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A B S T R A C T   

The use of insecticides presents a risk to the environment because they can accumulate in the water, soil, air, and 
organisms, endangering human and animal health. It is therefore essential to investigate the effects of different 
groups of insecticides on individual biomacromolecules such as DNA. We studied fipronil, which belongs to the 
group of phenylpyrazole insecticides. The interaction of fipronil with calf thymus DNA was investigated using 
spectroscopic methods (absorption and fluorescence spectroscopy) complemented with infrared spectroscopy 
and viscosity measurement. Fluorescence emission spectroscopy showed the formation of a fipronil/DNA com
plex with a combined static and dynamic type of quenching. The binding constant was 4.15 × 103 L/mol. 
Viscosity changes were recorded to confirm/disconfirm the intercalation mode of interaction. A slight change in 
DNA viscosity in the presence of fipronil was observed. The phenylpyrazole insecticide does not cause significant 
conformational changes in DNA structure or increase of its chain length. We hypothesize that fipronil is incor
porated into the minor groove of the DNA macromolecule via hydrogen interactions as indicated by FT-IR and CD 
measurements.   

1. Introduction 

Due to increasing resistance to insecticides and their adverse effects 
on public health, older groups (e.g., carbamates, organophosphates, 
organochlorine compounds, and pyrethroids) are gradually being 
replaced by new families of insecticides. Among these, neonicotinoids 
and phenylpyrazoles are the most used [1]. Fipronil (FIP) is a relatively 
new phenylpyrazole insecticide introduced for pest control. It is an 
extremely neurotoxic insecticide with good selectivity among insects 
and mammals. FIP was discovered and developed in the 1980s and 
marketed in 1993. This compound is contained in formulations such as 
Regent® and Frontline®. FIP is an insecticide with good stomach 
toxicity and is used to control many soil and foliar insects (e.g., potato 
caterpillars) that are parasitic on various crops, particularly maize and 
turf, and for public health insect control. It is also used for seed treat
ment and as a bait for cockroaches, ants, and termites. A considerable 
advantage is that FIP is effective against pyrethroid-resistant or tolerant 
insects, organophosphate and carbamate insecticides [2]. 

The chemical name of FIP (Fig. 1) is 5-amino-1-[2,6-dichloro-4-(tri
fluoromethyl) phenyl]-4-[(trifluoromethyl)sulphinyl]-1H-pyrazole-3- 

carbonitrile. This compound contains a trifluoromethyl sulphinyl group 
at the 4th position, which gives this molecule a higher liposolubility, 
facilitating its deposition in adipose tissue and contributes to its pro
longed action in the body. The solubility of FIP in water is 2.4 mg/L at 
pH 5 and 22 mg/L at pH 9. Its density is higher than the density of water. 
FIP does not leak because of its relatively low vapor pressure and is 
found in the air only when used in spray form. The insecticide we 
studied is characterized by low mobility in soil, resulting in a low 
contamination potential and a tendency to disperse, thereby facilitating 
its degradation by microorganisms [3]. 

Considering the 3-cyano and 4-trifluoromethyl sulphinyl group of 
phenylpyrazole as key pharmacophores, several FIP derivatives have 
been developed by modifying the amino group to pyrazole [4]. Mech
anism of FIP action is based on blocking γ-aminobutyric acid chloride 
and glutamate chloride channels which leads to disruption of the central 
nervous system of insects [5], hyperexcitation, and death [6]. The 
target-site specificity of FIP on insect channels is probably the reason for 
its higher toxicity to insects compared to mammals [7,8]. FIP’s sulfonic 
metabolites and photodegradation products (fipronil desulfinyl) pose a 
higher risk to insects, mammals, fish, birds, and being more toxic to 
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them than FIP itself [6]. FIP has been found to be toxic to a large number 
of birds and to most fish species. It has been shown to exert sub-lethal, 
cytotoxic, and genotoxic effects and to impair immune function, to 
reduce growth and reproductive success, often at concentrations below 
those associated with mortality. Indirect effects are rarely taken into 
account in the risk assessment process. Reductions in invertebrate 
abundance caused by FIP use have been shown to affect the growth of 
one fish species. In other cases, reductions in lizard populations have 
been linked to FIP effects on termite prey. It is therefore confirmed that 
FIP can have direct and indirect effects on terrestrial and aquatic wild 
vertebrates, and further investigation of its environmental safety is, 
therefore, necessary [5]. Chronic exposure of rats to FIP has demon
strated its toxic effects on the thyroid, liver, and kidneys [9]. Cyclic, 
systemic applications of fipronil have bio accumulative effects which in 
turn affect all animals along the trophic chain [10]. The World Health 
Organization has classified fipronil as a moderately toxic insecticide as 
an increased incidence of seizures and altered thyroid hormone levels 
have been reported, especially in rats (Badgujar et al., 2017). 

FIP has been found to cause a variety of sub-organ damage (kidney, 
brain, and liver of mice [11], represented by levels of markers of 
oxidative stress such as SOD (superoxide dismutase), GST (gluta
thione-S-transferase), CAT (catalase), and TBARS (thiobarbituric acid 
reactive substances). SOD and CAT represent the major components of 
the antioxidant enzyme system in insects. Antioxidant enzyme systems 
protect cells from oxidative disorders, protein and DNA damage, and 
lipid peroxidation. In vitro and in vivo (e.g. birds) studies indicated that 
DNA damage has been observed after exposure to FIP [12,13]. The 
damage of DNA in vitro was demonstrated by the comet assay [14]. The 
oxidative damage induced in DNA by FIP is little known [15]. FIP ex
hibits mutagenic effects in rats [16]. Vitamin E is considered to be the 
most promising vitamin in reducing genotoxic effects induced by 
chemicals as well as pesticides [17]. Exposure to fipronil in mice caused 
a significant increase in the frequency of micronuclei in polychromatic 
erythrocytes. Similarly, structural chromosomal aberrations in bone 
marrow cells and DNA damage in lymphocytes were found to be 
significantly higher in fipronil-exposed rats compared with their 
respective controls. The degree of protection from fipronil-induced 
genotoxicity was demonstrated by vitamin E pretreatment, as follows 
63.28 % for chromosomal aberrations; 47.91 % micronucleus formation; 
and 74.70 % for DNA damage. The results of this study demonstrate the 
genotoxic nature of fipronil and document the protective role of vitamin 
E [18]. 

