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ABSTRACT. We have studied the interaction of a polymeric water soluble anthracenyl derivative (Ant-PHEA) with salmon 

testes DNA. The results from UV-Vis, fluorescence, Fourier transform infrared (FT-IR) and circular dichroism spectroscopies 

indicate that the groove binding process regulates the interaction between Ant-PHEA and DNA. The binding constants, 

calculated by absorption spectroscopy at 298, 304 and 310 K, were equal to 3.2×10
5
 M

-1
, 4.7×10

5
 M

-1
, and 6.6×10

5
 M

-1
 

respectively, proving a relative high affinity of Ant-PHEA towards salmon testes DNA. Results of Hoechst 33258 

displacement assays strongly support the groove binding mode of Ant-PHEA to DNA. The association stoichiometry of the 

Ant-PHEA:DNA adduct was found to be 1 every 5 base pairs. FT-IR spectra, recorded at different Ant-PHEA/DNA molar 

ratios, indicate the involvement of the phosphate groups and adenine and thymine DNA bases in the association process. 

Thermodynamic results suggest that hydrophobic forces regulate the binding of Ant-PHEA with DNA without excluding 

some extent of involvment of van der Waals forces and hydrogen bonding arising due to surface binding between the 

hydrophilic polymeric arms of the ligand and the functional groups positioned on the edge of the groove. The resulting 

composite biomaterial could constitute a valuable candidate for future biological and/or photonic applications. 

Introduction 

Biocompatible chromophores used for bio-related two-photon 

applications such as fluorescence microscopy imaging and photo-

dynamic therapy (PDT) have been object of much attention in 

recent years.
1-4

 It has been shown that, common stains used for 

biological applications such as ethidium bromide and Hoechst 

33342 do not present high two-photon absorption,
5,6

 since usually, 

good non-linear photon absorbers present a large π-conjugated 

skeleton making them highly hydrophobic and thus not suitable for 

applications in aqueous systems.
7
 In this context, Monnereau et 

al
8,9

 developed a new strategy that makes such molecules water-

soluble and biocompatible allowing the involvement with bio 

systems, while preserving the photo-physical properties of their 

lipophilic precursors, including two-photon absorption and emission 

properties. In this context, there is special interest in molecules that 

can interact with DNA, especially those that show a tendency to 

bind in a sequence-specific manner. Beside the use of such 

molecules as specific biological probes, the advent of DNA as a 

photonic material makes it interesting to consider DNA-dye 

complexes as components for the construction of bio-sourced 

composite optoelectronic materials and devices.
10-14

 Fabrication of 

such devices requires a large compatibility between the DNA 

substrate and the dye.
15 

Thus, the search of agents with a large 

association constant and a high selectivity is one of the primary 

goals in these area.
16-21

 To achieve these properties, efforts have 

been undertaken to modify the structural characteristics of the 

ligand and to evaluate the conformational changes induced in DNA 

upon binding.
22,23

 Moreover, the structural changes generated by 

the binding interaction with external compounds make DNA a 

target molecule for antiviral and anticancer therapies.
24-27

 DNA can 

interact with guest molecules mainly in three different ways: 

intercalation, groove binding and external binding.
16

 Intercalation 

occurs when the planar polycyclic aromatic molecules are inserted 

between two base pairs. This induces significant conformational 

changes in the DNA structure and is generally independent of base-

pair sequence.
28 

Typical binding constants found for well-known 

intercalators such as Methylene Blue-DNA (Ka= 2.13×10
4
 M

-1
), 

Acridine Orange-DNA (Ka= 2.69×10
4
) and Ethidium Bromide-DNA 

(Ka= 6.58×10
4
M

-1
) have a magnitude of 10

4
 M

-1
 .

27
 Groove binding 

molecules are typically constituted by at least two aromatic rings 

and must be flexible to fit perfectly into the groove. Minor groove 

binders usually involve greater binding affinity and higher sequence 

specificity than that of intercalators. Since the binding pocket of the 

DNA groove is defined by two different regions, namely the bottom 

formed by the edges of the nucleic bases and the walls formed by 

the deoxyribose-phsophate backbone, the ligand-DNA association 

process is mainly driven by a combination of hydrophobic, van der 

Waals, electrostatic and hydrogen-bonding interactions.
24,28

 As the 

DNA minor groove presents a unique pattern of hydrogen bond 
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donors and acceptors specific functional groups along the ligand 

moiety are often required to enhance the binding orientation.
29,30 

In 

addition, electrostatic forces may play an important role for minor 

groove binders even so, such binding mode has been demonstrated 

for neutral, mono-charged and multicharged ligands.
28

 Anyway, the 

right insertion of positive charges and electronegative atoms along 

the guest molecule template can enhance the specificity and 

affinity of the ligands for the duplex.
29

 The binding constant 

associated with such interactions ranges from 10
5 

to 10
9
 M

-1
.
24

 The 

third mode, called external binding, it is usually referred to 

molecules that are not well suited for intercalation or groove 

binding and it results from attractive electrostatic interactions 

between positive charges from the ligand and negative charges 

from the phosphonates of the DNA backbone. The binding 

constants for external DNA binders are much smaller and are on the 

order of 10
2
 M

-1
.
31 

A number of studies have indicated that anthracene derivatives 

bind to DNA mainly through intercalation or groove binding and 

that the nature of the substituents affects substantially the type of 

interaction.
32

  

