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Abstract: This paper reports the in vitro characterization of the interaction between the phosphate
groups of DNA and the protonated species of drugs with basic groups through the determination of
the affinity constants, the reversibility of the interaction, and the effect on the secondary structure of
the macromolecule. Affinity constants of the counterionic condensation DNA–drug were in the order
of 106. The negative electrokinetic potential of DNA decreased with the increase of the proportion
of loading drugs. The drugs were slowly released from the DNA–drug complexes and had release
kinetics consistent with the high degree of counterionic condensation. The circular dichroism profile
of DNA was not modified by complexation with atenolol, lidocaine, or timolol, but was significantly
altered by the more lipophilic drugs benzydamine and propranolol, revealing modifications in
the secondary structure of the DNA. The in vitro characterization of such interactions provides
a physicochemical basis that would contribute to identify the effects of this kind of drugs in cellular
cultures, as well as side effects observed under their clinical use. Moreover, this methodology could
also be projected to the fields of intracellular DNA transfection and the use of DNA as a carrier of
active drugs.

Keywords: polyelectrolytes; DNA; drug interactions; complexation; physicochemical properties;
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1. Introduction

The important biological relevance of the description of the structure and function of nucleic acids
(NAs) (DNA and RNA), reported in the middle of the last century, led to a rapid expansion of studies
concerning their physical, chemical, and biological properties [1]. Consequently, there is now vast
literature providing a detailed description of many aspects of their molecular structures and related
complex biological processes, which affect all living organisms [2].

With regard to the interaction of NAs with endogenous and exogenous organic molecules of
molecular mass under 1000 g/mol [3,4]—a range in which a high proportion of active compounds
currently used in therapy is located—many investigations have focused on the so-called intercalating
molecules, given their importance in disrupting biological properties [5–8]. As a result, less attention
has been paid to the study of the interactions of common drugs with NAs, despite the fact that during
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the administration of many dosage forms an appreciable concentration of the active compounds are in
contact with living cells.

An important proportion of water-soluble drugs contain basic groups that are protonated at
physiological pH, and these drugs are able to interact as counterions of ionized phosphate groups of
NAs. Related to this, there are reports dealing with the electrostatic interactions between NA phosphate
groups and cationic lipids (forming so-called lipoplexes [9]) and also with molecules widely distributed
in the body, such as spermine [10,11] and spermidine [12,13]. However, detailed information is not
available on the many drugs that are able to ionically interact with NAs.

Phosphate groups of NAs (pKa regarded as 1.5 [1]) are ionized over a wide pH range, while
hydroxyl groups present in guanidine and thiamine bases behave as weak acids (pKa 9.9 and 9.4 [1]).
In addition, the moieties having protonable nitrogen atoms (present in adenine and cytosine) are also
very weak basic centers (pKa 4.2 and 3.5 [1]). Therefore, phosphate groups are essentially ionized at
pH values of physiological interest and confer the properties of anionic polyelectrolytes (PEs) to NAs
with monomer units (nucleotides) of molecular mass ranging from 288.2 to 328.2 g/mol. In this regard,
it is known that natural [14] and synthetic [15] acid PEs react with organic molecules having basic
groups and generate a high proportion of ion pairs by counterionic condensation (Equation (1))

RH + D � R− + DH+ �
(
R−DH+

)
(1)

where RH, R−, D, DH+, and (R−DH+) represent an acid and an ionized group of the PE, the aqueous
species of drugs, and an ion pair, respectively.

The aim of the present study was the characterization of the interaction of the phosphate groups
of NAs with model drugs that have basic groups. Thus, this research was focused on obtaining
information about the ability of NAs to form ion pairs R−DH+, drug effects on the structural properties
of the macromolecule, and the reversibility of the interaction, together with the eventual contribution
of other nonionic interactions. For this purpose, as the source of the NA we selected Parafarm® DNA
(Drogueria Saporiti S.A.C.I.F.I.A, Bs. As. Argentina) obtained from salmon sperm (DNA–Na) (widely
used in cosmetic and nutritional research purposes [16–20]) and Sigma DNA (Sigma Chemical Co.,
St Louis, MO, USA) obtained from salmon sperm (denoted as DNA–NaR) as the reference. The set of
drugs of recognized therapeutic utilities reported in Table 1 was selected to interact with DNA.

Table 1. Physicochemical properties of the set model drugs.

Drug (D) MM a (g/mol) Type of Amine pKa Log PC o/w b Solubility (mg/mL)

Atenolol (At) 266.34 Secondary 9.54 0.22 13.3
Propranolol (Pr) 295.81 Secondary 9.53 3.48 7.09E−2

Timolol (Ti) 432.50 Secondary 9.53 2.12 2.74 c

Lidocaine (Li) 234.34 Ternary 7.95 2.44 4.10 c

Benzydamine (Bz) 345.90 Ternary 9.27 3.71 c 5.11E−2

a MM: Molecular mass of D; b Log PC o/w: partition coefficient logarithm in octanol/water. All data were
taken from Avdeef A. Absorption and Drug Development (2003) [21], except those marked “c”, which came
from PubChem [22–24].

The set contains highly lipophilic drugs such as propranolol (which exhibits high intestinal
permeability and is essentially metabolized in liver [25]) and more hydrophilic drugs such as atenolol,
whose permeability is lower and is mainly excreted by the kidneys [26].

2. Materials and Methods

2.1. Materials

Salmon sperm DNA–NaR from Sigma Chemical Co. (St Louis, MO, USA; CAS No. 9007-49-2,
salmon species Oncerhynchus keta, 41.2% G + C, highly polymerized [27]) and Salmon sperm DNA–Na
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from Parafarm® (Drogueria Saporiti S.A.C.I.F.I.A, Bs.As. Argentina) were used. Hydrochlorides of
atenolol, lidocaine, propranolol, and benzydamine and timolol maleate salts, all of pharmaceutical
grade, were purchased from Parafarm. Sigma SYBR Green I (SIAL), agarose BioReagent for molecular
biology, 1 Kb DNA Ladder, and PCR 100 bp Low Ladder were also used. A 10 mM solution of
phosphate-buffered saline (pH 6.80; PBS) was prepared according to USP 34-NF 29 (2011) [28]. All other
chemicals were of analytical grade, and Milli-Q water was utilized in the experiments.