Uncontrolled use of insecticides such as FIP and neonicotinoids can 
affect population dynamics at both structural and functional levels. 
Appropriate scientific use of insecticides together with a well-studied 
mechanism of action can significantly reduce adverse effects in the 
population [19]. Fipronil is similar in popularity to systemic insecticides 
- neonicotinoids because it is applied to plants by a wide range of 
methods, from sprays to seed treatments and soil drenches. Like neon
icotinoids, it is characterized by high toxicity to invertebrates. It also 
increases the likelihood of environmental contamination and exposure 
of non-target organisms as neonicotinoids. Environmental contamina
tion can occur in several ways, including dust arising from the sowing of 

treated seeds, contamination and accumulation in arable soils and soil 
water, runoff into waterways, and uptake of pesticides by nontarget 
plants via their roots or dust deposition on leaves [20]. 

Our study is expected to provide an important insight into DNA in
teractions with FIP. We studied this binding using spectroscopic 
methods including absorbance, fluorescence, and circular dichroism 
complemented with FTIR and viscosity measurements. This investiga
tion might be beneficial in cases of frequent application of FIP as an 
insecticide. In addition, our results may provide data necessary for 
clarification of the binding mechanisms of FIP with DNA and may be 
also be useful for environmental and food safety, as well as human and 
animal health protection when FIP is used as an insecticide. 

2. Materials and methods 

2.1. Chemicals and reagents 

FIP (CAS Number 120068-37-3) with 99 % purity and calf thymus 
DNA were purchased from Sigma Aldrich (Darmstadt, Germany). A 
stock solution of FIP (10− 2 mol/L) was prepared by dissolving in 
ethanol. DNA was dissolved in Tris-EDTA buffer (TE, 10 mmol/L Tris, 1 
mmol/L EDTA) and its pH was adjusted to 7.4 by slowly adding 1 mol/L 
hydrochloric acid. The TE buffer solution was filtered on MillexGV 
(0.22 μm) filter before measurement. Ethidium bromide solution (EtBr, 
CAS Number 1239-45-8) with 95 % purity was purchased from Sigma- 
Aldrich (Darmstadt, Germany) with a 1.3 × 10− 2 mol/L concentra
tion. FIP stock solution, DNA, and TE buffer solution were stored at 4 ◦C. 

2.2. UV–Vis studies 

Absorption measurements were performed on a Cary 60 UV–Vis 
spectrophotometer (Agilent Technologies, USA) using a quartz cuvette 
with a 1-cm path length at laboratory temperature. The concentration of 
the DNA stock solution was calculated by measuring the absorbance at 
260 nm as 2.4 × 10− 3 mol/L. The absorption titration experiment was 
carried out at a constant FIP concentration of 2 × 10− 5 mol/L, and the 
DNA concentration was varied during the measurement in the interval 
from 1 × 10− 5 mol/L to 4 × 10− 5 mol/L. All samples were stabilized 
before measurement for 10 min. The measurements were performed in 
the range of 200–800 nm. 

2.3. Fluorescence measurements 

The fluorescence binding experiment was carried out with a spec
trofluorimeter RF-5301 PC (Shimadzu, Japan). The width of the exci
tation and emission slit was 5nm/5 nm. Fluorescence spectra of FIP (3 ×
10− 5 mol/L) and FIP/DNA complexes with different DNA concentrations 
(2.4 × 10− 5–3x10− 4 mol/L) were obtained by recording fluorescence in 
the spectral region of 300–700 nm after excitation at 280 nm. The 
interaction of FIP with DNA was studied in the spectral range 370–550 
nm and its analysis was performed at 450 nm. All complexes were sta
bilized before the experiment for 10 min at laboratory temperature. 

Fig. 1. Chemical structure of FIP and the magnitude of its dipole moment.  
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2.4. DNA melting studies 

DNA denaturation was performed using an absorption spectropho
tometer Cary 60 UV–Vis (Agilent Technologies, USA) with an attached 
Peltier module, which is used for continuous temperature change. DNA 
melting temperatures of 3 × 10− 5 mol/L and DNA/FIP complexes at 1/1 
and 1/2 ratios were determined by monitoring the absorption intensity 
of the 260 nm absorption band at different temperatures. During the 
measurement, the temperature was continuously increased in the range 
of 20–95 ◦C in 5 ◦C increments. The concentration of FIP was varied 
during the measurement from 3 × 10− 5 mol/L to 6 × 10− 5 mol/L. We 
sealed the top of the cuvette with parafilm to prevent excessive evapo
ration of the samples. All samples were stabilized for 10 min. 

2.5. Viscosity test 

The viscosity of the DNA solution was measured at 298.1 ± 0.2 K 
using an Ostwald viscometer and thermostatic water bath. DNA/EtBr 
and DNA/FIP solutions were prepared in TE buffer (pH = 7.4). For 
viscosity measurements, we used DNA in a concentration of 5 × 10− 5 

mol/L and the DNA/EtBr and DNA/FIP complexes in ratios of 1/0; 1/ 
0.5; 1/1; 1/1.5, and 1/2. EtBr and FIP concentrations were varied in the 
interval 2 × 10− 5–1x10− 4 mol/L. The flow time of DNA and the different 
DNA/EtBr and DNA/FIP complexes through the capillaries of the 
viscometer was recorded by digital timers with an accuracy of ±0.02 s. 
DNA and all DNA/EtBr and DNA/FIP complexes were measured 15 
times, and the mean value was calculated. In this experiment, the 
samples were equally stabilized for 10 min prior to the measurements. 