The aim of this study was to determine the binding mode and the 

interaction strength of a 6 units/chain anthracenyl polymer 

derivative, denoted as Ant-PHEA (Fig. 1), to double-stranded 

salmon sperm DNA. Ant-PHEA consists of a highly fluorescent 

anthracene core specifically designed to display enhanced two-

photon fluorescence properties, and four hydrophilic polymeric 

arms that ensure its biocompatibility. It was thus particularly 

interesting to investigate the influence of this polymeric structure 

on the binding mode of the probe. For this purpose we studied 

different Ant-PHEA/DNA compositions, in sodium cacodylate buffer 

solutions (pH=7.25), by using various complementary spectroscopic 

techniques (UV-Vis, fluorescence, circular dichroism and FT-IR). It is 

important to note that the Ant-PHEA molecule at physiological pH 

is neutral (pKa of protonated alcohol and protonated carbonyl are 

in the range of -3 and -7 respectively, and hence impossible to 

protonate in aqueous media). 

 

Fig. 1 Chemical structure of Ant-PHEA (n=6). 

 

MATERIALS AND METHODS 

Apparatus 

The UV-Vis absorption spectra were recorded on a Perkin 

Elmer Lambda 20 UV-Vis spectrometer. An electronic 

thermostated water bath (PTP-1 Peltier system DBS) was used 

for controlling the temperature. Fluorescence analyses were 

carried out with a Hitachi F-4500 spectrofluorometer equipped 

with a xenon lamp and a thermostat bath. Circular dichroism 

spectra were recorded with a Jasco J-815 spectropolarimeter 

(Jasco Inc, USA) equipped with the Jasco Peltier-type 

temperature controller (CDF-426S/15). All measurements were 

carried out in 1.0 cm path length quartz cells. The infrared 

spectra were collected, on the diamond crystal surface under 

vacuum (< 1 hPa), using a Bruker Vertex70v FT-IR 

spectrometer. A Metrohm 902 Titrando digital pH meter, 

equipped with Tiamo 2.3 software, was used to detect the pH 

values of the solutions. 

Reagents and preparation of stock solutions 

Common reagent-grade chemicals were used without further 

purification. The stock solution of deoxyribonucleic acid 

sodium salt from salmon testes (DNA), purchased from Sigma 

Aldrich Chem. Co., was prepared by dissolving an appropriate 

amount of solid DNA powder in 50 mM sodium cacodylate 

buffer (pH 7.25). Stock solution was stored at 4 °C for 24 hours 

with occasional stirring and was used after no more than 3 

days. The appropriate DNA solution concentrations were 

determined by absorption spectrometry according to the 

absorbance at 260 nm. The purity of the DNA was checked by 

monitoring the ratio of the absorbance at 260 and 280 nm and 

at 260 and 230 nm giving values higher than 1.8 and 2.2, 

respectively, thus showing DNA being sufficiently free from 

protein impurities.
33,34

 The Ant-PHEA stock solution was 

prepared dissolving appropriate amounts of the molecule 

(which synthesis has been reported previously)
8
 in a double 

distilled water to a final concentration of 4.75 mM. The stock 

solutions were stored protected from light by wrapping the 

vials with aluminum foil. 

UV-Vis measurements 

The UV-Vis absorption spectra were recorded at three 

different temperatures (298, 304 and 310 K) keeping the 

concentration of Ant-PHEA constant at 5 µM and adding 

incremental amounts of DNA. After addition of DNA to the 

Ant-PHEA solution, the resulting system was left to equilibrate 

at room temperature for 5 minutes and was then subjected to 

UV-Vis analysis in the 200-800 nm range. The rise of the 

absorbance at 489 nm was monitored upon increments in DNA 

concentration. Appropriate cacodylate buffer was used as 

reference. 

