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Abstract. The binding to biosubstrates and micellar systems of pollutants as the polycyclic aromatic hydrocarbon (PAH) derivatives 1-aminopyrene (1-PyNH2) and 1-hydroxymethylpyrene (1-PyMeOH) and the carbamate-pesticides 1-naphthyl-N-methylcarbamate (carbaryl, CA) and methyl benzimidazol-2-ylcarbamate (carbendazim, CBZ) was analysed through an integrated strategy combining spectroscopy and quantum chemistry. As biosubstrates, natural DNA and bovine serum albumin (BSA) were taken into account for a thermodynamic analysis of the binding features through spectrophotometric and spectrofluorometric techniques. In all cases, a strong DNA interaction is present and intercalation is supposed as the major binding mode. For the PAH derivatives, DNA binding is found to be favoured under high salt conditions and BSA static quenching and binding with 1:1 stoichiometry occurs. The molecular structure and optical properties of 1-PyNH2, CA and CBZ together with their intercalated adducts in DNA were studied also by means of quantum chemical approach. The (TD)DFT calculations on intercalated dye/DNA adducts quantitatively reproduce the experimentally observed spectroscopic changes, thus confirming the intercalation hypothesis. The theoretical approach also provides information on the adducts’ geometries and on the amount of charge transfer with DNA. Moreover, ultrafiltration tests in the presence of anionic (SDS), cationic (DTAC) and neutral (Triton X) micellar aggregates and liposomes provided insights into lipophilicity and cellular membrane affinity. PAH derivatives show high retention coefficient in all cases, whereas in the case of carbamate-pesticides micellar retention might be significantly reduced and is very limited in the case of liposomes.
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Highlights 

· The selected pollutants all bind DNA through intercalation
· Both PAH derivatives bind BSA with 1:1 stoichiometry and the binding is hydrophobic
· TD(DFT) confirms DNA intercalation, enlighten geometries and charge transfer 
· PAH derivatives are strongly retained on all micelles and liposomes
· The retention of carbamate-pesticides is much lower 




1. Introduction	
Persistent Organic Pollutants (POPs) are nowadays intended as ubiquitous and, because of their lipophilicity, can bio-accumulate [1] and condensate in the coldest parts of Earth [2]. 
Polycyclic aromatic hydrocarbons (PAHs) and their derivatives are major components of POPs both at the level of air [3], soil [4] and water [5]. They can be introduced in living organisms, where they can be metabolised or can directly interact with macromolecules (DNA, RNA, proteins) [6-10]. Most molecules of the PAHs’ family are classified as carcinogenic, principally due to enzymatic reactions that converts them into active metabolites [11] and they can show different non-covalent binding modes to polynucleotides [12, 13]. Among the active metabolites, diol-epoxides can covalently bind DNA [14], but intercalation of the aromatic moieties between base pairs also occurs [15]. 1-aminopyrene is a metabolite of nitro-PAH and the metabolic path goes through hydroxo-intermediates, which are able to covalently bind DNA [16]. Coherently with the planar aromatic structure, 1-aminopyrene is able to intercalate into poly- and oligo-nucleotides, the binding features being strongly dependent on the amino-residue [17]. 1-hydroxymethylpyrene is the more active oxidised-form of methyl-pyrene, which can further be enzymatically transformed in the 1-sulfoxymethyl-analogue (DNA covalent binder) [18]. It has been highlighted that molecular descriptors as hydrogen bonding capability are important to tune the different interaction of hydroxylated polycyclic aromatic hydrocarbons with DNA [19]. 
That of pesticides is another class of POPs whose prolonged exposure was demonstrated to enhance tumour morbidity [20, 21]. As for DNA interaction, groove-binding was found to occur for some pyrethrum derivatives, such binding being related to their genotoxic effects [22, 23]. Carbendazim and carbaryl are widely used fungicides and insecticides, the former being also a metabolite of the benomyl fungicide. As for insects, the toxic activity of carbamate-pesticides is related to the interference with nervous stimuli and the inhibition of the hydrolysis of acetylcholine [24]. Same processes can produce toxic effects in the case of animals (i.e mammals and humans) [25]. Electrochemical and dye competition studies suggested intercalation of carbaryl between DNA base pairs [26, 27]. Carbendazim was found both to intercalate between DNA base pairs and to interact with serum bovine albumin [28, 29], although in the latter case some doubts arise that will be here discussed.
Despite the now long lasting, high interest on POPs interaction with biosubstrates, the related studies are more commonly devoted to biological aspects, whereas a detailed chemical analysis of the mechanism of binding is still uncomplete. The spectroscopic studies are often fragmentary and devoted to a limited number of species/POP families or substrates, quantum mechanical (QM) calculations on POP/DNA intercalated systems are relatively rare [30-33]. For instance, to the best of our knowledge, no analysis of the binding of 1-aminopyrene or 1-hydroxymethylpyrene to albumin is available. Also, with a few exceptions [27, 34], carbamate-pesticides are not so studied in their interaction with DNA and, to the best of our knowledge, practically no data exist on their interaction with liposomes. On this basis, within the context of the national project of research in Antarctica (PNRA), the here presented work compares the results on PAH derivatives and carbamate-pesticides using a combined theoretical and spectroscopic approach, the latter dealing with three different substrates (natural DNA, the bovine serum albumin (BSA) protein and cellular membrane models). To this aim, two PAH derivatives (1-aminopyrene and 1-hydroxymethylpyrene) and two carbamate-pesticides (carbaryl and carbendazim) are studied providing spectroscopic and thermodynamic parameters for DNA and BSA binding. In the case of DNA, QM calculations are also done to get further insight in the details of the binding. The final part of the work deals with absorption on micellar aggregates and liposomes (both intended as cellular membrane models and as for lipophilicity test). On the whole, this extended approach might provide interesting information not only for the particular systems studied but also in general for the two POPs families taken into account.
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Figure 1 - Molecular structure of the persistent organic pollutants (POPs) tested in this work: 1-aminopyrene (a, 1-PyNH2), 1-hydroxymethylpyrene (b, 1-PyMeOH), methyl benzimidazol-2-ylcarbamate (c, carbendazim - CBZ) and 1-naphthyl-N-methylcarbamate (d, carbaryl - CA). 