2.6. FT-IR spectra analysis 

FT-IR spectra of FIP, and DNA samples free at a concentration of 
10− 2 mol/L and 1.5 × 10− 2 mol/L, respectively, or in the FIP/DNA 
complex with a concentration ratio of 1/5, (c (FIP) = 2.4 × 10− 3 mol/L; 
c (DNA) = 12 × 10− 3 mol/L) were recorded using a Nicolet™ 8700 
Fourier transform infrared spectrometer (Thermo Scientific) equipped 
with a Smart OMNI-Sampler (diamond crystal). 5 μL of a sample was 
spread on the diamond surface. Two measurements were taken for each 
sample. Each spectrum represents an average of 128 repetitions, recor
ded in the region between 1800 and 700 cm− 1 with a resolution of 2 
cm− 1. The recorded spectra were smoothed by means of OMNIC8 soft
ware (Thermo Fisher Scientific). The spectra were subsequently 
deconvoluted using the peak analyzer in OriginPro 8.5 (OriginLab 
Corporation). The baseline was subtracted and the peak positions were 
manually added in correlation with the raw data. The difference spectra 
[(DNA solution + FIP) – FIP] were obtained using the sharp band at 970 
cm− 1 as an internal reference. 

2.7. Circular dichroism measurements 

CD measurements of DNA in the presence of FIP after 10 min stabi
lization were recorded using a Jasco J-810 CD spectropolarimeter 
(Jasco, Easton, MD, USA). The CD experiments were performed in Tris- 
HCl buffer (0.1 mol/l Tris, 0.1 mol/l HCl; pH 7.4) at laboratory tem
perature. The CD spectra represent the automatic average of three 
consecutive scans. Measurements in the UV region (230–320 nm) were 
performed with a 1 mm path length rectangular quartz cell at a scan rate 
of 100 nm/min. The optical chamber of the CD spectrometer was 
deoxygenated with dry nitrogen before use and kept in a nitrogen at
mosphere during the experiments. CD spectra were recorded for 
different complexes of DNA/FIP in ratio 1/0, 1/1, 1/2, and 1/3. All 
observed CD spectra were corrected for the buffer signal and presented 
without smoothing or further data processing. 

All spectra and graphs from individual experiments were processed 
and analyzed using Origin 6.0 and 9.0. DNA denaturation curves were 
created and evaluated in Graphit. 

3. Results and discussion 

3.1. UV–Vis studies 

Absorption spectroscopy is a fundamental method for better inves
tigating the physicochemical properties of FIP and its interaction with 
DNA macromolecules. The purity of DNA was monitored by measuring 
the absorbance ratio at 260 and 280 nm. DNA solution has an A260/A280 
ratio >1.8, indicating that the DNA was free of the presence of protein 
[21]. FIP is characterized by two absorption maxima in the ultraviolet 
region of the electromagnetic spectrum at wavelengths of 204 and 280 
nm. 

FIP is known to dissolve well in organic solvents. In aqueous media, 
it dissolves sufficiently, but its solubility is lower than in an organic 
solvent. Using the HyperChem 8.0 program (Hypercube, Inc. [22]), we 
created a structural model of FIP (Fig. 1) and calculated its dipole 
moment by the semi-empirical AM1 method [23]. The dipole moment is 
a vector physical quantity describing the asymmetric distribution of 
electric charge in a molecule and is used to determine the polarity of a 
given molecule. The magnitude of the FIP dipole moment is 5.537 D, i.e. 
1.85 × 10− 29 C m, proving the polar behavior of FIP, which dissolves 
well in polar solvents, which is consistent with what is known about 
solubility. The structural model clearly shows that the FIP molecule is 
not planar. It has a crescent shape, caused by the sulphur atom being 
drawn inside the molecule. The sulphur atom, due to its position, does 
not significantly affect the polarity of the FIP. The polarity of FIP is 
mainly influenced by the six fluorine atoms located at opposite ends of 
the molecule, which contribute to the formation of the crescent structure 
of FIP. The high polarity of FIP is presumably suitable for the formation 
of hydrogen bonds in the groove of the DNA molecule. 

The binding of FIP to the DNA macromolecule was characterized by 
absorption titration. Fig. 2a shows the absorption spectrum of FIP with a 
concentration of 2 × 10− 5 mol/L in TE buffer and FIP/DNA complexes in 
different ratios (1/0.5; 1/0.6; 1/0.8; 1/1; 1/1.5; 1/2), while the DNA 
concentration was varied from 10− 5 mol/L to 4 × 10− 5 mol/L. By 
increasing the DNA concentration, we observed an increase in the in
tensity of the FIP absorption band at 280 nm. 

It is well known that small ligands, such as pharmaceuticals and 
pesticides, can be incorporated into DNA non-specifically in two ways, 
either by intercalation or by binding to the groove [24]. Intercalation 
with DNA is interacted by planar aromatic positively charged molecules 
that incorporate between the nitrogenous bases of DNA. The groove 
binding is characterized by ligand anchoring close to the 
sugar-phosphate chain [25]. Binding of the ligand to DNA via interca
lation is indicated by a change in absorbance (hypochromism – decrease 
of absorbance) due to an intercalation mode involving a “stacking” 
interaction between the aromatic chromophore and DNA base pairs 
[26]. This is a strong interaction of the electron shell of the intercalating 
molecule with the electron shell of the nitrogenous DNA bases [27]. By 
observing changes in the absorption spectrum of FIP as the concentra
tion of DNA gradually increased, we did not observe a hypochromic 
effect on the FIP absorbance intensity. On the contrary, we detected an 
increase in absorbance intensity, i.e. a hyperchromic effect. This allows 
us to predict that FIP does not interact with DNA by means of interca
lation, but rather in some other way. It is likely that this interaction takes 
place through hydrogen bridges or electrostatic forces [28]. 