Fluorescence measurements 

Emission intensity measurements were carried out with fixed 

amount of DNA and incremental addition of Ant-PHEA until 

saturation was achieved. Conversely, fluorescence spectra 

were also recorded keeping constant the concentration of the 

Ant-PHEA and titrating the solution with incremental addition 

of DNA. All the measurements were performed keeping an 

excitation and emission slit width of 5.0 nm and using a 

fluorescence free quartz cell of 1 cm path length. 
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Competition experiment 

The competitive interaction between Hoechst 33258 and Ant-

PHEA with DNA was performed by adding different amounts of 

Ant-PHEA to the Hoechst-DNA solution. Fluorescence spectra 

of the mixture were recorded in 360-800 nm using an 

excitation wavelength of 350 nm. Further study of competition 

between Ethidium Bromide and Ant-PHEA was done by adding 

different amount of Ant-PHEA to the EtBr-DNA solution and 

recording emission in the wavelength range between 550-800 

nm using excitation wavelength of 540 nm. The fluorescence 

emission measurements were made at room temperature, 

after an equilibration interval of 10 minutes. 

Circular dichroism measurements 

CD spectra were recorded at 298 and 313 K in the wavelength 

range of 200-700 nm at different Ant-PHEA/DNA ratios and 

keeping constant the DNA concentration. Before use, the 

optical chamber of the CD spectrometer was deoxygenated 

with dry nitrogen and was held under nitrogen atmosphere 

during the measurements. Each spectrum was averaged from 

five successive accumulations. 

FT-IR spectroscopic measurements 

The infrared spectra were measured after 1 h incubation of the 

salmon testes DNA with Ant-PHEA in aqueous solution. All the 

spectra were recorded via the Attenuated Total Reflection 

(ATR) method, in the spectral range 4000-400 cm
-1

 with a 

resolution of 4 cm
-1

 and accumulation of 64 scans, then 

transformed into absorbance spectra and normalized using 

OPUS software. The band at 968 cm
-1

, which is due to 

deoxyribose C–C stretching vibrations, in difference spectra 

[(ds-DNA solution + Ant-PHEA) – Ant-PHEA solution] was used 

as internal reference. The plots of the relative intensity (R) of 

several bands of DNA caused by in-plane vibrations of base 

pairs and the stretching vibration of the PO2 versus the Ant-

PHEA concentrations were obtained by carrying out 

normalization of bands using R= Ii / I968 where Ii is the intensity 

of absorption band at i cm
-1

 for pure salmon testes DNA and its 

complex with different concentration of Ant-PHEA, and I968 is 

the intensity band of the 968  

cm
-1

 internal reference band.
35-37 

Melting studies 

DNA melting studies were conducted by monitoring the 

ellipticity values at 245 nm of the salmon sperm DNA in the 

absence as well as in the presence of Ant-PHEA varying the 

temperature from 20 to 90 °C, with an interval of 2 
0
C, in 10 

mM sodium cacodylate trihydrate (pH 7.25).
38

 The DNA 

melting temperature (Tm) was determined to be the transition 

midpoint.
  

 

RESULTS AND DISCUSSION 

UV-Vis absorption spectra of Ant-PHEA-DNA adducts 

Absorption spectral titration is one of the most common method 

used to determine the binding mode between guest molecules and 

DNA. The occurrence of interactions between ligands and the DNA 

helix is usually investigated by following changes in the absorbance 

and shifts in the wavelength of the selected absorption band.
39-41

 

Molecules that interact with DNA through intercalation, such as 

ethidium bromide, give rise to a decrease in absorbance 

(hypochromism) and a red shift in wavelength (bathochromism) 

due to the involvement of a stacking interaction between the 

aromatic chromophore and the DNA base pairs.
42

 The extent of 

hypochromism is generally consistent with the strength of the 

intercalative interaction.
43

 On the other hand, drugs which bind in 

non-intercalative mode or electrostatically with DNA may give rise 

either to hyperchromic or hypochromic effects.
44-47

  

UV-Vis spectrum of Ant-PHEA displays a main charge transfer (CT) 

band at 489 nm and  additional bands at shorter wavelengths (284 

and 256 nm). When DNA is added to Ant-PHEA the absorption band 

at 489 nm is affected and a hyperchromic effect is observed 

accompanied by a hypsochromic shift of 4 nm (Fig. 2). The 

coexistence of hyperchromism and hypsochromism could be 

associated to the surface binding of Ant-PHEA with the functional 

groups of the DNA, located in the major and minor grooves. Similar 

interaction modes were found for Emodin and Esculetin-DNA 

systems and a groove binding mode was assigned.
48,49

 Thus, on the 

basis of UV-Vis data, the intercalative binding mode, which typically 

induces large changes in the absorbance and peak wavelength, can 

be ruled out. The small variations of the absorption band of Ant-

PHEA, recorded following the DNA addition suggest that Ant-PHEA 

interacts with DNA by groove binding.
50,51

  