2. Material and Methods
Materials	Stock solutions ca. 1×10-3 mol/L of 1-aminopyrene (purity > 97% - Sigma), 1-hydroxymethylpyrene (purity > 98% - Sigma) and 1-naphthyl-N-methylcarbamate (carbaryl, purity > 99.7% - Sigma-Aldrich-PESTANAL®) were obtained by dissolving known amounts of the solid in ethanol:water 50:50 (v/v%). Methyl benzimidazol-2-ylcarbamate (carbendazim, purity > 99.6% - Sigma-Aldrich-PESTANAL®) ca. 1×10-3 mol/L stock solutions were prepared by dissolving known amounts of solid in 100% ethanol. All stock solutions were frequently prepared and were stored at 4°C in the dark. Photostability tests were also performed (in particular to check and avoid possible hydrolysis of carbamates), so to ensure reliability of the solutions used under light irradiation.
Concerninig Sodium dodecyl sulphate (SDS – from Sigma), known amounts of solid were dissolved in water to obtain 0.2 mol/L stock solution (CMC = 8.0×10-3 mol/L - [35]). Dodecyl trimethyl ammonium chloride (DTAC - from Fluka) was also dissolved in water to obtain 0.2 mol/L stock solution (CMC = 1.0×10-2 mol/L – [36]). TritonX-100 (Merck) 0.2 mol/L stock solution was prepared by appropriate dilution of the pure liquid in water (CMC = 2×10-4 mol/L - [36]). Working solutions of any surfactant were well all above the critical micellar concentration (0.02 M). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine was purchased from Sigma-Aldrich and liposomes solutions were prepared as discussed below.
Calf thymus DNA (lyophilised sodium salt from Sigma-Aldrich, from now on DNA) was dissolved in water and sonicated, producing short polynucleotide fragments (ca. 500 base pairs) [37]. Stock solutions ca. 3×10-3 mol/L of DNA were standardized spectrophotometrically (ε = 13200 L/mol·cm at 260 nm, I = 0.10 mol/L, pH = 7.0 - [38]); concentrations of DNA are expressed in molarity of base pairs. The absorbance ratio A260/A280 was 1.85, indicating that DNA was sufficiently free from protein. Bovine serum albumin (BSA) was provided by Sigma-Aldrich as crystallized and lyophilized powder (≥ 98 %, agarose gel electrophoresis and ≤0.005 % fatty acids); known amounts of lyophilised solid were dissolved in water to obtain ca. 10-3 mol/L stock solution, the molar concentration of the protein was determined by measuring light absorption at 278 nm using absorptivity (ε) of 45000 L/mol·cm [39]. Given that dyes solution preparation needed ethanol, care was taken to keep the EtOH content constant to 1% (2% for CBZ) in the experiments. This is particularly true in the case of biological studies, as different solvation and viscosity can non-negligibly influence the binding constant measured [40]. 
Ethidium bromide (EB, purity > 99%) was provided from Sigma-Aldrich. Known amounts of solid were dissolved in water ([NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, pH 7.0) and the molar concentration was determined spectrophotometrically using absorptivity (ε) of L/mol·cm at λ = 480 nm [41]
Ultra-pure grade water from a SARTORIUS Arium-pro water purification system was used as reaction medium. Two possible salt contents were taken into account (NaCl 0 mol/L or 0.5 mol/L) to cover the range from pure until salty marine water. Sodium cacodylate (NaCac) (CH3)2AsO2Na 2.5×10-3 mol/L is the pH = 7.0 buffer. All reactants not specifically mentioned were analytical grade and were used without further purifications. 
Methods	A Shimadzu UV-2450 spectrophotometer was used to record absorption spectra and to perform spectrophotometric titrations, whereas a PerkinElmer LS55 spectrofluorometer was employed for fluorescence measurements. Both apparatuses are equipped with jacketed cell holders, and allow temperature control to be within ±0.1°C. In the spectrophotometric-fluorometric titrations increasing amounts of the titrant were added directly in the cuvette containing the analyte and a spectrum was recorded upon each addition. The precise and accurate addition of volumes as small as 0.164 µL was done grace to a glass syringe connected to a Mitutoyo micrometric screw. For the EtBr exchange tests, known amounts of pesticide were added directly into the cuvette containing DNA, previously saturated with ethidium bromide. EB was excited at λexc = 510 nm and fluorescence was monitored at λem = 595 nm. The fluorescence emission data are correlated to intercalated EB.