The binding strength of FIP and DNA is expressed by the internal 
binding constant (Kb), which was determined by monitoring changes in 
FIP absorbance with increasing DNA concentration according to the 
following equation (1) 

[DNA]
εa − εf

=
[DNA]
εb − εf

+
1

Kb
(
εb − εf

) (1)  

where [DNA] is the DNA concentration converted to bp number. 
Apparent absorbance coefficients εa, εf, and εb are attributed to the 
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Ameasured/[FIP] ratio, the extinction coefficient for free FIP, and FIP 
completely bound to DNA. We constructed a plot of the [DNA]/(εa–εf) 
vs. [DNA] linear dependence (Fig. 2b) with a straight-line directive of 1/ 
(εb–εf) and an offset (intercept on the y-axis) 1/[Kb(εb–εf)]. We calcu
lated the value of the binding constant Kb from the ratio of the directive 
and displacement of the constructed linear dependence [19]. The 
magnitude of the binding constant is 4.15 × 103 L/mol. 

When comparing the calculated FIP binding constant with those of 
typical intercalating agents such as EtBr (Kb = 1.4 × 106 L/mol) [29], 
quinizarin (Kb = 3.2 × 107 L/mol) and danthrone (Kb = 7.2 × 106 L/mol) 
[30], the values of the intercalators binding constants are orders of 
magnitude higher. Based on these results, the FIP does not intercalate to 
the DNA macromolecule. We can also rule out binding via weak elec
trostatic forces since the values of the binding constants attributed to 
this type of interaction are low (on the order of 102) [31,32]. We hy
pothesize that FIP does not bind to the surface of the DNA macromole
cule by electrostatic forces or intercalation. A more likely mode of FIP 
incorporation into DNA is its binding to the DNA groove. 

3.2. Fluorescence measurements 

To complement the specific nature of FIP binding to DNA, we per
formed fluorescence measurements by monitoring the emission curves 
of FIP in the absence and presence of DNA (Fig. 3a). Upon excitation at 
280 nm, the FIP fluorescence spectrum shows a pronounced emission 
maximum at a wavelength of 450 nm. The concentration of FIP was 
constant (3 × 10− 5 mol/L), and the concentration of DNA varied in the 
interval from 2.4 × 10− 5 to 3 × 10− 4 mol/L. In the presence of DNA, we 
observe a decrease in the intensity of FIP fluorescence. These results 
suggest that the FIP fluorescence is quenched by DNA as binding be
tween FIP and DNA occurs [33,34]. An increase in FIP emission by DNA 

would indicate the aggregation or intercalation of FIP into DNA [35]. 
Considering the observed decrease in fluorescence intensity, we can 
exclude the formation of FIP aggregates and assume that FIP interacts 
with DNA in a binding mode other than intercalation. 

Moreover, in the presence of DNA, a leftward shift of the FIP fluo
rescence intensity maximum is observed (approximately 10 nm), i.e. a 
shift to lower wavelengths of the electromagnetic spectrum. This hyp
sochromic effect may be caused by environmental factors immediately 
surrounding the FIP, such as differences in polarity, hydrophobicity, 
hydrophilicity, pH, or the presence of electrostatic charges [36,37]. A 
change in polarity is likely to occur when the FIP is less exposed to the 
solvent. 

To confirm the formation of the FIP/DNA complex, we examined the 
fluorescence quenching in more detail. In general, fluorescence 
quenching involves several mechanisms, such as dynamic quenching, 
static quenching, and combined dynamic and static quenching. Contact 
between the fluorophore (energy-absorbing substance) and the 
quencher is the prerequisite for dynamic and static quenching. In dy
namic quenching, the quencher (in our case, DNA) should be in contact 
with the fluorophore (FIP) for a period equal to the lifetime of the 
excited state, and after contact, the fluorophore returns to the ground 
state without radiating energy (without emission). In dynamic quench
ing, there is no permanent change in the structure of the molecule. Static 
quenching is characterized by the forming of a non-fluorescent complex 
between the fluorophore and the quencher [38]. Whether the quenching 
mechanism corresponds to combined dynamic and static quenching can 
be characterized by the Stern-Volmer equation (2) 

F0

F
=(1+KSV [Q])(1+Kb[Q]) (2)  

where Kb is the binding (or static quenching) constant, while the 

Fig. 2. a Absorption spectra of FIP (2 × 10− 5 mol/L) after addition of DNA (10− 5–4x10− 5 mol/L) in TE buffer pH 7.4, lines 1–7: c (FIP/DNA) = 1/0, 1/0.5, 1/0.6, 1/ 
0.8, 1/1, 1/1.5, 1/2 respectively. The arrow indicates the change in absorbance with increasing DNA concentration. b The linear dependence of [DNA]/(εa–εf) vs. 
[DNA] was used to calculate the binding constant. 

Fig. 3. a The fluorescence spectra of FIP (3 × 10− 5 mol/L) after the addition of DNA (2.4 × 10− 5–3x10− 4 mol/L) in TE buffer pH 7.4, lines 1–9: c (FIP/DNA) = 1/0, 
1/0.8, 1/1, 1/1.1, 1/1.4, 1/2, 1/3, 1/5 and 1/10 respectively. The arrow indicates the fluorescence changes with increasing DNA concentration. b Stern-Volmer 
dependences of FIP/DNA complexes at laboratory temperature. 
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quenching constant KSV corresponds to the dynamic quenching. This 
modified form of the Stern-Volmer equation is the second-order equa
tion for the [Q] quencher concentration. Fig. 3b represents the Stern- 
Volmer dependence of F0/F vs. [Q] (F0 – fluorescence intensity of FIP 
in the absence of DNA; F – fluorescence intensity of FIP in the presence of 
DNA) of the FIP/DNA system at laboratory temperature [39]. We 
detected a non-linear dependence of F0/F vs. [Q] pointing to a combined 
dynamic and static quenching of FIP molecules in the presence of DNA. 

Fig. 3b shows that the Stern-Volmer dependence is linear for con
centrations of DNA < 9 × 10− 5 mol/L and demonstrates a positive de
viation from linearity at higher DNA concentrations, too. These 
observations are consistent with the available literature [39] and sug
gest that dynamic quenching occurs only at low quencher (DNA) con
centrations. Second-order polynomial regression of the obtained 
experimental results showed a very high correlation coefficient R (R =
0.997). The solution of the second-order equation did not lead to 
obtaining specific constants Kb and KSV, so we determined the 
Stern-Volmer quenching constant (KSV) only from the linear part of the 
dependence. The value of KSV had a value of 3796 L/mol. 