The intrinsic association constant (Ka) is a crucial parameter that 

defines the binding affinity between small molecules and DNA; its 

magnitude may help to discern between different interaction 

mechanisms. We calculated the Ka values at three temperatures 

(298, 304 and 310 K) using the equation:
52 

�/(� − ��) 	= �/(�
 	− ��) + �/[
��] · �/	��(�
 	− ��)    (1) 

where A0 and A are the absorbances of Ant-PHEA in the absence 

and in the presence of DNA, respectively, A∞ is the final absorbance 

of the Ant-PHEA-DNA adduct. The plot of 1/(A-A0) versus 1/CDNA is 

linear and the binding constant can be calculated from the ratio of 

the intercept and the slope (Inset Fig. 2). The Ka values were found 

to be 3.2×10
5
 M

-1
 (298 K), 4.7×10

5
  M

-1
 (304 K) and 6.6×10

5
 M

-1
 (310 

K). As mentioned before, these Ka values are higher than those 

found for classical intercalators and external binders  indicating that 

the groove binding is most likely the dominant mode of the 

interaction between Ant-PHEA and DNA. 
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Fig. 2 UV-Vis absorption spectra of Ant-PHEA (5 µM) treated with: 

0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 7.0, 8.0 and 9.0 µM (curves 1-10) of 

DNA at 310 K in 50 mM sodium cacodylate trihydrate (pH 7.25). 

Inset: Plot of 1/(A-A0) against 1/[DNA] for the Ant-PHEA-DNA 

system at 310 K. A0 and A are the absorbances of Ant-PHEA in 

absence and in presence of DNA. 

Spectrofluorimetric studies 

The binding of Ant-PHEA to DNA was further studied by 

fluorescence spectroscopy, keeping constant the concentration of 

Ant-PHEA and varying that of DNA. Ant-PHEA is a strong 

fluorophore (Φf = 0.62 in water) emitting in the range of 530 – 680 

nm with a maximum located at 564 nm.
8 

The incremental addition of DNA to Ant-PHEA solution induces a 

continuous increase in the intensity of the fluorescence band with a 

slight blue-shift (from 564 nm to 562 nm) indicating that an 

interaction between Ant-PHEA and DNA takes place (Fig. 3). 

However, the observed magnitude of fluorescence increase is 

strictly proportional to that observed for the absorption (vide 

supra), indicating that the quantum yield of the bound and 

unbound molecule remains similar. 

 

Fig. 3 Fluorescence emission spectra of Ant-PHEA (5.0 µM) treated 

with: 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 µM 

(curves 1-11) of DNA at room temperature (λexc = 516 nm). Inset: 

Emission spectra detail of Ant-PHEA with DNA in the spectral region 

545-585 nm. 

Determination of the binding mechanism by displacement assay 

In order to provide further insights into the mode of binding of Ant-

PHEA towards the DNA moiety, an additional displacement assay 

was performed by using Hoechst 33258 as a probe. Hoechst 33258 

is a synthetic N-methylpiperazine derivative, which shows a 

specifical binding affinity for the A-T rich sequences located along 

the minor grooves of DNA.
53

 The enhancement of the fluorescence 

intensity is usually ascribed to the higher planarity of the N-

methylpiperazine derivative when bound to ds-DNA as well as to its 

protection from collisional quenching.
54,55

 If Ant-PHEA competes for 

the same DNA binding sites of Hoechst, a decrease of the 

fluorescence intensity of the latter must be observed. As depicted 

in Fig. 4, the fluorescence of the Hoechst-DNA complex is efficiently 

reduced and 13 nm blue shifted by the addition of the Ant-PHEA 

molecules. Furthermore, the Ant-PHEA fluorescence band increases 

slower after stoichiometry is reached, which is achieved at the 

same concentration range obtained for the determination of the 

binding stoichiometry of the Ant-PHEA-DNA system shown below, 

strongly pointing out the outstanding anthracenyl property to 

displace Hoechst from the adenine and thymine binding sites 

located in the minor groove, and thus its relatively high affinity 

towards DNA at least similar to the commercially available probe. 

 

Fig. 4 Fluorescence emission spectra of the competition between 

Hoechst-DNA complex (λexc: 350 nm) and Ant-PHEA treated with: 

0.0, 2.5, 5.0, 10., 15.0 and 22.5µM (curves 1-6) of Ant-PHEA. 

CHoechst: 5µM and CDNA: 45 µM. 

Additional quantitative information of the fluorescence quenching 

data were provided by using the Stern-Volmer equation:
56,57 

��/� = � + ��	��	[�] = � + ���	[�]                                               (2)                                       

Where F0 and F denote the steady-state fluorescence intensities in 

the absence and in the presence of quencher (Ant-PHEA), 

respectively. Ksv is the Stern-Volmer quenching rate constant, [Q] is 

the quencher concentration, Kq is the apparent quenching rate 

constant of the biomolecules and τ0 is the average excited-state 
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lifetime of biomolecules without a quencher and it is equal to 10
-8 

s.
57 

From the plot of Equation 2 (Fig. 5), the values of Ksv and Kq were 

obtained and are listed in Table 1. 

