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The interactions of dsDNA with rifampicin (RF) or with rifampicin after encapsulation in phospholipid
micelles (nanosome/rifampicin) (NRF) were studied electrochemically. Screen-printed electrodes (SPEs)
modified by stable dispersions of multi-wolled carbon nanotubes (MWCNTSs) in aqueous solution of
poly(1,2-butadiene)-block-poly(2-(dimethylamino)ethyl methacrylate) (PBygo-b-PDMAEMA;40) diblock
copolymer were used for quantitative electrochemical investigation of direct electrochemical oxidation
of guanine at E = 0.591 V (vs. Ag/AgCl) and adenine at E = 0.874 V (vs. Ag/AgCl) of dsDNA and its change

Key Worqs." in the presence of RF or NRF. Due to RF or NRF interaction with dsDNA, the differential pulse voltammetry
Rifampicin . . . . L.
Antibiotic (DPV) peak currents of guanine and adenine decreased and the peak potentials shifted to more positive

DNA values with increasing drug concentration (RF or NRF). Binding constants (K;) of complexes RF-dsDNA
and NRF-dsDNA were calculated based on adenine and guanine oxidation signals. The K}, values for RF-
dsDNA were 1.48 x 10* M~1/8.56 x 10* M~!, while for NRF-dsDNA were 2.51 x 10* M~'/1.78 x 10> M~!
(based on adenine or guanine oxidation signals, respectively). The values of K revealed intercalation
mode of interaction with dsDNA for RF and mixed type of interaction (intercalation and electrostatic
mode) for NRF. The estimated values of AG (Gibbs free energy) of the complex formation confirmed that
drug-dsDNA interactions are spontaneous and favourable reactions.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Rifampicin (3-([(4-Methyl-1-piperazinyl) imino] methyl) rifa-
mycin) (RF) exhibits anti-microbial as well as anti-viral activity
[1]. RF contains two condensed aromatic moieties, which are con-
nected by a long aliphatic chain in a basket-like manner of molec-
ular architecture (Scheme 1).

RF is an important member of ansamycin family, it is a well-
known anti-mycobacterial agent, which is widely used to treat pul-

Abbreviations: RF, rifampicin; NRF, rifampicin/phospholipids drug delivery
system (nanosome/rifampicin); SPE, screen-printed electrode; dsDNA, double
stranded DNA; A, adenine; GG, guanine.
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monary diseases and serious infectious such as tuberculosis,
leprosy and HIV as part of the combined therapy approach recom-
mended by the World Health Organization. It has been classified as
a first line drug characterized as highly effective, orally adminis-
tered and non-toxic compound [2-5]. Despite the adverse effects
such as nausea, hepatotoxicity, and allergic rashes, RF has been
widely used for the treatment of various bacterial infections
because it is more effective antibiotic than other antibiotics like
isoniazid [3]. It was shown recently that RF possesses photo-
nuclease activity towards DNA and supposed to be a potential anti-
cancer agent [5].

However, RF has been reported to cause some severe side
effects related to its pharmacokinetics. To overcome such adverse
effects, polymeric scaffolds as drug delivery systems for the encap-
sulation of RF were developed [6,7]. Drug delivery systems based
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Scheme 1. Chemical structure (A) and three-dimensional structure of RF molecule (B).

on phospholipid nanoparticles are inherently biocompatible, pro-
vide improved bioavailability for poorly soluble drugs, and can
enable a reduced dose level due to sustained drug release. Even
more effective nanodrug delivery systems with nanosized dimen-
sional parameters such as nanoliposomes and micelles are used
for the effective local therapeutic release, reducing the overall dose
level, and shortening the treatment period [7,8]. Phospholipid
nanoparticles are excellent drug delivery systems and efficient car-
rier of bioactive compounds because of their improved drug solu-
bilization, comfort intravenous injections, long shelf life, easy
preparation and improved bioavailability in comparison with solid
forms and emulsions [9-11]. RF embedded into phospholipid
nanoparticles (NRF) from soy phosphatidylcholine with the addi-
tion of sodium oleate was prepared according to technology that
was elaborated earlier [10,11]. Incorporation of RF into
phospholipid-oleate nanoparticles as delivery system increases
its antituberculosis specific activity both in intraperitoneal and in
intravenous administration [11]. Pharmacological studies demon-
strated a higher bioavailability of NRF than the free drug substance
RF. In experiments performed on M. tuberculosis H37Rv cells, RF in
nanoparticles more actively inhibited cell growth than the free
drug substance [10,11].