2.2. Analytical Determinations

Spectrophotometric determinations were obtained using the spectrophotometer Thermo-Electronic
Corporation, Evolution 300 BB (Thermo-Electron Corporation, Rugby, England) with program PROTM

Vision Software (Thermo-Electron Corporation), and the pH was determined at 25 ◦C using a pH meter
Mettler Toledo Seven Multi, glass electrode Ag/AgCl DG 115-SC (Mettler-Toledo Sales Int. GmbH,
Greifensee, Switzerland).

The degree of neutralization of phosphate groups of DNA was obtained using differential scanning
potentiometry (DSP), according to Luna et al. [29], while the proportion of Na+ in the samples was
determined using the specific electrode perfectIONTM comb Na+ (Mettler-Toledo Sales Int. GmbH,
Greifensee, Switzerlad). All titrations were carried out in duplicate.

Circular dichroism (CD) spectra of DNA and DNA–drug (DNA–D) complexes were obtained
on a Jasco-810 spectropolarimeter (JASCO Corporation, Tokyo, Japan). The cell compartment was
continuously purged with dry nitrogen, and data were recorded at a bandwidth of 2.0 nm, running
speed 50 nm/min, response time 4 s, with measurements taken every 0.2 nm over 190–350 nm at
25 ◦C. A quartz cylindrical cell of 0.02 cm path length (Sigma Chemical Co) was used, which then was
filled with 0.5 mL water and water–drug as blanks for correction of the DNA and DNA–D spectra,
respectively. Each spectrum represented the average of three scans. The temperature cycle was
produced using a circulating thermostated water bath (Haake®, Karlsrube, Germany), and Jasco CD
spectropolarimeters recorded CD data as the ellipticity angle (∆ε).

Electrokinetic potentials (ξ) were determined using a Delsa Nano C instrument (Beckman Coulter,
Osaka, Japan) equipped with a 658 nm laser diode, a scattering angle set at 165◦, temperature controller,
and Delsa Nano 2.20 software (Beckman Coulter, Osaka, Japan). Measurements were taken in triplicate
at 25 ◦C. Dispersions of DNA from 0.1% to 1.2% w/v alone and complexed with increasing proportions
of drug were used.

The molecular mass of the DNA was determined by electrophoresis in a Mini-Cell GT Sub® Cell
(Bio-Rad Life Science, Beijing, China), as described previously by Sambrook et al. [30]. The samples
were evaluated for duplicates in 0.75% agarose gel with SYBR Green (2 µL) in 1x TrisBorate-EDTA
(TBE) buffer, and the electrophoresis was carried out at 100 V for 1.5 h. Finally, samples of DNA
dissolved in loading buffer (12 µL) were seeded into the gel.

2.3. Preparation of DNA–Drug Complexes

The DNA–Dx complexes were prepared by mixing appropriate volumes of aqueous solutions
of the drug salts with dispersions of DNA–Na or DNA–NaR previously hydrated for 24 h without
agitation to obtain polymer concentrations of 0.60% or 0.12% w/v, respectively. The subscript “x” refers
the molar proportion of drug with respect to the DNA phosphate groups, expressed as a percentage
(i.e., x = 25%, 50%, 64%, and 85%). The dispersions were stored overnight at 4–8 ◦C before use.

2.4. Determination of Species Distribution and Affinity Constants (K)

The proportions of the D, DH+, and [R−DH+] species in the DNA–Dx dispersions were
determined by dialysis equilibrium using a tube of cellulose acetate membrane (12,000 Da; Sigma),
according to a procedure described by Battistini et al. [31]. Exactly 10 mL of DNA–Dx aqueous
dispersions were put into the dialysis tube (donor compartment (d)), which was inserted in a stoppered
flask (receptor compartment (r)) containing 100 mL (Vd/Vr: 1/10) or 400 mL (Vd/Vr: 1/40) of water
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for 24 h at 25 ◦C under magnetic stirring at 32 rpm. The pH of the d and r compartments was
then recorded, and the drug concentration in the receptor ([D]r = [DH+]r + [D]r) was analyzed by
absorbance spectroscopy at the maximum wavelength of each drug with reference to a standard curve
prepared from drug solutions of known concentrations. The mass of drug in receptor compartment (Dr)
in mg was subtracted from the original mass (Dt) to obtain the mass of drug donor compartment (Dd)
(i.e., Dt − Dr = Dd) from which the dialysis ratio ([D]r/[D]d) was calculated. According to Equation (1),
the species distribution in the Dd can be calculated by the following equations:

[D]r
[D]d

=
[DH+]r + [D]r

[D]d + [DH+]d +
[(

R−DH+
)]

d
(2)

Ka =
[D]

[
H+

]
[DH+]

(3)

The affinity constant for the counterionic condensation (Kcc) is given by [32]:

Kcc =

[
(R−DH+)

][
H+

]
[RH]Ka[DH+]

(4)

[RH] was calculated from Equation (5), in which [RH]t represents the concentration of all
phosphate groups of DNA.

[RH]t = [RH] + [(R−DH+)] + [R−] = [RH] + [(R−DH+)] + [DH+] (5)

Since the sum of the negative species
[
R−] plus

[
OH−] and

[
Cl−

]
is equal to the sum of the

positive species [DH+] plus
[
H+

]
and

[
Na+

]
, and considering that

[
Cl−

]
=
[
Na+

]
,
[
R−] � [

OH−]
and [DH+] �

[
H+

]
, then

[
R−] approaches to [DH+].

2.5. Drug Release from DNA–Dx Complexes

Release of drug from the DNA–Dx complex dispersions was performed at 37.0 ± 0.1 ◦C in
two-compartment Franz cells separated by a cellulose acetate membrane that had been previously
hydrated in Milli-Q water for 30 min (D9527-100FT cellulose membrane dialysis tubing flat width
43 mm 12,000 Da; Sigma). In the donor compartment of each cell an accurately measured amount of
the sample (1 mL) was introduced. The receptor compartment was filled with 16 mL of Milli-Q water,
and 0.9 mL samples were taken at appropriate time intervals, with the volume removed replaced
with fresh medium. The concentrations of drugs were determined by absorbance spectroscopy as
previously described.