 

Fig. 5 Stern-Volmer plot for the fluorescence quenching of Hoechst-

DNA system by Ant-PHEA. 

It is well known that the fluorescence quenching can be static, 

resulting from the formation of a fluorophore-quencher complex or 

dynamic usually ascribed to the diffusive encounter between the 

fluorophore and the quencher.
58

 Since the value of Kq was much 

higher than the maximum diffusion collisional quenching rate of 

various quenchers with biopolymers ≈ 2.0 × 10
10

 M
-1

 s
-1

 
56,57

, the 

quenching can be ascribed to the formation of Ant-PHEA-DNA 

complex (static) rather than to dynamic collision.
59 

Assuming static quenching the association constant (Kf) and the 

number of binding sites (n) were analyzed according to the 

following equation:
60 

���	[(�� − �)]/� = ���	�� + �	���	[�]                                           (3)                                         

The plots of log[(F0-F)/F] versus log[Q] is linear (Fig. 6) and the 

values of Kf and n, shown in Table 1,  have been obtained from the 

intercept and the slope, respectively. 

 

Table 1. Stern-Volmer (Ksv), quenching rate constant (Kq), 

association constants (Kf) and number of binding sites (n) of the 

interaction between Ant-PHEA and DNA. 

 Ksv M
-1 

Kq M
-1

 s
-1 

Kf M
-1 

n 

Ant-PHEA 1.36 × 10
5 

1.36 × 10
13 

2.0 × 10
5
 
 

1.05 

 

The value of association constant obtained by fluorescence 

displacement assay agrees well with those found by absorption 

spectroscopy and it is of the same order of magnitude as that found 

for Hoechst-DNA complex
61

, once again confirming the high binding 

affinity of the anthracenyl polymer towards the DNA bases (A-T). 

 

Fig. 6 Plot of log (F0-F)/F versus log [Ant-PHEA]. 

To provide further insights into the mode of binding of the 

anthracene derivative towards the DNA moiety, an additional 

displacement assay was performed by using ethidium bromide as a 

probe. Ethidium bromide (EB), (3,8-Diamino-5-ethyl-6-

phenylphenanthridinium bromide), is well-known intercalator and 

thus it is often used as a probe to clarify the DNA-binding mode. 

The increase of the fluorescence intensity of EB upon DNA addition 

is attributed to the insertion of the planar groups of the drug 

among the base pairs. If Ant-PHEA molecules compete for the same 

DNA binding sites as EB, a decrease of the fluorescence intensity of 

the latter must be observed. As depicted in Fig. 7, no appreciable 

decrease of the fluorescence intensity was observed, thus no 

displacement of EB occurred, clearly disproving the involvement of 

an intercalative binding mode. 

 

Fig. 7 Fluorescence emission results of the competition between 

EtBr-DNA complex (λexc: 540 nm)  and Ant-PHEA treated with: 2.0, 

4.0, 5.0, 6.0, 7.0 and 8.0 µM of Ant-PHEA. CEtBr : 5µM and CDNA: 40 

µM. 
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Elucidation of the binding parameters 

The binding stoichiometry of Ant-PHEA to DNA was evaluated by 

fluorescence titration using the mole-ratio method, keeping 

constant the concentration of the DNA and changing that of Ant-

PHEA. The plot of the variations in fluorescence intensity at 564 nm 

versus the Ant-PHEA/DNA mole ratio is shown in Fig. 8. From the 

inflection point the molar ratio Ant-PHEA/DNA is found to be 0.2, 

which indicates that one Ant-PHEA molecule can interact with five 

DNA base pairs (bp). The size of the binding site for the classical 

intercalator ethidium bromide is approximately 2.5 bp
62

, whereas 

the binding site of Hoechst 33258 on DNA is ≈ 5 bp.
53

 The value 

found for Ant-PHEA corresponds well to that expected for a minor 

groove binder
63

; while the large discrepancy with that of the 

intercalator can be related to the extend arms of the Ant-PHEA 

which establish additional contacts along the groove of the DNA 

increasing the number of the binding site. This observation also 

agrees very well with the n value found in the Sterm-Volmer 

experiment, which suggested that one molecule of Hoechst 33258 

was displaced upon binding of one molecule of Ant-PHEA. 

 

Fig. 8 Fluorescence emission spectra of DNA (50µM) treated with: 

0.0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0, and 22.5 µM (curves 1-

10) of Ant-PHEA. Inset: Plot of DNA-Ant-PHEA fluorescence 

intensity vs. the mole ratio. 