Ultrafiltration experiments used 10.0 mL of an aqueous solution containing the analyte and the surfactant (at a concentration higher than the CMC) which was introduced in a 50 cm3 cell and then stirred at 300 r/pm, under a nitrogen pressure of 40 psi. The cell was equipped with a cellulose membrane (YM3, Millipore) of 4.5 cm diameter, with effective area 13.4 cm2 and a molecular weight cut-off of 3000 Da. The membranes were treated and stored as recommended by Millipore. The ultrafiltration experiments were conducted at pH 7.0 and were repeated at least 3 times. For liposomes preparation known amounts of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (monomer) were dissolved in 10 mL methanol. The solution was dried under nitrogen stream, until the complete evaporation of the solvent. The obtained thin bilayer lipid film was hydrated by water addition ([NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, pH 7). The hydrated lipid sheets detached during agitation and self-closed to form large multilamellar vesicles (LMV). Liposomes stock solutions were stored at 4°C and employed without further purifications (working solutions concentration 5×10-6 M). 
Methods – Computational details	All the QM calculations were performed by using a locally modified version of Gaussian 09 package [42]. The QM description was used for both pollutants and the DNA fragments constituting the pockets. The models used in the calculations represent: (i) a single molecule of pollutant in water solution (ii) a system where the pollutant is placed in the intercalation pocket of DNA. 
All the geometry optimizations were performed without imposing any constraints, whereas, in the case of the intercalated systems, the DNA structure was kept fixed. 
The Integral Equation Formalism (IEF) version [43] of the Polarizable Continuum Model (PCM) [44] was used to describe the effects of the solvent (water) both in the ground and in the excited state. PCM cavities were described as a series of interlocking spheres centred on atoms with the universal force field (UFF) radii multiplied by a cavity size factor of 1.2. In the case of the intercalation pocket, a cavity size factor of 1.9 was used in order to fill the space between the base pairs in the double stranded DNA helix. Both absorption and emission energies in the PCM solvent were obtained within the corrected linear response (cLR) scheme [45]. The ground state structures of the pollutant/DNA adducts were preliminary optimized in vacuum by employing the semi-empirical method PM6 and then further refined using Density Functional Theory (DFT).
The ground state geometry optimizations were performed using the B3LYP functional with the 6-31G(d) basis set. The excited state geometries and the absorption and emission energies were calculated with the CAM-B3LYP functional with the 6-31+G(d) basis set. In the case of the intercalated systems, the excited state optimizations were performed with the CAM-B3LYP functional using the 6-31+G(d) basis set to describe the pollutants and the 6-31G basis set for the DNA structure.  
The Natural Transition Orbitals [46] were calculated by applying unitary transformations to occupied and unoccupied orbitals, in order to obtain a new set of orthogonal orbitals, defined as “natural”. The transition density matrix expressed in terms of the new orbitals is diagonal. The eigenvalues of this matrix represent the probability to find the electron in the natural orbital.