DNA plays the key role in transcription, translation, replication
and division processes. From pharmacological viewpoint, DNA is
the most significant target of many medicinal preparations with
different biochemical activity. DNA is the main participant of con-
trolled preservation of genetic information, expression and phar-
macological target for many cytotoxic and therapeutic agents.
From this viewpoint, DNA sensing and drug-DNA interactions are
a very important area not only for investigation of pharmacological
mechanisms of therapeutic agents and drug discovery but also for
understanding of the drug-DNA interaction at the level of geno-
mics and proteomics [12]. The binding of drug molecules to or onto
DNA can dramatically change the properties of DNA, leading to dis-
ruption in the whole genome functioning. The investigation of the
drug-DNA interactions is an important part of rational drug design
used for the construction of new and more efficient therapeutic
agents and prediction of drug influence on genomic processing.
Understanding of mechanism of the drug (or small molecules as
candidates for drugs)-DNA interactions can better explain thera-

peutic efficiency and clinical diagnostics. Hence, understanding of
how drug molecules interact with DNA has become an active
research area at the interface between synthetic chemistry, genet-
ics, molecular biology and medicine.

Different techniques have been employed for the investigation
of drug-DNA complexes including luminescence, fluorescence,
spectrophotometry, electrophoresis, liquid and gas chromatogra-
phy and electrochemical methods based on response of the purine
nucleobases, guanine and adenine, after the interaction of DNA
with drug molecules [13-15]. The electrochemical studies of the
drug-DNA interactions utilize electrodes with a surface-attached
DNA, keeping the advantage of specificity, simplicity at operation,
rapid response, potential miniaturized platform, low power
requirement, and relatively low cost of the analysis [16-21].
Nanocomposite polymeric materials are one of the most widely
used supports to enhance electroanalytical sensitivity of biosen-
sors towards DNA molecule [22-28].

The phenomenon of intercalation involves the hydrophobic
interaction of drug (usually aromatic part of molecule) with hete-
rocyclic bases, and electrochemistry is a convenient tool to inves-
tigate the intercalation of drugs with DNA. However, the
comparative investigation of direct interaction of native double-
stranded DNA (dsDNA) with RF and particularly with newly devel-
oped NRF has not been investigated in detail.

We herein present the first study on comparative effects of RF
and NRF on the subsequent DNA-drug interaction. We used quan-
titative electrochemical analysis of dsDNA via direct electrochem-
ical oxidation of guanine and adenine residues, which we
published previously elsewhere [21-23,29] and applied this tech-
nique for the investigation of the interactions of RF or NRF with
dsDNA. For this purpose, we used recently developed modification
of screen-printed electrodes (SPEs) with stable fine dispersions of
MW(CNTs in aqueous solutions of poly(1,2-butadiene)-block-poly
(2-(dimethylamino)ethyl methacrylate) (PBygo-b-PDMAEMA;40)
diblock copolymer [22]. By this method, we probed RF-dsDNA or
NRF-dsDNA interaction by monitoring the electrochemical oxida-
tion of guanine and adenine nucleobase signals. Such performance
was evaluated for observation of both guanine (~0.6 V) and ade-
nine (~0.9 V) oxidation signals response on drug interaction with
dsDNA molecule.
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2. Experimental
2.1. Materials

MW(CNTs with a mean diameter of 9.5 nm and a length of 1 pm
were obtained from Sigma-Aldrich. The poly(1,2-butadiene)-block-
poly(2-(dimethylamino)ethyl methacrylate) (PBago-b-
PDMAEMA,; o) diblock copolymer was synthesized as described
earlier [23]. Fish-sperm double-stranded DNA (dsDNA) as lyophi-
lized powder was obtained from Sigma-Aldrich. All other chemi-
cals were of analytical grade and wused without further
purification. All aqueous solutions were prepared using Milli-Q
water (18.2 MQxcm) purified with a Milli-Q water purification
system by Millipore.