Melting studies 

CD spectroscopy is one of the most common methods employed for 

the determination of the melting temperature of DNA (Tm) which is 

defined as the temperature at which half of the total base pairs are 

unwound. Molecules that bind DNA through intercalation increase 

the melting temperature by 5-8 °C because they stabilize the double 

helix structure, while the non-intercalation binding does not cause 

significant increase in Tm.
64,65

 The melting temperature was 

determined from the transition midpoint of the melting curves of 

DNA and the Ant-PHEA-DNA complex, by monitoring the change in 

molar ellipticity  at 245 nm in the 20-90°C temperature range. The 

Tm of DNA was found to be 70 °C while a Tm value of 72°C was 

detected for the Ant-PHEA-DNA system, with the DNA/Ant-PHEA 

molar ratio equal to 4 (Fig. 9). These data clearly indicate that Ant-

PHEA does not intercalate into the DNA base pairs. A similar result 

was reported in literature for an anthracenyl derivative, which 

increased the Tm of the CT DNA of 2 °C, and a groove binding mode 

was assigned.
66

 A slight increase in the melting temperature is 

presumably due to conformational changes of the B-DNA by the 

insertion of the Ant-PHEA within the groove and to its high affinity 

towards the A-T base pairs, as suggested by the FT-IR and CD 

spectra discussed further on. 

 

Fig. 9 CD melting profiles of salmon testes DNA in the absence 

(black line) and presence (red line) of Ant-PHEA in 10 mM sodium 

cacodylate trihydrate (pH 7.25). [DNA] = 40 µM ; [Ant-PHEA] = 10 

µM. 

Fourier transform infrared (FT-IR) spectroscopy 

FT-IR spectroscopy is a useful tool to monitor the structural changes 

generated by the guest molecules in the DNA structure as it 

provides insights about the sites involved in the interaction.
67

 The 

FT-IR spectra of free salmon testes DNA and the relative structural 

variations caused by Ant-PHEA were studied in aqueous solution 

(pH 7.25) at different Ant-PHEA/DNA molar ratios. The occurrence 

of the interaction can be deduced by comparing the individual DNA 

and the Ant-PHEA spectra with those of the Ant-PHEA / DNA 

complex (Fig. 10).  

The FT-IR spectrum of DNA shows a band at 1655 cm
-1

, which is 

attributed to the vibrations of C6=O of guanine (G) and C4=O of 

thymine (T).
68

 The vibrational bands at 1600, 1489,1416   cm
-1

 are 

typical of adenine (A), cytosine (C), and ring vibrations of guanine 

(G) bases, respectively.
69

 The bands at 1244, 1093, and 968 cm
-1

 are 

related to the asymmetric and symmetric stretching vibration of 

phosphate group.
70

 Bands with weak relative intensity are located 

at 834 and 782 cm
-1

  which correspond to the stretching of C-O, P-O 

(phosphate-ribose diester linkage) and N-H out of plane bending 

vibrations.
71

  

The Ant-PHEA FT-IR spectrum presents a strong band at 1730 cm
-1

 

that can be assigned to the C=O stretching. Moreover, bands at 

1080  and 1166 cm
-1

 could be associated to C-N and C-O stretching, 

respectively. The bands at 1392, 1450, 1519, and 1602 cm
-1

 are 

mostly due to C-H bending and C-C stretching of the aromatic rings. 

A weak intensity band is found at 642 cm
-1

 generated by the  C-Br 
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stretching vibration (residual end group of the short polymer 

chains). 

The Ant-PHEA-DNA FT-IR spectra, recorded for solutions with 

different Ant-PHEA/DNA molar ratios are characterized by shifts 

and intensity variations of the bands relative to the symmetric and 

asymmetric vibration of phosphate group and of those related to T 

and A bases (Fig. 11). In particular, in the system with a low Ant-

PHEA/DNA mole ratio (r=1/8) the asymmetric and symmetric 

stretching vibration of the phosphate group were shifted from 1244 

and 1093 cm
-1

 to 1242 and 1076 cm
-1

, respectively, and the 

intensity of the bands at 1655 (T) and 1600 (A) cm
-1

 was reduced  

and therefore affected by the presence of the ligand. When the 

molar ratios of Ant-PHEA to DNA increased (r=1/5 and r=1/2.5), the 

band at 1242  cm
-1

  remained unchanged while the band at 1093 

cm
-1

 was shifted to 1071 and 1070 cm
-1

, respectively. In addition, 

the bands at 1655  cm
-1

 (T) and 1600 cm
-1

 (A) were shifted to 1660 

and 1610 cm
-1

, respectively. It is important to stress that no shift 

was observed for the bands at 1489 cm
-1

 and 1416 cm
-1

 assigned to 

cytosine and guanine bases respectively, for each Ant-PHEA/DNA 

molar ratio considered, thus excluding their involvement in the DNA 

interaction. This behavior brings clear evidence for the existence of 

interactions between Ant-PHEA and DNA, occurring through the 

main contribution of the phosphate groups and the A and T bases. 