3. Results and discussion
Prior to any subsequent test, the solution properties of the selected pollutants were tested. Absorbance spectra at different dye concentrations and relevant Lambert and Beer plots were done. Also, fluorescence 3D spectra were measured, which scan over a range of excitation and emission wavelengths. All these data are provided in Figures S1-S4 of the Supporting Information for 1-PyNH2, 1-PyMeOH, CBZ and CA respectively. The linearity of the absorbance plots indicates no auto-aggregation of the dyes under the explored conditions.
1-PyNH2 and 1-PyMeOH interaction with DNA and BSA	Figure 2 shows the absorbance spectra recorded during a spectrophotometric titration where DNA was added to a 1-PyNH2 solution (for the 1-PyMeOH/DNA system see Figure S5). 
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Figure 2 - Spectrophotometric titration of the 1-PyNH2/DNA system (A) and relevant binding isotherm at λ = 354 (B); CPyNH2 = 1.80×10-5 mol/L, CDNA from 0 mol/L (―) to 7.51×10-5 mol/L (--), EtOH 1 %, [NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, pH 7.0, T = 25.0 °C. 

The absorption variations are not dramatic, but significant; the definite binding isotherm trend indicates that the binding does indeed occur. However, the isosbestic points are not well-defined and the binding isotherm is biphasic. In fact, although previous tests indicated that the PAH derivatives do not self-aggregate when alone in the buffer, it should be considered that these molecules are strongly hydrophobic, and they could show affinity for the DNA grooves. Hence, at high dye crowding on DNA (beginning of titration), it can likely be supposed that the analytes tend to aggregate on the polynucleotide surface [47, 48]. On the other hand, the second phase of titration is supposed to be related to regular monomer binding, because of aggregates dilution over the large DNA sites excess. For the 1-PyNH2/DNA and 1-PyMeOH/DNA systems determination of the binding constants values failed, due to the strong superimposition of these two effects and of quantitative reactions. 
The titrations were repeated using fluorescence detection: the intensity of the emission spectra decreases upon DNA addition (Figure 3 for 1-PyNH2/DNA, Figure S6 for 1-PyMeOH/DNA). Though the emissions changes are not dramatic, these can be considered significant enough to confirm that the binding does take place. Note that, under our experimental conditions (low concentrations and EX-EM wavelengths chosen), inner filter effects [49] do not significantly affect the fluorescence read (bias lower than 0.4%). 
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Figure 3 - Spectrofluorometric titration (λexc = 315 nm) of the 1-PyNH2/DNA system (A) and relevant binding isotherm at λem = 440 nm (B); CPyNH2 = 3.54×10-7 mol/L, CDNA from 0 mol/L (―) to 5.69×10-5 mol/L) (----), [NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, EtOH 1%, pH 7.0, T = 25.0 °C. 

Due to the much lower dye concentrations possible in fluorescence measurements, the first phase fades out and binding constant values of the binding occurring under conditions of DNA excess can now be obtained. The interaction between a DNA reacting site (base pair, P) and the organic pollutant (dye, D) to give the complex (PD) can in a first approximation be described by reaction (1)

P + D ⇄ PD 												(1)

whose binding constant (K) can be evaluated using equation (2) [50]

											(2)

where CD and CDNA are respectively the total analytical dye and DNA concentrations and [P] = CDNA – [PD] corresponds to the free DNA concentration, ΔF = F – φDCD and Δφ = φPD – φD is the variation of the optical parameters upon binding. As the [P] value is not exactly known and depends on K, an iterative procedure can be employed; K values at convergence are given in Table 1. 


Table 1. Equilibrium constant (K, L/mol) of complex formation for different PAH derivatives/DNA systems and relevant thermodynamic parameters; [NaCac] = 2.5×10-3 mol/L, EtOH 1%, pH 7.0. 
	
	1-PyNH2/DNA 
	1-PyMeOH/DNA 

	Temperature (°C)
	NaCl 0 mol/L
	NaCl 0.5 mol/L
	NaCl 0 mol/L
	NaCl 0.5 mol/L

	15.0
	(6.2 ± 1.6)×104
	(1.3 ± 0.4)×106
	(2.1 ± 0.6)×104
	(3.0 ± 2.5)×105

	25.0
	(1.7 ± 0.5)×104
	(3.8 ± 0.4)×105
	(1.7 ± 0.8)×104
	(1.0 ± 0.3)×105

	37.0
	(4.4 ± 0.6)×103
	(8.1 ± 0.9)×104
	(7.9 ± 0.7)×103
	(5.2 ± 1.3)×104

	ΔH (kcal mol-1)
	-21
	-22
	-9
	-12

	ΔS (cal mol-1 K-1)
	-51
	-47
	-10
	-16




The titrations were performed at different temperatures. The dependence of K on temperature yields the thermodynamic parameters for binding (Table 1, Van’t Hoff equation considering ΔH and ΔS are constant over the reduced temperature range here studied). The highly negative enthalpies agree with the common signature of an intercalative binding mode [51]. On the whole, it can be concluded that, under conditions of DNA excess, both PAH derivatives are able to intercalate into natural DNA with high affinity, following an enthalpically driven process. The linearity of the plots done on the basis of equation (2) indicates a 1:1 interaction between the dye and the DNA base pair. 
The small changes observed in the absorption bands upon DNA interaction could, at first sight, be interpreted against intercalation, but the theoretical calculations reported below demonstrate that this is not the case. Note also that a significant enhancement of K is observed by increasing the salt content (roughly 20 times for 1-PyNH2/DNA and 10 times for 1-PyMeOH/DNA). This behaviour is opposite to what is found for positively charged intercalators [52] but was for instance already found for benzopyrenes interaction with duplex regions of denaturated DNA [10]. According to Record [53], a ‑dLogK/dLog[Na+] plot provides information on the number of sodium ions displaced by one binding molecule (n). Thus, n reflects the difference between the number of Na+ ions bound to the DNA phosphates before and after ligand binding. For an uncharged intercalator, this difference will be also related to the number of phosphates on each strand affected by the conformational change due to the binding [10]. It is found that n = -0.57 ± 0.02 for 1-PyNH2/DNA and n = ‑0.40 ± 0.09 for 1-PyMeOH/DNA (media on the three temperatures). Being n < 0, this corresponds to an increase in bound Na+ ions.
Spectrofluorometric titrations were carried out to enlighten the possible interaction between PAH derivatives and bovine serum albumin (BSA). Figure 4 (and S7) shows the BSA emission spectra changes upon addition of increasing amounts of 1-PyNH2 (and 1-PyMeOH). Some inner filter effect, even if of limited extent, is here present: it was corrected according to Lakowicz [49, 54].
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Figure 4 - Spectrofluorometric titration (λexc = 280 nm) of the 1-PyNH2/BSA system (A) and relevant binding isotherm at λem = 330 nm (B); CBSA = 3.55×10-7 mol/L, CPyNH2 from 0 mol/L (―) to 9.69×10-6 mol/L (---), [NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, EtOH 1%, pH 7.0, T = 25.0 °C. 