2.6. Reversibility of the Interaction

The complexes of propranolol and benzydamine were subjected to exhaustive dialysis to recover
uncomplexed DNA. To carry this out, samples of 10 mL of DNA–D50 were dialyzed following the
methodology described above at a volume ratio of 1:40 (d/r) for 24 h, using 10 mM PBS (pH 6.8) as
the receptor medium, which was replaced every two hours during the first eight hours. The donor
dispersion, after being left overnight, was used for UV and CD determinations.

3. Results and Discussion

3.1. Preparation of Complexes of DNA with Model Drugs

The aqueous dispersions of DNA–Na at 0.6% w/v and DNA–NaR at 0.1% w/v used were first
characterized with titration by DSP, which indicated that in both cases nearly all the phosphate
groups were salified (Figure 1), and the potentiometric determination of Na+ revealed that DNA–Na
contained 3.71 meq/g, and DNA–NaR contained 3.51 meq/g of phosphate groups. Both samples
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exhibited a UV absorption maximum at 260 nm and absorbance ratios of A260/A280 near 1.8, indicating
an acceptable degree of purity [33]. The CD of both samples showed a type-B secondary structure,
which is the characteristic native structure of double-helix DNA [34–36] (Figure 2). On the other
hand, gel electrophoresis indicated that DNA–NaR exhibited a band between 2000 and 8000 base pairs,
whereas that of DNA–Na corresponded to a size lower than 100 base pairs (Supplementary Materials).
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Figure 2. Circular dichroism (CD) spectra of DNA–NaR and DNA–Na.

The reaction of the aqueous dispersions of DNA–Na at 0.6% w/v with variable proportions of salts
of the basic model drugs generated slightly viscous homogeneous dispersions. Similar results were
also obtained with DNA–NaR at 0.12% w/v. However, in this case, a lower concentration was used
due to the viscosity produced by the high molecular mass (MM) of the macromolecule. Nevertheless,
in both cases, on increasing the concentration of the complexes, the viscosity of the dispersions also
increased, yielding translucent hydrogels that exhibited a good physical stability when stored for
20 days at 2–8 ◦C. Considering that the ionic equilibria are the main interactions involving phosphate
groups of DNA and the protonated species DH+, Equation (1) can be replaced by:

RNa + DH+A− � R− + DH++A− �
[
R−DH+

]
+Na++A− (6)

where R− represents an ionized DNA phosphate and A− represents the anion of the drug salts.

3.2. Species Distribution in the DNA–D Dispersions

The proportions of drug reversibly bonded to DNA in equilibrium with free species D and DH+

were determined through dialysis equilibrium using a semipermeable membrane that prevented
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DNA diffusion from the donor compartment. The time to reach the equilibrium (24 h at 25 ◦C) was
determined by monitoring the evolution of the DNA–Pr50 system. Subsequently, a set of experiments
was performed (reported in Table 2), in which the data obtained were processed according to Equation
(6), as described above.

Table 2. Species distribution at equilibrium and log Kcc obtained by dialysis of DNA–Dx complexes at
25 ◦C.

Ratio Vd/Vr
a Complex D b Concentration

(mg/mL) Dx (mol %)
pH Donor

Equilibrium
Species distribution (%)

Log Kcc
[R−DH+] DH+ D

1/40

DNA–Atx

2.20 9.38 6.21 83.98 16.01 0.010 5.86
3.33 18.34 6.31 83.28 16.70 0.010 5.79
4.49 29.30 6.44 96.70 3.30 0.003 6.49
6.60 28.99 6.19 91.49 8.51 0.004 6.30

DNA–Prx

1.25 11.25 5.66 76.06 23.94 0.004 6.06
2.45 20.71 5.73 74.47 25.53 0.004 6.00
3.72 24.51 5.72 69.78 30.21 0.005 5.92
4.90 26.19 5.94 82.65 17.35 0.005 6.03

DNA–Lix

2.24 9.42 5.91 85.01 14.75 0.230 4.51
3.39 12.65 5.91 86.44 13.34 0.225 4.58
4.48 20.59 5.81 84.94 14.87 0.191 4.66

DNA–At85 4.48 28.79 6.44 96.70 3.30 0.003 6.49

DNA–At85–NaCl25 4.48 22.67 6.18 91.19 8.81 0.004 6.26

DNA–At85–NaCl50 4.48 14.08 6.29 89.98 10.01 0.006 6.04

DNA–At85–NaCl100 4.48 13.32 5.99 49.35 50.63 0.018 5.37

1/10

DNA–Atx

2.20 36.53 6.43 98.67 1.33 0.001 6.95
3.33 59.44 6.41 99.27 0.73 0.001 7.42
4.49 75.37 6.44 98.80 1.20 0.001 7.40
5.52 92.46 7.00 97.22 2.77 0.009 6.98

DNAR–Atx
1.29 40.77 6.71 93.19 6.80 0.011 6.66
1.57 41.95 6.63 86.60 13.39 0.018 6.43

DNAR–Prx

0.71 30.77 6.28 88.45 11.54 0.01 6.63
1.45 43.60 6.25 63.24 36.74 0.02 6.09
2.10 55.13 6.26 68.25 31.74 0.02 6.28

DNAR–Lix
1.44 30.74 6.13 53.04 45.73 1.21 4.40
2.13 50.93 6.07 70.29 29.03 0.69 4.93

a Volume ratio between donor and receptor compartments; b Concentration of drugs loaded in the complexes in
the donor compartment before dialysis. The concentrations, in w/v, of DNA–Na and DNA–NaR are 0.6% and
0.12%, respectively.

As shown in Table 2, a high fraction of drug that remained in the donor compartment was involved
in ionic condensation with DNA. The model systems exhibited high DNA–D affinities, expressed as
Kcc, which were of the order of 106. The experiments at a volume ratio of 1/40 revealed that atenolol
and propranolol exhibited similar Kcc values, which were higher than that of lidocaine, which had
a lower pKa. This behavior was also observed previously with another acid PE [32].