Spectral changes observed here clearly establish that the Ant-PHEA-

DNA adduct is manly stabilized by hydrophobic forces since the 

DNA bases, in particular thymine and adenine, are involved in the 

complexation process while suggesting a further (though minor) 

adduct stabilization through van der Waals forces and hydrogen 

bonding arising due to surface binding between the hydrophilic 

polymeric arms of the ligand and the specific functional groups 

positioned on the edge of DNA bases (bottom groove region). It is 

worth noting that the insertion of the ligand in the DNA groove can 

destabilize the B-DNA form to some degree, in agreement with the 

CD data discussed further on, therefore leading to distortion and 

perturbation on the phosphate-sugar backbone located in the wall 

groove region. Typically groove binders show a high affinity for the 

areas rather rich in adenine and thymine and the choice of selective 

placement of electronegative atoms determines the DNA binding 

profile. On the other hand, guanine and cytosine sequences get 

unstacked easily and intercalation preferentially occurs in that 

area.
72

 

 

Fig. 10 FT-IR spectra and difference FT-IR spectra [(DNA solution 

+ Ant-PHEA solution) – Ant-PHEA solution] of the free DNA and 
DNA-Ant-PHEA complex at different molar ratios in the 1800-
400 cm

-1
 region. 

 
Fig. 11 Intensity ratio variations as a function of Ant-PHEA 
concentration. 
 

Thermodynamic studies 

The binding between guest molecules and DNA can involve 

hydrogen bonds, van der Waals forces, electrostatic and 

hydrophobic interactions. The thermodynamic parameters, such as 

the entropic and enthalpic contributions to the whole binding 

process,  are good indicators to establish which type of interaction 

regulates the association between small molecules and DNA. 

Positive values of enthalpy and entropy can be ascribed to 

hydrophobic interaction, whereas negative values of both enthalpy 

and entropy indicate Van der Waals forces or hydrogen bond 

formation.
73

 We calculated the thermodynamic parameters using 

the Ka values determined in 3.1, by applying the equation:
74-76 

 

���	�� 	= 	−
���

 ."�"#$
+

�%�

 ."�"#
= −

�&�

 ."�"#$
                                          (4)                                                           

 

The values of ΔH
0
 and ΔS

0
 were determined from the slope and the 

intercept of the linear plot between log Ka and the reciprocal 

absolute temperature (Fig. 12). The negative values of ΔG
0
 ( -31.44, 

-33.00 and -34.55 kj mol
-1

 at 298, 304 and 310 K, respectively) 

clearly indicate the spontaneity of the process. Both ΔH
0
 (45.70 kj 

mol
-1

) and ΔS
0
 (258.87 j mol

-1
 K

-1
) being positive indicates that the 

Ant-PHEA-DNA complex is stabilized mainly by hydrophobic 

interactions even though hydrogen bonding and van der Waals 

forces cannot be excluded.
73

 Similar results are also found for 

groove binders such as emodin, methyldopa and 

thiabendazole.
48,77,78

 Moreover, it has been reported that complex 

formation between DNA and synthetic macromolecules such as 

poly(ethylene glycol) (PEG) and dendrimers can be ascribed to the 

stabilization induced by hydrophobic interactions  via polymer 

aliphatic chain and hydrophobic groove’s region.
79,80 
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Fig. 12 Van’t Hoff plot for the binding of Ant-PHEA to DNA. 

 