The titrations were repeated at different temperatures. To ensure that fluorescence decrease is really due to complex formation (and not to dynamic quenching), the data were fitted using the Stern Volmer’s equation (equation (3)); the KSV obtained are collected in Table 2.  
 											(3)
The Stern Volmer constants do not increase their values with the temperature (Figure S8A), therefore dynamic quenching can be excluded and complex formation is confirmed [49]. Note that the Stern-Volmer constant is not properly coincident with a binding constant and it therefore does not coincide with K related to equilibrium (1). The  KSV = K relationship might hold only if the BSA adduct is non-fluorescent at all [49], which is not the case of the here investigated systems.
Use of alternative fluorescence plots that enable binding site (n’) determination ([8], Figure S8B) renders n’ = 1.02 ± 0.01 for 1-PyNH2/BSA and n’ = 0.76 ± 0.07 for 1-PyMeOH/BSA confirming a 1:1 stoichiometry. Thus, the data were fitted using equation (2), as previously described for the DNA, simply considering BSA as “D” and the analyte as “P”. Data analysis yields the equilibrium binding constants, reported in Table 2. Given the common theoretical basis holding for DNA or BSA binding, K values from Table 2 are totally comparable with those of Table 1. Comparison of the K values found for DNA (Table 1) and BSA (Table 2) show that affinity towards the latter biosubstrate is higher at 37°C: again a different hydrophobicity balance may play a non-negligible role in this. Assuming that ΔH and ΔS are constant in the limited temperature range explored, data collection at different temperatures enabled the thermodynamic parameters to be evaluated using Van’t Hoff equation (Table 2). The both positive ΔH and ΔS values suggest the main contribution of hydrophobic forces to the binding process [55, 56]. 

Table 2. Stern-Volmer constants (KSV, L/mol) and equilibrium constant (K, L/mol) of complex formation for different PAH derivatives/BSA systems and relevant thermodynamic parameters; [NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, EtOH 1%, pH 7.0. 
	
	1-PyNH2/BSA 
	1-PyMeOH/BSA 

	Temperature (°C)
	KSV
	K
	KSV
	K

	10.0
	(1.18 ± 0.04)×105
	(1.5 ± 0.2)×105
	(1.7 ± 0.1)×105
	(3.5 ± 0.2)×105

	25.0
	(1.17 ± 0.04)×105
	(2.3 ± 0.2)×105
	(1.7 ± 0.1)×105
	(6.6 ± 1.0)×105

	40.0
	(1.12 ± 0.04)×105
	(5.5 ± 0.9)×105
	(1.6 ± 0.1)×105
	(9.0 ± 1.1)×105

	ΔH (kcal mol-1)
	
	7.5
	
	5.0

	ΔS (cal mol-1 K-1)
	
	50
	
	44



CBZ and CA interaction with DNA
The spectroscopic analysis of the binding of carbamate-pesticides with DNA and BSA was difficult. Scarcely soluble in water, these dyes have the additional drawback to absorb light only in a range of wavelengths (UV) in which also the biosubstrates strongly absorb. Absorbance titrations were tried but discarded due to too dramatic signal superimposition. On the other hand, in the fluorescence mode, light emission can be collected over 300 nm and, in the case of CBZ, even over 600 nm (Figures 3S-4S) avoiding auto-absorption phenomena. However, as excitation is in the UV, inner filter effects occur, due to increasing amounts of light-absorbing DNA during titration. To limit this, the DNA content was always kept under a concentration threshold (A < 0.15 at λexc). An alternative is to do exchange titrations, typically using the ethidium DNA-intercalator probe [27]. Note that the same problem of inner filter effect holds true in the case of BSA studies, which will now come from the excess amounts of titrating dyes/pollutants that is added during titration and that absorbs light at the excitation wavelength of BSA. This problem is not always duly considered [29]. Unfortunately, for the here investigated CBZ/BSA and CA/BSA systems no reliable measurement was possible. 
Figure 5 shows the binding isotherms obtained for the direct fluorescence titration of CBZ/DNA and CA/DNA systems (for the relevant emission spectra see Figure S9). The equilibrium constants found (equation (2)) are (4±1)×105 L/mol and (3±1)×104 L/mol for CBZ/DNA and CA/DNA respectively at 25°C. These values are only indicative due to significant inner filter effects; however, they agree with the picture obtained by the EtBr exchange titrations (see below) where no similar bias on the fluorescence read occurs. 
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Figure 5 – Spectrofluorometric titrations of pesticide/DNA systems; [NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, EtOH 2%, pH 7.0, T = 25.0 °C, λexc = 225 nm. (A) CBZ/DNA system, CCBZ = 5.1×10-6 mol/L, EtOH 2%, λem = 605 nm. (B) CA/DNA system, CCA = 1.0×10-6 mol/L, EtOH 1%, λem = 333 nm. 