The results obtained by fluorescence measurements allow us to as
sume that FIP interacts with DNA in a non-intercalating manner. The 
interaction of FIP with DNA may be a result of contact of FIP with DNA 
during the lifetime of the excited state of FIP, without any changes in the 
structure of the interacting molecules. In higher DNA concentrations, we 
observed static quenching of FIP fluorescence in the presence of DNA, 
forming a non-fluorescent complex. 

3.3. DNA melting studies 

When a DNA molecule is exposed to extreme pH or heat, the mole
cule of DNA undergoes conformational changes from an ordered double 
helix structure into a random single-stranded form at melting temper
ature (Tm). The melting temperature can change by the interaction of 
DNA with small molecules [40]. Therefore, we studied DNA (c (DNA) =
3 × 10− 5 mol/L) denaturation in the absence of FIP and for DNA/FIP 
complexes (DNA/FIP = 1/1, 1/2) with increasing FIP concentration (c 
(FIP) = 3 × 10− 5–6x10− 5 mol/L). DNA denaturation is also associated 
with changes in the thermodynamic parameters Tm, ΔT, and ΔH. 

The measured curves were used to calculate the basic thermody
namic parameters. By monitoring the changes in DNA absorbance in
tensity at 260 nm as a function of increasing temperature, the 

normalized melting curves (Fig. 4) were constructed and fitted using the 
Vanʹt Hoff equation [41]. 

A=Amin +
Amax − Amin

1 + e

[

ΔH
R x

(

1
T − 1

Tm

)] (3)  

where A is the absorbance, Amin and Amax represent the minimum and 
maximum measured absorbance, Tm, is the melting temperature and T is 
the actual temperature, H is the enthalpy of the helix-coil transition, and 
R is the gas constant. The helix-coil transition is also characterized by 
the width of the temperature interval ΔT obtained by constructing a 
tangent to the melting curve. Using the tangent line, we have deter
mined temperatures T1, T2, and ΔT. T1 represents the initial temperature 
of the helix-coil transition when 17 % of the base pairs of the DNA 
molecule are unraveled. The temperature T2 is the final transition 
temperature corresponding to 83 % of disordered base pairs. The ther
modynamic quantity, the width of the temperature interval ΔT, is 
calculated from the relation [42]. 

ΔT =T2 − T1 (4) 

All calculated thermodynamic parameters are summarized in 
Table 1. 

Intercalation of ligands into the DNA structure leads to stabilization 
of nitrogenous bases, which is characterized by an increase of the 
melting temperature Tm by approximately 5–8 ◦C in the presence of 
small molecules during DNA denaturation. Conversely, a binding mode 
other than intercalation (such as electrostatic interaction on the DNA 
surface (we ruled out this type of binding based on the results of the 
absorption titration experiment) or binding into the groove) does not 
cause an increase in melting temperature [43]. Our measured results 
indicate that in the presence of FIP in the DNA solution, there is a 
decrease in melting temperature of almost 2 ◦C (from 64.22 ◦C corre
sponding to pure DNA to 62.24 ◦C for the DNA/FIP complex = 1/2). 
Similarly, we observed a decrease in the Vanʹt Hoff enthalpy with 
increasing FIP concentration. The width of the temperature interval had 
the same trend, i.e., we obtained a decrease in its value (from 21.81 ◦C 
for DNA to 20.78 ◦C for the DNA/FIP complex = 1/2) in the presence of 
FIP. We detected a decrease in the individual DNA values of thermo
dynamic parameters after adding FIP to the DNA solution, suggesting 
DNA denaturation. The observed decrease in melting temperature is less 
than 5 ◦C, indicating that FIP interacts with DNA in a mode other than by 
intercalation. We hypothesize that the binding of FIP to DNA may occur 
via electrostatic forces on the surface of the molecule or by incorpora
tion of FIP into the groove of the DNA macromolecule. Observed 
changes in thermodynamic parameters lead us to conclude that FIP 
destabilizes DNA due to its interaction with the groove [44]. 

It is known from the literature that ligands containing at least two 
aromatic rings that are joined by a flexible bond (allowing torsion) will 
bind to the minor groove of DNA preferentially to regions rich in A-T 
pairs [45,46]. This has been shown for interactions of 
neonicotinoid-type pesticide (e.g., thiacloprid) with DNA, as evidenced 
by the biphasic shape of the DNA melting curves [47]. Since we did not 
observe the biphasic nature of the melting curves, we cannot specify 
whether FIP is incorporated into the minor or major DNA groove. 

Fig. 4. Normalized melting curves of free DNA (1) and in complex with FIP in 
concentration ratios 1/1 (2) and 1/2 (3), c (DNA) = 3 × 10− 5 mol/L and c (FIP) 
= 3 × 10− 5–6x10− 5 mol/L. 

Table 1 
Thermodynamic parameters determined from the melting curves of free DNA 
and DNA/FIP complexes.   

Tm (◦C) T1 (◦C) T2 (◦C) ΔT (◦C) ΔH (kJ/mol) 

DNA 64.24 53.26 75.07 21.81 265.51 ± 0.17 
DNA/FIP = 1/1 62.33 50.70 72.03 21.33 246.92 ± 0.16 
DNA/FIP = 1/2 62.24 51.24 72.02 20.78 239.74 ± 0.14  
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3.4. Viscosity test 

The viscosity measurement can be an important indicator to confirm 
the non-intercalative mode of ligand binding to double-stranded DNA. 
Viscosity is a simple, theoretically well-described experiment used to 
distinguish the mode of interaction of ligands and DNA. It is one of the 
hydrodynamic methods. Binding to the DNA groove, as opposed to 
intercalation, does not induce significant conformational changes in the 
DNA molecule, does not elongate the DNA strand, nor does it increase 
the viscosity of the DNA solution [48]. Fig. 5 shows the relative viscosity 
changes expressed as a ratio of the flow time t for the DNA/ligand 
complex and t0 for pure DNA [49], and for the DNA/EtBr and DNA/FIP 
complexes. During this experiment, the DNA concentration was kept 
constant at 5 × 10− 5 mol/L, and the concentrations of the ligands (EtBr 
and FIP) varied in the range of 2 × 10− 5–1x10− 4 mol/L, which corre
sponded to individual DNA/ligand complexes (1/0.5; 1/1; 1/1.5; 1/2). 