During the dialysis, Na+ and Cl−, were able to freely diffuse to the receptor compartment to reach
the equilibria in which they were involved. In this way, when the DNA–At85 system was subjected
to dialysis with the addition of increasing proportions of NaCl, a concomitant lowering of both the
remaining proportion of atenolol in the donor compartment and Kcc was observed. This behavior
is evidence of competition between DH+ and Na+ to interact with the phosphate groups of DNA,
as depicted by Equation (6). On the other hand, for the experiments at a volume ratio 1/10, the
DNA–Atx system, when loaded with higher proportions of atenolol, exhibited higher Kcc values than
those loaded at lower atenolol proportions. Finally, Table 2 also shows that DNA–NaR of high MM
exhibited a similar behavior to that observed with DNA–Na.

3.3. Electrokinetic Potential (ζ)

The negative ζ of DNA–Na dispersions is highly concentration-dependent. For example, by
increasing the concentration of DNA–Na from 0.6% to 1.2% w/v, the ζ values were lowered by 12 mV.
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The results reported in Table 3 were taken at the same concentrations employed in dialysis and kinetic
determinations. Samples of DNA–Na at 0.6% and DNA–NaR at 0.12% aqueous dispersions exhibited
high negative ζ values of −28.04 and −35.86 mV, respectively, which were ascribed to the dissociation
of the phosphate groups. Again, the higher concentrated dispersion exhibited the lower ζ.

Table 3. Electrokinetic potential (ζ) (mV) of a set of DNA–Dx complexes.

D Proportion
(X mol %)

DNA–Na DNA–NaR

At Pr Li Me At Pr Li Ti Bz

0 −28.04 −28.04 −28.04 −28.04 −35.86 −35.86 −35.86 −35.86 −35.86
25 −21.53 −21.24 −20.63 −18.96 - - - - -
45 −21.17 −19.62 −18.15 −18.50 - - - - -
65 −19.38 −19.16 −16.13 −14.53 −26.68 −34.91 −26.70 −28.06 −28.38
85 −16.59 −16.88 −15.60 −13.36 - - - - -

The concentrations, in w/v, of DNA–Na and DNA–NaR are 0.6% and 0.12%, respectively.

As shown in Table 3, ζ decreased with an increase in the proportion of the loading drug, which
was also observed with other acidic PEs [37] and is in line what the counterion condensation theory of
PE that recognizes two extreme modes of counterion association, currently referred to as loose and
covalent bonding [38–40].

3.4. Circular Dichroism (CD)

As mentioned above, it can be observed in Figure 2 that both samples of DNA–Na exhibited CD
spectra characteristic of a double-helix secondary structure. The effect of temperature was shown by
the reversible conversion towards the single secondary conformation.

Complexes DNA–D50 with different models of drug exhibited differing CD profiles. In fact,
those obtained with atenolol, lidocaine, and timolol (the drugs with the lowest lipophilicity) exhibited
a positive Cotton effect at 280 nm, a negative one at 245 nm, and a crossing point at nearly the same
wavelengths as native DNA, suggesting that they maintained the native double-stranded form of
type-B secondary structure (Figure 3a–c). However, it was observed that the intensities of the signals
in the DNA–At complexes decreased with greater atenolol loading (Supplementary Materials).

On the other hand, the profiles of the complexes with propranolol and benzydamine (the drugs
of highest lipophilicity) suggested that the DNA did not maintain the type-B secondary structure,
as shown in Figure 3d,e. In both cases, a significant reduction was observed in the negative signal
with a redshift of the absorption maximum. In addition, the propranolol complex developed a greater
intensity in the positive side, while that of benzydamine produced a decreased positive band that has
previously been described as being a dehydrated form of the DNA [34–36,41].

The dispersions of the propranolol and benzydamine complexes were subjected to an exhaustive
dialysis in a buffer at pH 7.0. The recovered DNA of benzydamine dispersion exhibited the original
native CD profile, but that of propranolol did not revert completely to the original profile (Figure 4a,b),
with the propranolol recovered in the receptor media used, determined by UV spectrometry, only
accounting for 88.2% of the original amount in the sample. This finding suggests a contribution of
other nonionic interactions. Therefore, the changes observed in the secondary structure of DNA as a
consequence of the interaction with the set of drugs appeared to be of a reversible nature in all cases
except that of propranolol.
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45 −21.17 −19.62 −18.15 −18.50 - - - - - 

65 −19.38 −19.16 −16.13 −14.53 −26.68 −34.91 −26.70 −28.06 −28.38 

85 −16.59 −16.88 −15.60 −13.36 - - - - - 

The concentrations, in w/v, of DNA–Na and DNA–NaR are 0.6% and 0.12%, respectively. 

As shown in Table 3, ζ decreased with an increase in the proportion of the loading drug, which 

was also observed with other acidic PEs [37] and is in line what the counterion condensation theory 

of PE that recognizes two extreme modes of counterion association, currently referred to as loose 

and covalent bonding [38–40]. 

3.4. Circular Dichroism (CD) 

As mentioned above, it can be observed in Figure 2 that both samples of DNA–Na exhibited CD 

spectra characteristic of a double-helix secondary structure. The effect of temperature was shown by 

the reversible conversion towards the single secondary conformation.  

Complexes DNA–D50 with different models of drug exhibited differing CD profiles. In fact, 

those obtained with atenolol, lidocaine, and timolol (the drugs with the lowest lipophilicity) 

exhibited a positive Cotton effect at 280 nm, a negative one at 245 nm, and a crossing point at nearly 

the same wavelengths as native DNA, suggesting that they maintained the native double-stranded 

form of type-B secondary structure (Figure 3a–c). However, it was observed that the intensities of 

the signals in the DNA–At complexes decreased with greater atenolol loading (Supplementary 

Materials). 
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Figure 3. CD spectra of DNA–NaR together with DNAR–D50 of the set of model drugs (a) atenolol (At),
(b) lidocaine (Li), (c) timolol (Ti), (d) propranolol (Pr), and (e) benzydamine (Bz).
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Figure 4. CD spectra of DNA–NaR together with DNAR–D50 (drugs: (a) propranolol (Pr) and
(b) benzydamine (Bz)) after exhaustive dialysis.