RF drug substance was obtained from Sandoz Pvt Ltd, India.
Rifampicin composition incorporated in phospholipid-oleate
nanoparticles (phospholipid-based rifampicin drug delivery sys-
tem, nanosomal rifampicin), NRF, was prepared in accordance with
[10-12].

The stock solution of dsDNA (1.5 mg/mL) was prepared in
100 mM potassium phosphate buffer with 50 mM NaCl (pH 7.4)
as described previously [21]. The purity of the dsDNA stock solu-
tion was checked by taking the absorbance ratio of A,go/Azso,
which was found to be in the range of 1.8-1.9 indicating there is
no proteins contamination in dsDNA solution [24]. The dsDNA
stock solution was stored at —20 °C for further use. The stock
10 mM solution of RF was prepared by dissolving it in ethanol.
The RF solutions were freshly prepared each day and were always
kept protected in the dark to prevent any light-induced changes.
NRF was prepared by dissolving lyophilized powder in 100 mM
potassium phosphate buffer with 50 mM NaCl (pH 7.4) at the ini-
tial concentration of 10 mM. UV-visible absorption spectroscopy
was used for the determination of the drug concentration in probe.

2.2. Dispersing of carbon nanomaterials

Aqueous solution of PBygo-b-PDMAEMA,4¢ diblock copolymer
was prepared at a concentration of 5 g/L by its direct dissolution
in acidified water at pH 3, at which all DMAEMA monomer units
of the diblock copolymers are protonated. To disperse carbon
nanomaterials, a portion of MWCNTs was added to an aqueous
solution of the diblock copolymer in such a way that each 1 mL
of the (PBygo-b-PDMAEMA,4, + MWCNTs) mixture contained
1.0 mg of the carbon nanomaterial. Then, the mixture was soni-
cated in Ultrasound Desintegrator SONOPULS HD 4100, 100 W at
30% power in pulse regime for 30 min. Transmission Electron
Microscopy (TEM) and Scanning Electron Microscopy (SEM) char-
acteristics of dispersion of MWCNTs in aqueous solution of polyca-
tionic PBygg-b-PDMAEMA, 49 and SPEs modification with PB,gg-b-
PDMAEMA,40/MWCNT dispersions were published elsewhere [22].

2.3. Preparation of electrochemical sensors

Three-pronged SPEs purchased from Color Electronics (Russia,
http://www.colorel.ru) were used for the electrode preparation.
They consist of a round graphite working electrode (2 mm in diam-
eter) surrounded by a graphite ringed auxiliary counter-electrode
and an Ag/AgCl reference electrode. For the preparation of modi-
fied electrodes, 2 pL of the aqueous PB,gg-b-PDMAEMA,40/MWCNT
dispersion was dropped onto the working electrode and incubated
for 15 min at 37 °C until complete drying. Such modified electrodes
were stored refrigerated at +4 °C until measurement on the same
day.

For further incorporation of the dsDNA, 60 uL of the dsDNA
solution with a specified concentration prepared in 100 mM potas-
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sium phosphate buffer with 50 mM NaCl (pH 7.4) was dropped
onto the surface of modified electrode and incubated for 15 min
before measurements. Horizontal regimen of measurement was
used for all experiments.

For the investigation of the drug-dsDNA interaction, a complex
of dsDNA with RF or NRF was formed at specified concentrations
and was incubated 15 min before adsorption onto electrode sur-
face [15]. DPV measurements were performed after a deposition
time of 60 s.