We used EtBr for comparison, as it is one of the typical intercalators 
whose incorporation increases the length of the DNA chain and the 
viscosity of the DNA solution. Ligands that bind to the DNA groove show 
insignificant positive or negative changes in DNA viscosity [49]. Upon 
adding EtBr (intercalator) to DNA, we observed a sharp increase in the 
relative viscosity of the DNA solution. At the same time, no significant 
change in the viscosity of DNA was observed in the presence of FIP. 
These results are consistent with other experiments and confirm our 
hypothesis that FIP interacts with DNA by forming hydrogen or hydro
phobic bonds by incorporating into the DNA groove. The ability of 
non-polar molecules to interact with each other in an aqueous envi
ronment is called the hydrophobic effect. From the structural model of 
FIP, we know that FIP is a polar molecule, i.e., it is not able to form the 
hydrophobic interactions. This is also supported by the structure of FIP 
obtained by HyperChem modelling, which shows the FIP molecule to be 
crescent-shaped (Fig. 1). Small molecules with the same shape are 
known to bind to the minor DNA groove [50]. 

3.5. FT-IR spectra analysis 

To further specify the FIP binding site in DNA, the FT-IR spectrum of 
free DNA was recorded, and the difference FT-IR spectrum [(DNA so
lution + FIP) – FIP] of the FIP/DNA complex at the molar ratio 1/5 was 
calculated. The changes (intensity and shifting) in spectral features are 

shown in Fig. 6. Our measured spectra were compared with those 
published in literature [51] to assign peak positions correctly. We have 
analyzed the individual structural components of DNA and FIP involved 
in possible binding modes and summarized all changes and peak posi
tions in Table 2. 

3.5.1. Nitrogen base binding 
The FT-IR spectrum of free DNA had four major bands corresponding 

to the nitrogenous bases. The band at position 1714 cm− 1 is attributed to 
the in-plane stretching vibration of the guanine double bond (C7––N). 
The 1652 cm− 1 band is related to thymine (C2––O) stretching. The 
bands at positions 1617 cm− 1 and 1489 cm− 1 correspond to adenine and 
cytosine base vibrations respectively (Table 2) [51,52]. Evidence for the 
interaction of FIP with nitrogenous bases came from changes in the in
tensity and position of the four basebands in the difference spectrum of 
the FIP/DNA complex. The spectral shifts were accompanied by signif
icant changes in the intensity of the four base vibrations. That can be 
attributed to some degree to helix destabilization [53]. The observed 
intensity changes can be related to FIP interaction with G-C and A-T base 
pairs. The guanine and cytosine bands at 1714 cm− 1 and 1489 cm− 1 

shifted to 1708 cm− 1 and 1481 cm− 1 respectively. The thymine and 
adenine bands at 1652 cm− 1 and 1617 cm− 1 also shifted to 1662 cm− 1 

and 1628 cm− 1 (Fig. 6). These shifts can be linked with direct binding of 
the FIP with the guanine and cytosine (direct bond is represented by a 
shift to lower wavenumbers [52], and thus a shift of the adenine and 
thymine vibration bands to higher frequencies. 

3.5.2. Phosphate binding 
Variations in the band position and intensity for asymmetric phos

phate stretching at 1222 cm− 1 and symmetric phosphate stretching at 
1086 cm− 1 in the presence of the FIP/DNA complex are shown in Fig. 6 
(bottom). The bands shifted by 1 cm− 1 and 2 cm− 1 respectively, and 
their vibration intensities decreased. These results also suggest some 
weak external interaction of FIP with the phosphate skeleton upon 
interacting with the DNA double helix [54]. 

3.5.3. Conformation analysis 
Free DNA showed B conformation with infrared marker bands at 

1714 cm− 1 (guanine), 1222 cm− 1 (asymmetric phosphate stretch), 894 

Fig. 5. The plot of flow time t/t0 versus [DNA]/[ligand], where t is the flow 
time of the DNA/ligand complex (FIP or EtBr respectively) and t0 is the flow 
time of DNA. c (DNA) = 5 × 10− 5 mol/L, c (ligand) = 2 × 10− 5–1x10− 4 mol/L; 
[DNA]/[ligand] = 1/0, 1/0.5, 1/1, 1/1.5, 1/2. 

Fig. 6. FT-IR spectra in the region of 1800–700 cm− 1 for free FIP and complex 
DNA/FIP = 1/5 in aqueous solution at pH = 7.4 (top two spectra) and FT-IR 
spectrum for free DNA and difference FT-IR spectrum [(DNA solution + FIP) 
– FIP] of FIP/DNA complex at molar ratio 1/5 (bottom two spectra). 
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cm− 1 (sugar-phosphate stretch), and 840 cm− 1 (phosphodiester mode) 
[55]. When a B to A transition occurs, B DNA marker bands at 840 cm− 1 

and 1714 cm− 1 shift toward lower frequencies, and the 1222 cm− 1 band 
shifts to higher frequencies of about 1230–1240 cm− 1 [53,56]. In a 
B-to-Z transition, the band at 840 cm− 1 displaces to approximately 800 
cm− 1, and the band at 1714 cm− 1 appears near 1690 cm− 1, whereas the 
band at 1222 cm− 1 shifts toward 1215 cm− 1 [57]. The changes observed 
in the bands at 1714 cm− 1 and 1222 cm− 1 do not indicate DNA 
conformational change. The slight spectral change recorded in the 
deoxyribose region 900–100 cm− 1 may be attributed to minor alter
ations in the sugar-phosphate geometry while DNA remains in B 
conformation [55]. 