3.5. Drug Release in Two-Compartment Diffusion Cells

The kinetics of drug release from dispersions of a set of complexes DNA–Dx was investigated by
placing them in the donor side of two-compartment cells bounded by a semipermeable membrane.
The receptor compartment was filled with water, and the efficacy of the membrane to prevent the
diffusion of the macromolecules was monitored by measuring the absorbance at 260 nm on samples
of DNA–Na. Under these conditions, the reversible interaction DNA–Dx generated a diffusion of
the drug species towards the receptor compartment, with Figure 5a–c showing representative release
profiles of three model drugs.

The rate of diffusion of the free species of drug was considerably slower than that of the reference
drug placed in the donor compartment at an equivalent concentration, and this ability to modulate the
release is consistent with the high degree of counterionic condensation previously observed. In fact, as
depicted in Equation (6), both the uncharged D and the cationic DH+ together with A− were able to
freely diffuse and release, while (R−DH+) remained as a reversible drug reservoir. In line with these
observations, the rates of drug release followed the classical Higuchi correlation with time1/2 [42], as
can be seen in Figure 5a’–c’ and Table 4 that reports the regression parameters. It can be seen in the table
that the slope of lidocaine release from the complex (4.33) is higher than those of atenolol (2.64) and
propranolol (1.85) complexes, which is in accordance with the lower Kcc of lidocaine. This behavior is
also evident from the comparison of the difference between the slopes of free and complex D (∆ slopes)
reported in that table. The negative intercepts observed are consistent with the required time by the
diffusion system to reach the kinetic quasi-equilibrium. Moreover, on keeping the concentration of
DNA constant, while increasing the proportion of loading drug, a proportional increase in the drug
release rate was observed, as shown in Figure 6. Accordingly, the systems behaved like carriers which
slowly released drug, as observed with other similar PE–D systems [32,43].
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Figure 5. Cumulative drug release from both DNA–D50 (square) and free drug (circle) in Franz cells
as a function of time (a–c) and time1/2 (a’–c’). DNA–NA (triangle) was included as a blank. Drugs:
atenolol (At), lidocaine (Li), and propranolol (Pr).

Table 4. Slopes and y-intercepts from the Higuchi correlation of diffusion rates against time1/2 of D
and DNA–D50, reported in Figure 5a’–c’.

System Slope ∆ Slope y-Intercept r2

At 8.76
6.12

−13.56 1.000
DNA–At 2.64 −1.77 0.989

Li 7.15
2.82

−10.52 0.999
DNA–Li 4.33 −8.11 0.993

Pr 7.42
5.57

−11.80 0.996
DNA–Pr 1.85 −3.07 0.992
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The results presented in the preceding sections support the view that the main interaction between
DNA and drugs with protonatable basic groups occurs through the DNA phosphate groups, thereby
giving a high proportion of counterionic condensation, as depicted by Equation (6).

The high acidity of the phosphate groups resulted in the high affinity constants (Kcc) that were
observed even in the presence of salts. In contrast, comparatively lower Kcc values were reported for
PE with carboxylic pending groups of lower acidity [32]. The counterionic condensation (R−DH+)
brought about a decrease in the electrokinetic potential, which did not compromise the physical
stability of the dispersions.

In line with the reversibility of the DNA–D interaction, the drug release kinetics observed in the
model systems assayed were consistent with a PE–D model previously developed [43,44], and no
significant differences in the kinetic release behavior among the complexes assayed were observed.

Complexes of DNA with atenolol, lidocaine, and timolol did not exhibit modifications in the
secondary structure of DNA. However, for the complexes with propranolol and benzydamine,
the drugs of higher lipophilicity, a significant change in the conformation of DNA was observed.
By performing exhaustive dialysis, the reversibility of DNA towards the original native conformation
was observed in the case of benzydamine. However, for propranolol, no complete reversion to the
original conformation was observed.

The drug interactions described here with DNA would also be expected to take place with other
NAs, such as RNA. In addition, the in vitro behavior of NAs described above may occur in vivo during
the pharmacokinetic sequence of events (Liberation, Absorption, Distribution, Metabolism, Excretion;
LADME) originated by the administration of a dosage form containing a drug having basic groups.
This is particularly so with drugs having high cellular membrane permeability such as propranolol,
benzydamine, and lidocaine. Therefore, when these drugs penetrate and diffuse into living cells, they
will be subjected to many interactions. Of these, the negative electrokinetic potential of NAs will
attract the cationic species DH+, and their phosphate groups will become a target in which a strong
electrostatic interaction takes place.

However, although it remains to be determined how such transient interactions would affect
the functions of NA, the methodology described here to characterize in vitro DNA–D interactions
through affinity constants and drug release rates together with their effects on the DNA conformation
provides physicochemical basis to answer this question. Therefore, this methodology would contribute
to identify effects of these kind of drugs in cell culture experiments to study cell proliferation, viability,
and morphology as well as side effects observed under their clinical use. Besides, it could also be
projected to the fields of intracellular DNA transfection [9] and the use of DNA as a carrier of active
ingredients [45–48].
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Green I; Figure S2: Circular dichroism spectra of an aqueous dispersion of reference DNA–NaR and
DNA–At60–180 complex.

Acknowledgments: The authors wish to acknowledge the assistance of the Consejo Nacional de Investigaciones
Científicas y Técnicas (CONICET N◦11220090100761) and the Universidad Nacional de Córdoba, both of which
provided support and facilities for this investigation. We thank Paul Hobson, native speaker, for revision of
the manuscript.

Author Contributions: Yolima Baena fellow co-director and Rubén H. Manzo fellow director conceived and
designed the experiments; Liliana P. Alarcón performed the experiments and analyzed the data.