As for exchange titrations, carbamate pesticides were added to EtBr-saturated DNA. A decrease of emitted fluorescence at the excitation and emission wavelengths typical of intercalated EtBr will indicate probe displacement from the helix. This decrease is indeed observed (Figure 6). A ten times lower CBZ content with respect to CA is needed to produce a similar exchange extent, confirming the higher affinity for DNA of the former pesticide. The signal change is small (Figure S10). However, it might be calculated that the constant for the EtBr binding to DNA (KEB) is ca. 6.8×104 L/mol in 0.5 mol/L NaCl [57]. Therefore, the exchange constant KEX = K/KEB is low and EtBr release can only be limited under the diluted experimental conditions needed. Oppositely, the fact that these unfavourable conditions still produce a fluorescence decrease indicates pesticides penetration into the helix.
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Figure 6 – EtBr-saturated DNA exchange titrations with pesticides; C°DNA = 1.2×10-4 mol/L, C°EtBr = 5.4×10-5 mol/L, [NaCl] = 0.5 mol/L, [NaCac] = 2.5×10-3 mol/L, EtOH 2%, pH 7.0, λexc = 520 nm, λem = 595 nm, T = 25.0 °C. (A) CBZ/DNA system, (B) CA/DNA system.

Computational modeling of DNA binding
As the nucleic acid binding properties of 1-hydroxymethylpyrene were found to be almost the same of 1-aminopyrene, 1-pyMeOH is not taken into account in this part of the work.
The geometrical structures for both ground and excited states of 1-PyNH2, CBZ and CA in water were optimized by employing a (TD)DFT approach combined with a PCM description of the solvent. The optimized ground state conformations are shown in Figure 7, whereas the superimposition with the corresponding optimized excited states is reported in the Supporting information (Figure S11). The isodensity surfaces of the electrostatic potential are shown in the Supporting information as well (Figure S12). 
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Figure 7 – Optimized ground state structures for a) 1-aminopyrene, b) carbendazim c) carbaryl.

Because of the large size of the system, we described the double stranded DNA intercalation pocket through a simplified model, which limits the interactions between the pollutants and the polynucleotide to the first neighbourhoods [58]. The DNA model was obtained by eliminating the entire backbone with the exception of two adjacent base pairs (GC and AT) and the sugar-phosphate groups connecting those bases. 
As no structural data on these pollutant/DNA adducts are available, we derived a possible intercalation pocket from another intercalating system, whose structure was experimentally known. In particular, we exploited the 1H-NMR data on 1,l’-(4,4,8,8-tetramethyl-4,8-diazaundecamethylene)bis[4-(3-methyl-2,3dihydrobenzo1,-3-thiazolyl-2-methylidene)quinolinium] tetraiodide (TOTO) [59]. Firstly, twenty geometrical structures for each adduct were optimized by employing a semi-empirical method (PM6). This approach allowed us to quickly screen several structures before performing more accurate and expensive calculations. The Root Mean Square Deviation (RMSD) was considered as a parameter to compare the obtained results and adducts with the same geometrical structures were excluded. The remained structures were optimized through (TD)DFT calculations. The superimpositions of the ground state structures (in blue) of 1-aminopyrene, carbendazim and carbaryl with the corresponding excited state structures (in green) are shown in Figure 8.  
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Figure 8 – Ground state (blue) and excited state (green) optimized structures for a) 1-aminopyrene, b) carbendazim and c) carbaryl.
As expected, the aromatic regions play an important role to lead the intercalation into the DNA. In fact, the aromatic rings of the chromophores are aligned with those of the base pairs, suggesting π-stacking interactions. We also observe that the chain of carbendazim is located into the DNA base pairs, whereas that of carbaryl is disposed outside the pocket, stabilizing the structure through hydrogen bonds. Other conformations are also possible but they are less stable (Supporting information Figure S13).
The Natural Transition Orbitals (NTO) provide a qualitative representation for the electronic transition density. The dominant NTO pairs (S0→S1) of the intercalated systems and their percent contribution to the transitions are showed in Figure 9, whereas the NTOs of the water solvated molecules are reported in the Supporting information (Figure S14). The dihedral angles, absorption and emission energies obtained with the (TD)DFT calculations are summarized in Table 3. 
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Figure 9 - NTO (S0→S1) for intercalated a) 1-aminopyrene, b) carbendazim and c) carbaryl


The π-π* nature of the transitions emerges from these data. The charge transfer character is absent for the intercalated 1-aminopyrene and for the water solvated pollutants as well. This result agrees with the values of the dipole moments: no significant variations are observed between the ground and the excited states. This contribution is present but still negligible in the case of carbaryl. 
A strong charge transfer from the benzimidazole ring to the DNA base pairs is instead observed for the lowest excitation of carbendazim. This affects the energetic states of the DNA/carbendazim system and, as a consequence, we considered the second excited state (S2) to compare the calculations with the observed excitation and emission energies. 