3.5.4. FIP incorporation into the DNA 
Fig. 6 (top) shows the spectral profiles of FT-IR spectra FIP in 

aqueous solution and FIP/DNA complex. The tentative assignment of the 
vibrational bands for the FIP molecule was made based on the data 
found in the literature [58]. Briefly, the FT-IR spectrum of FIP is 
dominated by a group of bands appearing in the region of 800–1100 
cm− 1, which are attributed to S––O (1049 cm− 1) stretching vibrations 
(Table 2). The bands at 1143 cm− 1 and 1188 cm− 1 attend to the bending 
vibrations of functional groups C–F. These bands can be employed as an 
actual fingerprint region to carry out the FT-IR detection of FIP. The 
FT-IR spectrum of FIP also includes strong stretching bands at 883 cm− 1 

and 1090 cm− 1 attributed to the vibrations in the heterocycle moiety of 
the molecule. FIP exhibits weak extra bands appearing at 1467 cm− 1 and 
1582 cm− 1, corresponding to the C––C–C––N and C––C localized in the 
adjacent cycle of the molecule respectively. Finally, the bands observed 
between the two regions mentioned above correspond to C––C stretch
ing vibration in heterocycle (1376 cm− 1) and bending vibration of the 
NH2 group linked to the aromatic cyclic structure (1323 cm− 1) of the 
analyzed pesticide molecule (Table 2). 

The interaction DNA macromolecule with FIP molecule indicates 
structural changes within FIP molecule manifested in its FT-IR spectrum. 
We observed the following significant changes by comparing the 
measured spectra for free FIP and FIP/DNA complex (Fig. 6, top). In the 
complex spectrum, relative enhancements of bands at 883, 1049, 1090, 
1323, and 1376 cm− 1 can be seen, with a band shift of the 883 cm− 1 

toward 877 cm− 1, 1049 cm− 1 to 1045 cm− 1, 1090 cm− 1 toward 1085 
cm− 1, as well as bands at 1323 cm− 1 and 1376 cm− 1 shift to 1321 cm− 1 

and 1383 cm− 1 respectively. We also recorded the loss of vibrational 
bands at 1143 cm− 1 and 1188 cm− 1 corresponding to functional groups 
C–F. The complete disappearance of the vibrations belonging to the C–F 
functional groups can be attributed to the interaction of FIP through the 
ends of its molecule where the fluorine atoms are located (Fig. 1). This 
claim is supported by the fact that fluorine is a highly electronegative 
element. The C––C vibration in the heterocycle (1376 cm− 1) relaxes, and 
the C––C bond wavenumber of the aromatic ring remains unchanged, 
which could indicate that the FIP molecule is rotated during 

incorporation which leads to the fact that aromatic rings are oriented 
outward from the DNA groove (probably the minor groove, as shown by 
the above-mentioned results). From the point of view of DNA vibrations 
changes formed because of FIP incorporation, the cytosine (1489 cm− 1) 
and guanine (1714 cm− 1) vibrations shifted to lower values. This fact 
allows us to predict a binding of FIP on the G-C pairs levels. If we 
consider, the facts that the G-C regions in the B form of DNA are wider 
and FIP molecules are bigger than small planar aromatic molecules [59] 
then our above-mentioned claim seems to be conclusive. In conclusion, 
from the FT-IR analysis, it is possible to propose an interaction model for 
DNA + FIP as follows: the interaction is realized by hydrogen bonds 
between G-C pairs in the minor groove of the DNA macromolecule and 
the CF3 functional groups of the aromatic heterocyclic ring of the FIP 
molecule. 

3.6. Circular dichroism (CD) measurements 

The circular dichroism method is very useful in studying the struc
tural, morphological, and conformational changes of a DNA molecule 
caused by drug interaction or another small ligand [60]. This technique 
is excellent for rapidly evaluating the secondary structure and its 
changes [61]. CD spectra of the B form of DNA are characterized by a 
positive band at 275 nm due to base-stacking and a negative band at 245 
nm resulting from right-handed helicity [62]. The simple groove binding 
and electrostatic interaction of small molecules has been proven to show 
less or no perturbation on the base-stacking and helicity bands [63]. The 
decrease of CD spectra at 275 nm and a slight change in the shape of the 
positive band were obtained upon the addition of small molecules like 
bisphenol A which indicates its binding to the DNA by intercalating. This 
reaction was realized between adjacent base pairs and induced a 
conformational change of DNA. In contrast, the enhancement of the 
intensity band at 275 nm and the shape change of the positive band 
predicts the binding of the small molecule, like acrylamide, into the 
minor groove of DNA [64]. 

The changes in the CD spectra of DNA in the presence of increasing 
concentrations of FIP are shown in Fig. 7. From our results, FIP causes 
only very slight, weak changes in the CD spectra of the DNA molecule. 
To better characterize the CD changes, we also calculated the molecular 
ellipticities of the two characteristic DNA bands (Table 3). 

Molecular ellipticity values were calculated using the equation [65]. 

[θ]λ =
100 θ(λ)

cl
(5)  

where [θ]λ represents the molecular ellipticity at a particular wave
length expressed in deg cm2 dmol− 1, l is the length of the cell in cm, c 
corresponds to the concentration in moles of nucleotide phosphate per 
Liter, and θ(λ) is the observed rotation in degrees. 

Based on the observed changes (Fig. 7, Table 3) and following the 
published knowledge mentioned above, we can conclude that the DNA 

Table 2 
Main experimental wavenumbers of DNA, FIP, complex FIP/DNA, difference [(DNA solution + FIP) – FIP] vibrations as obtained by FT-IR spectroscopy and their 
assignments.  