Conflicts of Interest: There is no conflict of interest to disclose and no part of the manuscript has been published
elsewhere. However, a preliminary report has been presented at International congresses: Tercer Reunión
Internacional de Ciencias Farmacéuticas (September 2014, Córdoba, Argentina) and Tercer III Congreso
Sudamericana de Biofarmacia y Farmacocinética (November 2015, Córdoba, Argentina).

References

1. Acharya, S. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and Technology
164. Some Aspects of Physicochemical Properties of DNA and RNA; Acta Universitatis Upsaliensis: Uppsala,
Sweden, 2006.

2. Horton, H.R.; Moran, L.A.; Scimgeour, K.G.; Perry, M.D.; Rawn, J.D. Principios de Bioquímica, 4th ed.;
Pearson Educación: Naucalpan de Juárez, Mexico, 2008; Chapter 19.

3. Um, S.H.; Lee, J.B.; Park, N.; Kwon, S.Y.; Umbach, C.C.; Luo, D. Enzyme-catalysed assembly of DNA
hydrogel. Nat. Mater. 2006, 5, 97–801. [CrossRef] [PubMed]

4. Wahyuni, E.T.; Tjahjono, D.H.; Yoshioka, N.; Inoue, H. Spectroscopic studies on the thermodynamic and
thermal denaturation of the ct-DNA binding of methylene blue. Spectrochim. Acta A Mol. Biomol. Spectrosc.
2010, 77, 528–534.

5. Hajian, R.; Shams, N.; Mohagheghian, M. Study on the interaction between doxorubicin and
deoxyribonucleic acid with the use of methylene blue as a probe. J. Braz. Chem. Soc. 2009, 20, 1399–1405.
[CrossRef]

6. Shah, A.; Khan, A.M.; Usman, M.; Siddiq, M. Plex with DNA as Studied by Conductometric and
Spectroscopic Techniques. J. Chil. Chem. Soc. 2009, 2, 134–137.

7. Mizuno, Y.; Naoi, T.; Nishikawa, M.; Rattanakiat, S.; Hamaguchi, N.; Hashida, M.; Takakur, Y. Simultaneous
delivery of doxorubicin and immunostimulatory CpG motif to tumors using a plasmid DNA/doxorubicin
complex in mice. J. Control. Release 2010, 141, 252–259. [CrossRef] [PubMed]

8. Stepankova, J.; Studenovsky, M.; Malina, J.; Kasparkova, J.; Liskova, B.; Novakova, O.; Ulbrich, K.; Brabec, V.
DNA interactions of 2-pyrrolinodoxorubicin, a distinctively more potent daunosamine-modified analogue
of doxorubicin. Biochem. Pharmacol. 2011, 82, 227–235. [CrossRef] [PubMed]

9. Rolland, A.; Sullivan, S.M. Pharmaceutical Gene Delivery Systems. In Drugs and the Pharmaceutical Science;
Taylor & Francis Group: Boca Raton, FL, USA, 2003; Volume 131.

10. Feuerstein, B.G.; Pattabiraman, N.; Marton, L.J. Molecular mechanics of the interactions of spermine with
DNA: DNA bending as a result of ligand binding. Nucleic Acids Res. 1990, 18, 1271–1282. [CrossRef]
[PubMed]

11. Utsuno, K.; Uluda, H. Thermodynamics of polyethylenimine-DNA binding and DNA condensation.
Biophys. J. 2010, 99, 201–207. [CrossRef] [PubMed]

12. McGregor, T.D.; Bousfield, W.; Qu, Y.; Farrell, N. Circular dichroism study of the irreversibility of
conformational changes induced by polyamine-linked dinuclear platinum compounds. J. Inorg. Biochem.
2002, 91, 212–219. [CrossRef]

13. Hackl, E.V.; Kornilova, S.V.; Blagoi, Y.P. DNA structural transitions induced by divalent metal ions in aqueous
solutions. Int. J. Biol. Macromol. 2005, 35, 175–191. [CrossRef] [PubMed]

14. Battistini, F.D.; Olivera, M.E.; Manzo, R.H. Equilibrium and release properties of hyaluronic acid-drug
complexes. Eur. J. Pharm. Sci. 2013, 49, 588–594. [CrossRef] [PubMed]

www.mdpi.com/2218-0532/85/1/1/s1
http://dx.doi.org/10.1038/nmat1741
http://www.ncbi.nlm.nih.gov/pubmed/16998469
http://dx.doi.org/10.1590/S0103-50532009000800003
http://dx.doi.org/10.1016/j.jconrel.2009.09.014
http://www.ncbi.nlm.nih.gov/pubmed/19778560
http://dx.doi.org/10.1016/j.bcp.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21570955
http://dx.doi.org/10.1093/nar/18.5.1271
http://www.ncbi.nlm.nih.gov/pubmed/2320418
http://dx.doi.org/10.1016/j.bpj.2010.04.016
http://www.ncbi.nlm.nih.gov/pubmed/20655848
http://dx.doi.org/10.1016/S0162-0134(02)00398-7
http://dx.doi.org/10.1016/j.ijbiomac.2005.01.011
http://www.ncbi.nlm.nih.gov/pubmed/15811473
http://dx.doi.org/10.1016/j.ejps.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23659801


Sci. Pharm. 2017, 85, 1 13 of 14

15. Ramírez Rigo, M.V.; Allemandi, D.A.; Manzo, R.H. A Linear Free Energy Relationship Treatment of the
Affinity between Carboxymethylcellulose and Basic Drugs. Mol. Pharm. 2004, 1, 383–386. [CrossRef]
[PubMed]

16. Navarro, J.; Maldonado, J.; Narbona, E.; Ruiz-Bravo, A.; García Salmerón, J.L.; Molina, J.A.; Gil, A. Influence
of dietary nucleotides on plasma immunoglobulin levels and lymphocyte subsets of preterm infants.
Biofactors 1999, 10, 67–76. [CrossRef] [PubMed]

17. Liu, X.; Diao, H.; Nishi, N. Applied chemistry of natural DNA. Chem. Soc. Rev. 2008, 37, 2745–2757.
[CrossRef] [PubMed]