2.4. Electrochemical measurements

Electrochemical measurements were performed using a poten-
tiostat/galvanostat Autolab PGSTAT 12 Autolab (Metrohm Autolab,
The Netherlands) operated by the GPES software (version 4.9.7). All
electrochemical measurements were carried out at room tempera-
ture in 100 mM potassium phosphate buffer with 50 mM NaCl as
supporting electrolyte, pH 7.4 (PBS).

The DPV technique was employed in order to follow direct elec-
trochemical oxidation of dsDNA. The following DPV parameters
were used: potential range of 0.2-1.2 V, pulse amplitude of
0.025 V, potential step of 0.005 V, pulse duration of 50 ms, modu-
lation amplitude of 0.05 V. All potentials were referred to the Ag/
AgCl reference electrode.

Triplicated measurements have been performed for electro-
chemical estimation of varying concentrations of dsDNA. These
values were within 10-12% (the relative standard deviation,
RSD = 10-12%) that highlights the inherent repeatability of the
setup.

3. Results and discussion

DNA is a natural polyanionic heteropolymer. For this reason we
employed a polycationic poly(1,2-butadiene)-block-poly(2-
(dimethylamino)ethyl = methacrylate)  (PBagg-b-PDMAEMA;40)
diblock copolymer, which was used for the preparation of stable
aqueous dispersion of MWCNTs. Hereby, the subscripts denote
the number-average degrees of polymerization of the respective
segment. A highly homogeneous distribution of MWCNTs dis-
persed in PBygg-b-PDMAEMA;40/MWCNT was achieved as was pre-
viously confirmed by TEM [22]. The following drop casting of
dispersions onto the SPE surface allows complete coverage of the
electrode surface with the layer of well-dispersed MWCNTs
according to SEM [22]. The results obtained by us earlier convinc-
ingly demonstrate that the modification of the SPEs by PB,go-b-
PDMAEMA,40/MWCNT dispersions results in considerable facilita-
tion of the electron transfer between redox probe and the elec-
troactive electrode surface [22]. In addition, a nearly 7-fold
increase in electroactive surface area for the modified SPEs was
found. The beneficial effect of the electrode modification of shuch
a type was used for the detection of cardiac myoglobin [23] and for
studying drug analysis and their conversion by cytochrome P450
3A4 [22].

Prepared as described above, the SPE/PB,go-b-PDMAEMA; 40/
MWCNT modified electrodes were ready to use for direct electro-
chemical oxidation of DNA. The solutions of dSDNA were prepared
in 100 mM potassium phosphate with 50 mM NaCl at physiological
pH value of 7.4 and were directly deposited onto the surface of the
SPE/PB3go-b-PDMAEMA;40/MWCNT modified electrodes. A strong
multipoint anchoring of the negatively charged dsDNA at chosen
pH value was provided by the electrostatic interaction with par-
tially protonated amino groups of the PDMAEMA block (the proto-
nation degree of PDMAEMA corresponds to about 50% at pH 7.4 in
the presence of 100 mM of NaCl in accordance with data of poten-
tionetric titration published elsewhere [23,30]).
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DNA electrochemical oxidation was successively realized on the
surface of SPE/PBygg-b-PDMAEMA;40/MWCNT after deposition of
DNA solution on the surface of the modified electrodes. The exten-
sive potential window in the positive direction allows sensitive
electrochemical detecting of dsDNA conformational/structural
changes. We monitor the concentration-dependent appearance of
the oxidation peaks of the DNA components, such as purine bases
guanine (G) and adenine (A) registered at ca. ~0.6 V and ca. ~0.9 V,
respectively (Fig. 1A-C).

The analytical parameters were determined from the corre-
sponding calibration curves (Fig. 1B, 1C) and are summarized in
Table 1. The relative standard deviation (SD) was assessed for at
least three measurements (n > 3) at each concentration level and
was found to be within 10%. These results demonstrate that the
registration/quantification of dsDNA with the electrodes modified
by PB,gg-b-PDMAEMA,40/MWCNT composite is reproducible, sen-
sitive and comparable with that of the recently reported modified
electrodes, which have been used for registration of purine nucle-
obases of DNA [12,21,29].