Table 3. Calculated properties for 1-PyNH2, carbendazim (CBZ) and carbaryl (CA).

	
	1-PyNH2
	CBZ*
	CA

	
	water
	DNA
	water 
(+7H2O)
	DNA
	water
	DNA

	Dihedral angle GS
	35
	32
	0
	3
	68
	55

	Dihedral angle EXC
	12
	19
	1
	3
	46
	26

	Oscillator Strength
	0.505
	0.332
	0.393
	0.151**
	0.147
	0.060

	ABS (eV)
	3.54
	3.43
	4.90
	4.76**
	4.54
	4.37

	FLUO (eV)
	3.08
	2.98
	4.41
	4.37**
	3.81
	3.67


* In the case of CBZ explicit water molecules have been added to 
account for hydrogen bonding effects; ** for S2 state

If we compare the ground state dihedral angles of the intercalated pollutants with that of the free forms, we do not observe any significant variation. The intercalated molecules tend to maintain their geometrical structures, with the only exception of the excited state of CA showing a decrease of the dihedral angle when intercalated. 
Moving now to the spectroscopic features, we can observe that both the calculated oscillator strengths and the experimental data agree that the intensity of the absorption and emission spectra decreases as a result of the DNA binding. The previously described limitations (mainly due to the overlapping of the signals) make the direct comparison between the experimental and the calculated data quite challenging. Despite that, we notice that both the experimental spectra and the calculated energies do not significantly change as the intercalation occurs. 
Interaction with micelles and liposomes 
Retention of the target organic pollutants on micelles of different nature (positive, negative or neutral surface) and liposomes was studied as an indication of lipophilicity and affinity for cellular membranes. To this aim, ultrafiltration extraction was taken into account. 1-PyNH2 is a species that can undergo protonation in a micellar medium that favours pH changes respect to bulk solution. Thus, the acid dissociation constant of 1-PyNH3+ (pKa) was measured both in water and in micellar solutions before to proceed with the extraction step. Spectrophotometric titrations were done, where calibrated amounts of HCl were added to a 1-PyNH2 solution. The spectral changes were fitted using the HypSpec2014 software (Hyperquad.co.uk, [60]) to yield the pKa value. In pure water pKa = 3.5. As for micellar media, note that the Ka values measured are Kaapp i.e. operative parameters that contain the contributions both of the species in the bulk (Kaw) and that in the micelle (Kam). Equation (4) holds
 								(4)
where RA and RHA+ correspond respectively to the retention coefficient of the free base (1-PyNH2) and of its conjugated acid (1-PyNH3+), whereas [H+]w and [H+]m are the hydrogen ion concentrations in the bulk and on the micelle surface respectively. RA and RHA+ are known from ultrafiltration experiments (see below). On the other hand, the protonic partition is a very complex parameter, not known for DTAC. In SDS micelles, the negatively charged surface results in an increase of proton concentration on the micelle surface (ca. 101.5 = 32 times higher than water) [61]. Concerning a neutral micelle surface, as for TritonX, hydrogen ion concentration can be considered almost the same of water. Table 4 collects the data.

Table 4. Acid dissociation constants for 1-PyNH3+/1-PyNH2 in different micellar systems; T = 25.0 °C. ΔpKaapp = pKaapp - pKaw and ΔpKa = pKam - pKaw with pKaw = 3.5
	
	SDS
	DTAC
	TritonX

	pKaapp
	5.8
	2.4
	1.9

	pKam
	5.9
	-
	2.1

	ΔpKaapp
	+2.3
	-1.1
	-1.6

	ΔpKaw
	+2.4
	-
	-1.4



According to Hartley and Roe’s model [62], the difference between the Ka value in water and the one on the micelle surface can be attributed to an electrostatic contribution and to an intrinsic effect of the media, as described by equation (5)
  										(5)
where pKam corresponds to the pKa associated to the species absorbed on the micelle surface, pKai is the surface pKa of the acid in absence of surface potential (), F is the Faraday constant,  corresponds to the electrostatic potential expressed in mV, R is the universal gas constant and T is the temperature (Kelvin); F/(2.3RT) makes 59.2 at 25°C. Assuming that pKai is the same for all the tested systems, its value can be replaced by pKa measured in presence of uncharged micelles, as TritonX. One obtains  = - 225 mV for the SDS micelles. The highly negative value suggests that the protonation site penetrates deeply into the micelle core. 
Micellar Enhanced UltraFiltration coupled with absorbance spectroscopy enables the percentage of retention (R%) on the micelle/liposome to be measured. After the micellar phase was separated from the liquid matrix, the amount of dye adsorbed was evaluated by spectrophotometry as the difference between the initial amount and that remaining in the permeate after filtration, according to equation (6). 
      									(6)
where Afinal and Ainitial are the final and the initial absorption of the solution respectively. The results obtained are reported in Table 5.