DNA Difference spectrum FIP/DNA r = 1/5 FIP FIP/DNA 1/5 

Wavenumber (cm− 1) Assignment Wavenumber (cm− 1) Wavenumber (cm− 1) Assignment Wavenumber (cm− 1) 

840 m phosphodiester mode  883 s heterocycle ν 877 s 
894 m sugar-phosphate stretch 899 m 1049 vs S––O ν 1045 vs 
970 s C–C deoxyribose stretch 970 s 1090 s heterocycle ν 1085 s 
1054 s C–O deoxyribose stretch 1042 s 1143 m C–F ν  
1086 vs symmetric PO2‾ stretch 1084 vs 1188 m C–F ν  
1222 s asymmetric PO2‾ stretch 1221 s 1323 m aromatic cycle-NH2 ν 1321 m 
1489 m in-plane vibration of cytosine 1481 m 1376 m C––C in hete- rocycle ν 1383 m 
1617 m adenine (C7––N stretching) 1628 m 1467 m -C––C–C––N ν 1467 m 
1652 s thymine (C2––O stretching) 1662 s 1582 w C––C in ring ν 1582 w 
1714 s guanine (C––O stretching) 1708 s    

Note: Relative intensities: vs – very strong, s – strong, m – medium, w – weak. Vibration type: ν – valence stretching. 
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molecule does not significantly change its secondary structure in the 
presence of FIP, remaining in the B-form. The observed spectral changes 
are due to local disturbances in the geometry of the DNA bases rather 
than changes in the helical structure of the DNA [66]. Moreover, we 
observed a slight increase in the intensity of the band at 275 nm and a 
mild change in the shape of this positive DNA band, indicating that the 
local disturbances in the geometry of the DNA bases are probably caused 
by the FIP incorporation into the DNA molecule in its minor groove by 
forming hydrogen bonds between the CF3 group of FIP and –NH group of 
DNA bases. 

4. Comparison of fipronil – DNA interaction with other 
insecticides 

The study of the interaction between insecticides and nucleic acid is 
considered to be important to allow screening for carcinogenic proper
ties of pesticides in general [67,68]. Studies addressing the specific 
mode of interaction and binding sites of phenylpyrazoles insecticides 
with DNA are few. One group which has been studied is the group of 
neonicotinoid insecticides such as thiacloprid, imidacloprid, thiame
thoxam and acetamiprid. The binding constant values of thiaclopride 
[47], thiamethoxam [69] and acetamiprid [70] when they interact with 
DNA are similar to that of fipronil and they are in order more than 103 

L/mol. The presence of both thiaclopride and fipronil causes a decrease 
in melting point temperature Tm and Van’t Hoff enthalpy ΔH of DNA. 
These changes of thermodynamic parameters lead to destabilization of 
the DNA molecule. Hovewer, it was recorded a two-phase character 
melting curve of the complex DNA-thiacloprid with an expression 
destabilization of AT regions in DNA [47]. Although, both molecules are 
incorporated into DNA minor groove, thiacloprid prefers the regions 
rich in AT-base pairs, meanwhile fipronil that ones rich in GC-base pairs. 

The situation with acetamiprid is different. This molecule stabilizes DNA 
as its melting point temperature increases after adding insecticide. The 
model in which it binds to DNA is a partial intercalation to the regions 
rich in GC-base pairs and its binding leads to a change in the secondary 
structure of DNA from B conformation to the A [70]. Jameel M. et al. 
[69] have investigated hazardous effect of thiametoxam on biochemical 
and biological parameters of the exposed insect organism from view of 
its interaction with DNA. When they measured a thiametoxan influence 
on DNA molecule they used calf thymus DNA in their spectroscopic 
experiments and postulated the same interaction mode as we got for 
fipronil. 

Another group of pesticides is a group of conazole triazole fungicides 
including epoxiconazole and prothioconazole. Preliminary experiments 
obtained by spectroscopic and hydrodynamic methods show similar 
results as the investigation of the DNA-fipronil complex. The values of 
their binding constant does not point to an intercalation mode the 
interaction but the incorporation into the groove of DNA molecule 
(unpublished results). 

From above mentioned studies we can suppose that heterocyclic ring 
in the structure of fipronil, thiacloprid, thiametoxam and triazole fun
gicides plays an important role in their mode of interaction with DNA. 
Only acetamipride is missing this ring and contains free linear sequen
tion, which probably is a reason for its partial intercalation in the DNA 
structure. 

5. Conclusions 

Our work focused on monitoring changes in DNA structure and sta
bility caused by phenylpyrazole insecticide FIP. The structure of the FIP 
molecule is a crescent shape due to the pulling of the sulphur atom inside 
the molecule. FIP is polar, well soluble in polar solvents and its 
magnitude of the dipole moment is 5.537 D. By increasing the DNA 
concentration, we detected a hyperchromic effect of the intensity 
absorbance of FIP, suggesting that FIP interacts with DNA differently 
than in intercalation mode. The strength of FIP binding to DNA is 
characterized by a binding constant comparable to the ligands binding 
to the DNA groove. The presence of DNA causes combined dynamic and 
static fluorescence quenching of FIP. At low concentrations, DNA is in 
contact with FIP without any change in the structure of the interacting 
molecules. At higher concentrations, DNA generates a non-fluorescent 
complex with FIP. The phenylpyrazole insecticide FIP destabilizes 
DNA structure, as shown by the observed decrease in all thermodynamic 
parameters. At the same time, we also observed a slight change in DNA 
viscosity in the presence of FIP. However, we can conclude that FIP does 
not cause significant conformational changes in DNA structure through 
its interaction, nor does it increase its chain length. The results allow us 
to assume that the phenylpyrazole insecticide FIP is incorporated into 
the groove of the DNA macromolecule via hydrogen interactions. FT-IR 
and CD measurements further specified the site of FIP incorporation into 
DNA and are consistent with the other results. The most likely site of FIP 
binding is a minor groove in the DNA macromolecule. FIP binds via 
hydrogen bonds between the CF3 group of FIP and the nitrogenous bases 
of DNA. 

In conclusion, we can state that through its interaction, FIP causes a 
change in the native DNA structure. As can be seen from other in
vestigations, the fipronil mode of interaction with DNA is very similar to 
structuraly and functionaly like insecticide molecules such as some 
neonicotinoids or triazoles. Uncontrolled use of insecticides such as FIP 
can affect population dynamics at both the structural and functional 
levels. Proper use of insecticides, coupled with a well-studied mecha
nism of action, can significantly reduce their adverse effects on a 
population. 
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