We showed that SPE/PBygp-b-PDMAEMA,40/MWCNT allows
detecting of dsDNA with good sensitivity based on two peaks cor-
responding to the oxidation of G and A residues at E = 0.591 and
E = 0.874 (vs. Ag/AgCl), respectively. Hence, the simultaneous reg-
istration of both nucleobases G and A can be used for electrochem-
ical monitoring of RF-dsDNA of NRF-dsDNA interactions based on
two active participants of binding events.

Prior to be focused on electrochemical monitoring of the inter-
action of RF and NRF with dsDNA based on electrooxidation signals
of both purine nucleobases, we examined the electrochemical
behavior of RF and NTR on the SPE/PB,go-b-PDMAEMA, 40/ MWCNT
electrode without DNA.

While the electrochemical behavior of RF itself was studied ear-
lier in details [31,32], the electrochemistry of NRF has been not
reported yet. Rifampicin embedded into phospholipid micelles
(NRF) from soy phosphatidylcholine with the addition of sodium
oleate was prepared according to method that was elaborated ear-
lier [10,11]. Phospholipid nanoparticles with average diameter of
26 + 3 nm were stable with {-potential of —25.0 + 1.3 mV
[10,11]. It was shown that the encapsulation of RF increases its
antituberculosis specific activity both in intraperitoneal and in
intravenous administration [11]. Pharmacological studies demon-
strated a higher bioavailability of NRF than the free drug substance
RF. In experiments performed on M. tuberculosis H37Rv cells, RF in
nanoparticles more actively inhibited cell growth than the free
drug substance [10,11].

We used the drug concentrations range of 25-600 uM for the
investigation of the interaction of native dsDNA with RF or NRF.
It is worth noting that the DPV of RF and NREF itself did not demon-
strate any signals in the 0.2-1.2 V potential window and did not
notably change background signals in the similar concentration
range (Fig. 2). The only adverse effect of RF we have found was a
notable increase in the background current at a rather high RF con-
centration of 700 uM (Fig. 2). Hence, both RF and NRF do not induce
any electrochemical interference with dsDNA electrochemical oxi-
dation if their concentration is below about 700 uM. Such electro-
chemical behaviour for RF can be explained by the chemical
structure of this molecule (Scheme 1). Tertiary nitrogen is proto-
nated at physiological pH, so the binding with the polycationic
polymer PBygo-b-PDMAEMA, 49 is not favourable.

Further, the efficacy of RF and NRF binding to dsDNA was stud-
ied to compare the interaction mode of both forms of this drug.
Based on SPE/PB,gg-b-PDMAEMA,4o/MWCNT modified electrodes,
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Fig. 1. (A) The typical DPV scans obtained for a bare SPE/PB,go-b-PDMAEMA; 40/
MWOCNT (dashed line) and for a SPE/PB,go-b-PDMAEMA40o/MWCNT after deposition
of 1.5 mg/mL solution of dsDNA (solid line). (B) Oxidative peak current I; of guanine
(G) residues at E = 0.591 V versus the concentration of dsDNA for the SPE/PB,gp-b-
PDMAEMA,40/MWCNT; Equation for the linear fit: Ig = 0.559[DNA] — 0.012;
R? = 0.980; (C) Oxidative peak current I, of adenine (A) residues at E = 0.874 V versus
the concentration of dsDNA for the SPE/PB,go-b-PDMAEMA;40/MWCNT; Equation
for the linear fit: I, = 1.022[DNA] + 0.035; R? = 0.973.
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Table 1
Electroanalytical parameters of the quantitative dsDNA assay with SPE/PB,go-b-
PDMAEMA 40/ MWCNT.

