. J Clin Pathol 51(7):506–511

	51.	 Kämmerer U et al (2001) A new rapid immunohistochemical 
staining technique using the envision antibody complex. J His-
tochem Cytochem 49(5):623–630

	52.	 Ramos-Vara JA, Miller MA (2006) Comparison of two poly-
mer-based immunohistochemical detection systems: ENVI-
SION + ™ and ImmPRESS™. J Microsc 224(2):135–139

	53.	 Yan Z et al (2015) A sandwich-hybridization assay for simul-
taneous determination of HIV and tuberculosis DNA targets 
based on signal amplification by quantum dots-PowerVision™ 
polymer coding nanotracers. Biosens Bioelectron 71:207–213

	54.	 Bazin H, Trinquet E, Mathis G (2002) Time resolved ampli-
fication of cryptate emission: a versatile technology to trace 
biomolecular interactions. J Biotechnol 82(3):233–250

	55.	 Härmä H, Soukka T, Lövgren T (2001) Europium nanoparticles 
and time-resolved fluorescence for ultrasensitive detection of 
prostate-specific antigen. Clin Chem 47(3):561–568

	56.	 Herman B, Lakowicz J, Fellers T (2019) Fluorescence reso-
nance energy transfer (FRET) microscopy—introductory con-
cepts. [Online]. Available: https​://www.olymp​us-lifes​cienc​
e.com/en/micro​scope​-resou​rce/prime​r/techn​iques​/fluor​escen​
ce/fret/freti​ntro/. Accessed: 14 Jan 2019

	57.	 Parkhurst LJ, Parkhurst KM, Powell R, Wu J, Williams S (2002) 
Time-resolved fluorescence resonance energy transfer studies 
of DNA bending in double-stranded oligonucleotides and in 
DNA-protein complexes. Biopolymers 61(3):180–200

	58.	 Alpha-Bazin B, Bazin H, Boissy L, Mathis G (2000) Europium 
cryptate-tethered ribonucleotide for the labeling of RNA and its 
detection by time-resolved amplification of cryptate emission. 
Anal Biochem 286(1):17–25

	59.	 Klostermeier D, Millar DP (2002) Time-resolved fluorescence 
resonance energy transfer: a versatile tool for the analysis of 
nucleic acids. Biopolymers 61(3):159–179

	60.	 Takkinen K, Žvirblienė A (2019) Recent advances in homog-
enous immunoassays based on resonance energy transfer. Curr 
Opin Biotechnol 55:16–22

	61.	 Lopez-Crapez E, Bazin H, Andre E, Noletti J, Grenier J, Mathis 
G (2001) A homogeneous europium cryptate-based assay for the 
diagnosis of mutations by time-resolved fluorescence resonance 
energy transfer. Nucleic Acids Res 29(14):E70

	62.	 Cho I-H et al (2018) Current technologies of electrochemical 
immunosensors: perspective on signal amplification. Sensors 
18(2):207

	63.	 Mohanty SP, Kougianos E (2006) Biosensors: a tutorial review. 
IEEE Potentials 25(2):35–40

	64.	 Kerman K, Vestergaard M, Tamiya E (2009) Electrochemical 
DNA biosensors: protocols for intercalator-based detection of 
hybridization in solution and at the surface. Humana Press, New 
York, pp 99–113

	65.	 Hájková A, Barek J, Vyskočil V (2017) Electrochemical DNA 
biosensor for detection of DNA damage induced by hydroxyl radi-
cals. Bioelectrochemistry 116:1–9

	66.	 Mousavisani SZ, Raoof JB, Ojani R, Bagheryan Z (2018) An 
impedimetric biosensor for DNA damage detection and study of 
the protective effect of deferoxamine against DNA damage. Bio-
electrochemistry 122:142–148

	67.	 Wang C, Ho H-P, Shum P (2013) High performance spectral-
phase surface plasmon resonance biosensors based on single- and 
double-layer schemes. Opt Commun 291:470–475

	68.	 Cooper MA (2002) Optical biosensors in drug discovery. Nat Rev 
Drug Discov 1(7):515–528

	69.	 Seitz H (2007) Analytics of protein–DNA interactions
	70.	 Zhou C, Zou H, Sun C, Ren D, Chen J, Li Y (2018) Signal ampli-

fication strategies for DNA-based surface plasmon resonance 
biosensors. Biosens Bioelectron 117:678–689

	71.	 Zhou C, Zou H, Sun C, Ren D, Chen J, Li Y (2018) Signal ampli-
fication strategies for DNA-based surface plasmon resonance 
biosensors. Biosens Bioelectron 117:678–689

	72.	 Zhai J, Cui H, Yang R (1997) DNA based biosensors. Biotechnol 
Adv 15(1):43–58

	73.	 Jiang T, Minunni M, Wilson P, Zhang J, Turner APF, Mascini 
M (2005) Detection of TP53 mutation using a portable surface 
plasmon resonance DNA-based biosensor. Biosens Bioelectron 
20(10):1939–1945

	74.	 Hegde V, Wang M, Deutsch WA (2004) Characterization of 
human ribosomal protein S3 binding to 7,8-dihydro-8-oxogua-
nine and abasic sites by surface plasmon resonance. DNA Repair 
(Amst) 3(2):121–126