Table 5. Retention percentage (R%) of the analysed POPs on micelles and liposomes; T = 25.0 °C, [NaCl] = 0.5 mol/L
	
	SDS
	DTAC
	TritonX
	POPC

	1-PyNH2 (pH 7.0)
	64 ±  2
	96 ±  2
	98 ± 2
	90 ± 2

	1-PyNH2 (pH 3.0)
	87* (87**)
	89* (60**)
	97* (78**)
	70 ± 2

	1-PyMeOH
	55 ± 2
	96 ± 4
	97 ± 2
	71 ± 3

	CBZ
	38 ± 2
	44 ± 3
	61 ± 3
	22 ± 2

	CA
	79 ± 3
	83 ± 3
	53 ± 2
	12 ± 1


* experimental value relative to the 1-PyNH3+/1-PyNH2 mixture, ** calculated value, relevant to 1-PyNH3+ only
It is also found that the retention coefficients (R%) do not change their value by varying surfactant concentration (being it still above CMC, data for 1-PyNH2 are shown in Figure S15). The similarities among 1-PyNH2 and 1-PyMeOH retention coefficients suggest quite analogous behaviour for both the ligands. The small differences can be ascribed to the different electronegativities of the substituents located on the pyrene ring.  Table 5 shows that the protonated form of 1-PyNH2 is strongly absorbed on anionic micelles (SDS), more than the neutral form, because of the attraction between opposite charges. Analogously, 1-PyNH3+ is less retained on cationic micelles. For neutral micelles, the 1-PyNH3+ retention percentage is significantly different from that of the 1-PyNH2 one. This can be explained by evaluating the different polarities of the tested species: 1-PyNH3+ is actually less lipophilic than the associated neutral form. On the whole, data confirm the strong hydrophobicity of the PAH derivatives, as shown by the very high retention on neutral micelles and by the fact that, even in the presence of adverse electrostatic effects, R never goes below 60%. Concerning the liposomes, it should be noted that uncharged 1-PyNH2 owns higher affinity for POPC than its protonated form. This feature can be clarified considering the electrostatic repulsion between positive charges, the protonated amino group of 1-PyNH3+ and the ammonium group of POPC (more exposed than the phosphate). On the same basis, retention of 1-PyNH2 is better than that of 1-PyMeOH. CBZ and CA are much more polar species than PAH derivatives, then the hydrophobic effect fades out and the retention coefficients decrease significantly. The effect is lower in the case of CA that is the less polar among the two and for which some pesticide extraction from polluted water using micellar phases could be envisaged. The highest fall is observed in the case of liposomes: this is likely due to the fact that the dipole moment of the pesticides does not match with the POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) distribution between inner hydrophobic core, central negatively charged phosphate units and outer positively charged ammonium end. 

4. Conclusions Some insights on the binding of persistent organic pollutants to biosubstrates have been given through the combined use of spectroscopic techniques, (TD)DFT calculations and analysis of the percentage of retention on micellar aggregates and liposomes. A strong DNA binding is found in all cases, with a binding affinity that is similar for 1-PyNH2, 1-PyMeOH and CBZ (K = 1 ÷ 4×105 L/mol at 25°C in 0.5 mol/L NaCl) and slightly lower (3×104 L/mol) for CA. This result might be correlated to the higher mobility of CA with respect to the other pollutants. The high negative enthalpic changes or the ability to displace intercalated ethidium indicate pollutants intercalation between base pairs. In the case of the PAH derivatives interaction with BSA, Stern Volmer plots demonstrated that this does indeed occur (static quenching), that the binding has a 1:1 stoichiometry and that the binding is hydrophobically driven. No pesticides interaction with BSA could be spectroscopically evidenced due to too unfavourable conditions and strong inner filter effect. The (TD)DFT calculations agree with the experimental findings and confirm that DNA intercalation induces only small spectroscopic changes for these systems. Also, it further enlightens the importance of the aromatic parts in driving binding mode and relevant geometry and gives information on the fine properties of the adducts and charge transfer with DNA. The studies of retention on cationic, anionic or neutral micelles and liposomes further confirm the major role of the hydrophobic properties of the POPs. The analysis of the protonation of 1-PyNH2 in the different micellar systems indicates that it deeply penetrates into the SDS micelle. PAH derivatives are strongly retained on all micelles and liposomes, owing to their high lipophilicity. Conversely, the retention of carbamate-pesticides is much lower but still some interaction with the cellular membrane is possible. Micellar retention can also still be envisaged for CA extraction from polluted liquids.
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