18. Shen, X.; Nagai, N.; Murata, M.; Nishimura, D.; Sugi, M.; Munekata, M. Development of salmon milt
DNA/salmon collagen composite for wound dressing. J. Mater. Sci. Mater. Med. 2008, 19, 3473–3479.
[CrossRef] [PubMed]

19. Sasaki, Y.; Miyoshi, D.; Sugimoto, N. Utilization of salmon milt DNA against UV damage. Appl. Biochem.
Biotechnol. 2010, 160, 2458–2466. [CrossRef] [PubMed]

20. Van Den Beucken, J.J.J.P.; Vos, M.R.J.; Thüne, P.C.; Hayakawa, T.; Fukushima, T.; Okahata, Y.;
Walboomers, X.F.; Sommerdijk, N.A.J.M.; Nolte, R.J.M.; Jansen, J.A. Fabrication, characterization, and
biological assessment of multilayered DNA-coatings for biomaterial purposes. Biomaterials 2006, 27, 691–701.
[CrossRef] [PubMed]

21. Avdeef, A. Absorption and Drug Development: Solubility, Permeability, and Charge State; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2003.

22. PubChem Compound Database; Lidocaíne CID 3676. Available online: https://pubchem.ncbi.nlm.nih.gov/
compound/3676#section=Solubility (accessed on 28 December 2016).

23. PubChem Compound Database; racemic-Timolol CID 5478. Available online: https://pubchem.ncbi.nlm.
nih.gov/compound/5478#section=Solubility (accessed on 28 December 2016).

24. PubChem Compound Database; Benzydamine CID 12555. Available online: https://pubchem.ncbi.nlm.nih.
gov/compound/12555#section=Chemical-and-Physical-Properties (accessed on 28 December 2016).

25. Description, Propranolol. Clinical Pharmacology. Available online: http://www.clinicalpharmacology.
com/Forms/drugoptions.aspx?cpnum=1083&n=Hydrochlorothiazide%2c+HCTZ%3b+Propranolol&t=0
(accessed on 28 December 2016).

26. Description, Atenolol. Clinical Pharmacology. Available online: http://www.clinicalpharmacology.com/
Forms/drugoptions.aspx?cpnum=46&n=Atenolol&t=0 (accessed on 28 December 2016).

27. Deoxyribonucleic Acid (DNA), Sodium Salt from Salmon Testes, Catalog Number D1626. Sigma-Aldrich:
Saint Louis, MO, USA, 28 December 2016.

28. USP 34-NF 29. The United States Pharmacopoeia, 34th ed.; U.S. Pharmacopoeial Convention., Inc.: Rockville,
MD, USA, 2011.

29. Luna, E. Algunas Aplicaciones de la Potenciometría Diferencial de Bamdo (PDB) en el Campo de las Ciencias
Farmacéuticas. Acta Farm. Bonaer. 1989, 8, 75–82.

30. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor
Laboratory: New York, NY, USA, 1989; p. 626.

31. Battistini, F.D.; Flores-Martin, J.; Olivera, M.E.; Genti-Raimondi, S.; Manzo, R.H. Hyaluronan as drug
carrier. The in vitro efficacy and selectivity of Hyaluronan-Doxorubicin complexes to affect the viability of
overexpressing CD44 receptor cells. Eur. J. Pharm. Sci. 2014, 65, 122–129. [CrossRef] [PubMed]

32. Ardusso, M.S.; Manzo, R.H.; Jimenez-Kairuz, A.F. Comparative study of three structurally related acid
polyelectrolytes as carriers of basic drugs: Carbomer, Eudragit L-100 and S-100. Supramol. Chem. 2010, 22,
289–296. [CrossRef]

33. Zhong, W.; Yu, J.-S.; Liang, Y.; Fan, K.; Lai, L. Chlorobenzylidine-calf thymus DNA interaction II: Circular
dichroism and nuclear magnetic resonance studies. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2004, 60,
2985–2992. [CrossRef] [PubMed]

34. Johnson, W.C. Determination of the Conformation of Nucleic Acids by Electronic CD. In Circular Dichroism
and the Conformational Analysis of Biomolecules; Springer: Heidelberg, Germany, 1996; pp. 433–465.

35. Sousa, F.; Prazeres, D.M.F.; Queiroz, J.A. Circular dichroism investigation of the effect of plasmid DNA
structure on retention in histidine chromatography. Arch. Biochem. Biophys. 2007, 467, 154–162. [CrossRef]
[PubMed]

http://dx.doi.org/10.1021/mp0499353
http://www.ncbi.nlm.nih.gov/pubmed/16026009
http://dx.doi.org/10.1002/biof.5520100108
http://www.ncbi.nlm.nih.gov/pubmed/10475592
http://dx.doi.org/10.1039/b801433g
http://www.ncbi.nlm.nih.gov/pubmed/19020685
http://dx.doi.org/10.1007/s10856-008-3512-4
http://www.ncbi.nlm.nih.gov/pubmed/18592347
http://dx.doi.org/10.1007/s12010-009-8697-6
http://www.ncbi.nlm.nih.gov/pubmed/19590985
http://dx.doi.org/10.1016/j.biomaterials.2005.06.015
http://www.ncbi.nlm.nih.gov/pubmed/16076484
https://pubchem.ncbi.nlm.nih.gov/compound/3676#section=Solubility
https://pubchem.ncbi.nlm.nih.gov/compound/3676#section=Solubility
https://pubchem.ncbi.nlm.nih.gov/compound/5478#section=Solubility
https://pubchem.ncbi.nlm.nih.gov/compound/5478#section=Solubility
https://pubchem.ncbi.nlm.nih.gov/compound/12555#section=Chemical-and-Physical-Properties
https://pubchem.ncbi.nlm.nih.gov/compound/12555#section=Chemical-and-Physical-Properties
http://www.clinicalpharmacology.com/Forms/drugoptions.aspx?cpnum=1083&n=Hydrochlorothiazide%2c+HCTZ%3b+Propranolol&t=0
http://www.clinicalpharmacology.com/Forms/drugoptions.aspx?cpnum=1083&n=Hydrochlorothiazide%2c+HCTZ%3b+Propranolol&t=0
http://www.clinicalpharmacology.com/Forms/drugoptions.aspx?cpnum=46&n=Atenolol&t=0
http://www.clinicalpharmacology.com/Forms/drugoptions.aspx?cpnum=46&n=Atenolol&t=0
http://dx.doi.org/10.1016/j.ejps.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25242358
http://dx.doi.org/10.1080/10610270903469757
http://dx.doi.org/10.1016/j.saa.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15477134
http://dx.doi.org/10.1016/j.abb.2007.08.027
http://www.ncbi.nlm.nih.gov/pubmed/17923107