Circular Dichroism spectral studies 

In order to evaluate if Ant-PHEA promotes conformational changes 

to DNA, circular dichroism (CD) spectroscopy was applied. The 

measurements were performed at 298 and 313 K. The B-DNA form 

is characterized by a positive CD band at about 260-280 nm due to 

base stacking and a negative band around 245 nm due to right-

handed helicity, the exact positions of the CD bands depending 

strongly on the sequence diversity.
81,82

 Ant-PHEA, which is achiral, 

is thus optically inactive. However, upon interaction with DNA an 

induced circular dichroism (ICD) band appears around 320 nm, 

resulting from the coupling of the electric transition moments of 

the ligand and the DNA bases. A positive ICD signal is found usually 

for ligands bound to the groove of B-DNA, whereas negative or 

bisignate ICD bands are expected for intercalators.
83,84

 The presence 

of a single positive ICD signal in the region between 300-330 nm is 

an immediate proof that Ant-PHEA binds to DNA and an indication 

that the interaction takes place in the groove. In order to better 

elucidate the binding mode, the positive and negative DNA bands, 

which are highly sensitive to the interaction with guest molecules, 

were analyzed (Fig. 13). A decrease of both bands was observed 

upon Ant-PHEA addition. Intercalation of aromatic chromophore 

results in enhancement of the positive band while the negative CD 

band can be altered in various ways depending of the orientation of 

the ligand inside the intercalation site. Molecules which intercalate 

perpendicular to the base pairs, such as daunomycin
85

, induce a 

decrease of the intensity of the 245 nm band, whereas molecules 

interacting with their chromophores parallel to base pairs, such as 

ethidium bromide
86

 and proflavin
87

, lead to an increase of the 

intensity of the negative CD band. On the other hand, guest 

molecules interacting with the groove, such as berenil
88

, were 

found to decrease both the DNA CD bands. The intensity of the 278 

nm band, recorded at 298 K, in native DNA was found to be 6.75 

mdeg. After the addition of Ant-PHEA, a linear decrease was 

observed leading to a value of 6.04 mdeg without any significant 

shift of the band. The negative band at 245 nm seems to be less 

affected in the presence of Ant-PHEA with a total change of 0.34 

mdeg. A different trend was observed at 313 K, since the band at 

278 nm gives rise to a total change in ellipticity of 0.21 mdeg while 

the negative band at 245 nm shows a decrease in intensity of 0.75 

mdeg pointing out a destabilization of the DNA helix to some 

extent. Nevertheless, even if a slight destabilization of the B-DNA 

secondary structure occurs upon ligand binding the biopolymer still 

remains in the B-family conformation and no DNA aggregation can 

be detected. Similar magnitude of change was found in some 

groove binders, e.g. furamidine, netropsin and distamycin.
89,90

 

Further, both the CD spectra presented an isoelliptic point at 252 

nm, revealing the formation of a complex between the guest and 

host molecules. The CD data confirm that the interaction between 

Ant-PHEA and DNA is affected by temperature and that the guest 

molecule interacts with the groove of the DNA.  

 
Fig. 13 Circular dichroism (CD) spectra of DNA (50.0 µM) treated 

with: 0.0, 15.0 and 30.0 µM (curves 1-3) of Ant-PHEA at 298 (A) 
and 313 (B) K. 

 

Effect of ionic strength 

The effect of ionic strength on the interaction between Ant-PHEA 

and DNA was determined by monitoring the fluorescence intensity 

at 564 nm on solutions in which the ionic strength was modified 

using NaCl concentration in the range from 0 to 1.0 M. As reported 

in section 3.2, upon the addition of DNA the fluorescence intensity 

of Ant-PHEA increases significantly. It was observed that NaCl leads 

to a decrease of the fluorescence intensity by 5%, and further 

addition of the salt did not change the intensity of the band. This 

variation is marginal, indicating that phosphonate screening does 

not hinder much the association process, in consistency with what 

had been suggested by other experiments. . This result could be 

expected in regard with the neutral nature of the polymer chain, 

which limits the interaction with anionic phosphate substituents; 

conversely, this suggests that substituting the pendant neutral 

group on the polymer side chain by cationic moieties could be a 

relevant strategy in order to enhance binding affinities of 

fluorescent probes towards DNA.
91

  

Conclusions 

The DNA-binding properties of an anthracenyl polymer 

derivative (Ant-PHEA) have been comprehensively studied by 

various methods including UV-Vis, fluorescence, FT-IR and 
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circular dichroism. The data obtained by UV-Vis and 

fluorescence studies indicate that Ant-PHEA interacts with 

DNA via groove binding mode. In particular, competition 

experiments with Hoechst and EtBr constitute a firm evidence 

for this binding mode, and clearly rule out intercalation. The 

1:5 Ant-PHEA:DNA interaction  stoichiometry highlights that 

most sites of DNA participate in the association process. FT-IR 

spectra indicate that the sites, involved to a greater extent, are 

the phosphate groups and adenine and thymine bases. The 

negative values of ΔG
0
 confirm the spontaneity of the process, 

while the values of ΔH˃0 and ΔS˃0 show that hydrophobic 

forces regulate the binding of the Ant-PHEA with DNA. Circular 

dichroism spectra reveal partial modification on DNA structure 

confirming the groove binding mode. These small changes of 

the DNA secondary structure are supported by the melting 

temperature studies, which show a modification of Tm by only 

2°C, which is perfectly in line with the proposed groove binding 

mode. These results clearly establish the potential of Ant-

PHEA to be used as a DNA groove binder, and constitutes an 

advantageous substitute to some currently commercially 

available probes, such as Hoechst 33258. The resulting Ant-

PHEA / DNA composite material could be a valuable candidate 

for future photonics and/or biological applications. 
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