	75.	 Rich RL et al (2008) Extracting kinetic rate constants from surface 
plasmon resonance array systems. Anal Biochem 373(1):112–120

	76.	 Mahmoud W et al (2011) Advanced procedures for labeling of 
antibodies with quantum dots. Anal Biochem 416(2):180–185

	77.	 Bailey RE, Smith AM, Nie S (2004) Quantum dots in biology and 
medicine. Phys E Low-dimens Syst Nanostruct 25(1):1–12

	78.	 Kuang H, Zhao Y, Ma W, Xu L, Wang L, Xu C (2011) Recent 
developments in analytical applications of quantum dots. TrAC 
Trends Anal Chem 30(10):1620–1636

https://www.olympus-lifescience.com/en/microscope-resource/primer/techniques/fluorescence/fret/fretintro/
https://www.olympus-lifescience.com/en/microscope-resource/primer/techniques/fluorescence/fret/fretintro/
https://www.olympus-lifescience.com/en/microscope-resource/primer/techniques/fluorescence/fret/fretintro/


4704	 K. Boguszewska et al.

1 3

	79.	 Ganguly BN (2018) Nanomaterials in bio-medical applications: 
a novel approach. Materials Research Forum LLC, Bichitra N 
Kalota

	80.	 Jamieson T, Bakhshi R, Petrova D, Pocock R, Imani M, Seifalian 
AM (2007) Biological applications of quantum dots. Biomaterials 
28(31):4717–4732

	81.	 Peng H, Zhang L, Kjällman TH, Soeller C, Travas-Sejdic J (2007) 
DNA hybridization detection with blue luminescent quantum 
dots and dye-labeled single-stranded DNA. J Am Chem Soc 
129(11):3048–3049

	82.	 Chan P, Yuen T, Ruf F, Gonzalez-Maeso J, Sealfon SC (2005) 
Method for multiplex cellular detection of mRNAs using quan-
tum dot fluorescent in  situ hybridization. Nucleic Acids Res 
33(18):e161–e161

	83.	 Crut A, Géron-Landre B, Bonnet I, Bonneau S, Desbiolles P, 
Escudé C (2005) Detection of single DNA molecules by multi-
color quantum-dot end-labeling. Nucleic Acids Res 33(11):e98

	84.	 Moulick A et al (2017) Using CdTe/ZnSe core/shell quantum dots 
to detect DNA and damage to DNA. Int J Nanomed 12:1277–1291

	85.	 Kudr J et al (2017) Carbon dots based FRET for the detection of 
DNA damage. Biosens Bioelectron 92:133–139

	86.	 Wang Z et al (2009) Quantum dots enhanced ultrasensitive detec-
tion of DNA adducts. Anal Chem 81(24):10285–10289

	87.	 Firsanov DV, Solovjeva LV, Mikhailov VM, Svetlova MP (2016) 
Methods for the detection of DNA damage. Genome Stab 635–649

	88.	 Qi H, Yue S, Bi S, Ding C, Song W (2018) Isothermal exponential 
amplification techniques: from basic principles to applications in 
electrochemical biosensors. Biosens Bioelectron 110:207–217

	89.	 Sykora P et al (2018) Next generation high throughput DNA dam-
age detection platform for genotoxic compound screening. Sci Rep 
8(1):2771

	90.	 Ikehata H, Mori T, Douki T, Cadet J, Yamamoto M (2018) Quan-
titative analysis of UV photolesions suggests that cyclobutane 
pyrimidine dimers produced in mouse skin by UVB are more 
mutagenic than those produced by UVC. Photochem Photobiol 
Sci 17(4):404–413

	91.	 Korkmaz KS, Debelec Butuner B, Roggenbuck D (2018) Detec-
tion of 8-OHdG as a diagnostic biomarker. J Lab Precis Med 
3(5):95

	92.	 Yuan Y et  al (2018) Luminescence sensing for qualitative 
and quantitative detection of 5-methylcytosine. Anal Chem 
90(16):10064–10068

	93.	 Wu C, Kurinomaru T (2019) Development of the bioluminescent 
immunoassay for the detection of 5-hydroxymethylcytosine in 
dinoflagellate. Anal Sci 35(3):301–305

	94.	 Beranek M et al (2016) Genetic polymorphisms in biotransforma-
tion enzymes for benzo[a]pyrene and related levels of benzo[a]
pyrene-7,8-diol-9,10-epoxide-DNA adducts in Goeckerman ther-
apy. Toxicol Lett 255:47–51

	95.	 Zaika E et al (2011) p73 protein regulates DNA damage repair. 
FASEB J 25(12):4406–4414

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Review: immunoassays in DNA damage and instability detection
	Abstract
	Introduction
	DNA damage
	Theoretical basics of immunoassays
	Enzyme-linked immunosorbent assay (ELISA)
	Detection enhancement approaches
	Tyramide signal amplification (TSA)
	Enhanced polymer one-step staining (EPOS)
	Time resolved amplified cryptate emission (TRACE)
	Surface plasmon resonance (SPR)
	Quantum dots (QDs)

	Summary
	Acknowledgements 
	References