Sci. Pharm. 2017, 85, 1 14 of 14

36. Zsila, F. Apparent circular dichroism signature of stirring-oriented DNA and drug-DNA complexes. Int. J.
Biol. Macromol. 2015, 72, 1034–1040. [CrossRef] [PubMed]

37. Palena, M.C.; Ardusso, M.S.; Manzo, R.H.; Jimenez-kairuz, A.F. Polyelectrolytes as Drug Carriers. Analysis
by Dynamic Light Scattering of Reconstituted and in-situ Prepared Model Polymethacrylate-Drug Aqueous
Dispersions. Open Nanosci. J. 2010, 4, 1–7. [CrossRef]

38. Benegas, J.C.; Paoletti, S.; Van Den Hoop, M.A.G.T. Affinity interactions in counterion-polyelectrolyte
systems: Competition between different counterions. Macromol. Theory Simul. 1999, 8, 61–64. [CrossRef]

39. Porasso, R.D.; Benegas, J.C.; Van Den Hoop, A.G.T.; Paoletti, S. Chemical bonding of divalent counterions
to linear polyelectrolytes: Theoretical treatment within the counterion condensation theory. Phys. Chem.
Chem. Phys. 2001, 3, 1057–1062. [CrossRef]

40. Drifford, M.; Delsanti, M. Physical Chemistry of Polyelectrolytes; Surfactant Science Series; Radeva, T., Ed.;
Marcel Dekker: New York, NY, USA, 2001; Volume 99, p. 135.

41. Xi, Z.; Ouyang, D.; Mu, H.T. Interaction of bulged DNA with leucine-containing mimics of NCS-chrom.
Bioorg. Med. Chem. Lett. 2006, 16, 1185–1190. [CrossRef] [PubMed]

42. Visakh, P.M.; Bayraktar, O. Polyelectrolytes Thermodynamics and Rheology; Springer: Heidelberg, Germany, 2014.
43. Jimenez-Kairuz, A.F.; Allemandi, D.A.; Manzo, R.H. Equilibrium properties and mechanism of kinetic release

of metoclopramide from carbomer hydrogels. Int. J. Pharm. 2003, 250, 129–136. [CrossRef]
44. Jimenez-kairuz, A.; Allemandi, D.; Manzo, R.H. Mechanism of Lidocaine Release from Carbomer-Lidocaine

Hydrogels. J. Pharm. Sci. 2002, 91, 267–272. [CrossRef] [PubMed]
45. Zhao, Y.-X.; Shaw, A.; Zeng, X.; Benson, E.; Nyström, A.M.; Högberg, B. DNA origami delivery system for

cancer therapy with tunable release properties. ACS Nano 2012, 6, 8684–8691. [CrossRef] [PubMed]
46. Ishii-Mizuno, Y.; Umeki, Y.; Takahashi, Y.; Kato, Y.; Takabayashi, T.; Fujieda, S.; Takakura, Y.; Nishikawa, M.

Nasal delivery of Japanese cedar pollen Cryj1 by using self-gelling immunostimulatory DNA for effective
induction of immune responses in mice. J. Control. Release 2015, 200, 52–59. [CrossRef] [PubMed]

47. Zhang, N.; Tao, J.; Hua, H.; Sun, P.; Zhao, Y. Low-density lipoprotein peptide-combined DNA nanocomplex
as an efficient anticancer drug delivery vehicle. Eur. J. Pharm. Biopharm. 2015, 94, 20–29. [CrossRef] [PubMed]

48. Nishikawa, M.; Ogawa, K.; Umeki, Y.; Mohri, K.; Kawasaki, Y.; Watanabe, H.; Takahashi, N.; Kusuki, E.;
Takahashi, R.; Takahashi, Y.; et al. Injectable, self-gelling, biodegradable, and immunomodulatory DNA
hydrogel for antigen delivery. J. Control. Release 2014, 180, 25–32. [CrossRef] [PubMed]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijbiomac.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25453281
http://dx.doi.org/10.2174/1874140101004010001
http://dx.doi.org/10.1002/(SICI)1521-3919(19990101)8:1&lt;61::AID-MATS61&gt;3.0.CO;2-A
http://dx.doi.org/10.1039/b008401h
http://dx.doi.org/10.1016/j.bmcl.2005.11.084
http://www.ncbi.nlm.nih.gov/pubmed/16406515
http://dx.doi.org/10.1016/S0378-5173(02)00525-2
http://dx.doi.org/10.1002/jps.10036
http://www.ncbi.nlm.nih.gov/pubmed/11782916
http://dx.doi.org/10.1021/nn3022662
http://www.ncbi.nlm.nih.gov/pubmed/22950811
http://dx.doi.org/10.1016/j.jconrel.2014.12.040
http://www.ncbi.nlm.nih.gov/pubmed/25553824
http://dx.doi.org/10.1016/j.ejpb.2015.04.022
http://www.ncbi.nlm.nih.gov/pubmed/25960329
http://dx.doi.org/10.1016/j.jconrel.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24530618
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Analytical Determinations 
	Preparation of DNA–Drug Complexes 
	Determination of Species Distribution and Affinity Constants (K) 
	Drug Release from DNA–Dx Complexes 
	Reversibility of the Interaction 

	Results and Discussion 
	Preparation of Complexes of DNA with Model Drugs 
	Species Distribution in the DNA–D Dispersions 
	Electrokinetic Potential () 
	Circular Dichroism (CD) 
	Drug Release in Two-Compartment Diffusion Cells 