Guanine (G) Adenine (A)

Eox, V 0.591 + 0.052 0.874 = 0.051
Sensitivity, nA/ 0.53 1.07
(ng x mL™! x cm?)
Linear range, pg/mL 50-1500 50-1500
Limit of quantification, pg/ 50 50
mL
Equation for linear I = 0.559 Ia = 1.022
regression”’ [dsDNA] — 0.012 [dsDNA] + 0.035

*) Ig, I correspond to the oxidative currents (peak heights) for G- and A-residues,
respectively; [dsDNA] is a concentration of dsDNA solution in mg/mL that was
deposited onto the working electrode surface area.
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Fig. 2. DPVs of rifampicin (RF) or nanosome/rifampicin (NRF) deposited from
solutions with the drug concentration in a range from 50 to 700 uM measured by
the SPE/PB;g0-b-PDMAEMA, 4o/MWCNT; (blue) 0 uM RF or NRF; (dotted red) 50 uM
NRF; (dashed red) 150 uM NREF; (solid red) 700 uM NRF; (dotted green) 50 uM RF;
(dashed green) 150 uM RF; (solid green) 700 uM RF.

we studied the influence of the complexation of dsDNA with RF or
NRF on electrochemical signals of G and A oxidation of dsDNA
molecule. The interaction of RF or NRF with dsDNA is accompanied
by a decrease of DPV oxidation signals of both G and A (Fig. 3A). As
can be seen from Fig. 3B, an addition of RF solutions of different
concentrations to the dsDNA, results in a clear and pronounced
decrease of DPV oxidation signals of both G and A. Additionally,
we registered the positive shift of the oxidation potential of G from
0.591 V to 0.630 V and for A from 0.874 V to 0.937 V upon the
increasing RF concentration. The same tendencies were found for
NRF (Table 2).

Drug toxicity can be estimated at each drug concentration as a
value of the percentage of the G or A peak height change (S%) using
formula (1) as reported in [15,33] and the dependences of the G or
A peak current on drug concentration:

S = (Ss/Sp) * 100%, 1)

where S, and S, are purine base oxidation signals before and after
the drug interaction with dsDNA, respectively. According to the
accepted criteria, a drug is considered as nontoxic if S is higher than
85%; the drug is referring to moderately toxic if S is between 50 and
85%, and the drug is toxic if S is below 50% [15,34-36].

The S values were calculated at different RF or NRF concentra-
tions using the G and A peak hights and the results are summarized
in Table 2. One can see that NRF demonstrates a considerably less
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Fig. 3. (A) DPVs of the dsDNA in the absence and in the presence of 25 uM
rifampicin (RF) or 25 pM nanosome/rifampicin (NRF); (black) dsDNA, (green)
dsDNA + 25 uM RF, (pink) dsDNA + 25 uM NREF. (B) DPVs of dsDNA in the presence of
different RF concentrations, (solid black) dsDNA, (solid green) dsDNA + 25 uM RF,

(dashed green) dsDNA + 50 uM RF, (solid cyan) 50 uM RF.

toxic effect upon the interaction with dsDNA than RF. One can also
see that the toxic effect of RF/NRF is higher if calculated for A than
for G oxidation. Indeed, a moderate toxicity was found for RF in a
concentration range of 50-400 uM (for the G peak) or 25-
150 puM (for the A peak), while at higher concentrations RF can
be considered as toxic. As for NRF, it remained nontoxic up to
500 uM (for the G peak) or up to about 150 uM (for the A peak),
while at higher concentrations NRF considered to be moderately
toxic.

The voltammetric technique was further used to evaluate the
binding constants of RF- or NRF-dsDNA complexes. As the elec-
trooxidation signals of G and A decreased upon RF or NRF addition,
titrations with the drug in the range of 20-600 uM were done at a
constant dsDNA concentration of 1.5 mg/mL. Electroanalysis of the
RF or NRF interaction with dsDNA revealed that no new electro-
chemical signals appeared after complex formation at the constant
DNA concentration and the varying RF or NRF concentration
(Fig. 3A. 3B). This feature of electrochemical system based on
SPE/PBgo-b-PDMAEMA,40/MWCNT permits to use formula for
the reversible mode of the interaction of dsDNA and the drug:

dsDNA + drug s [dsDNA * drug] (2)

Kp or the total equilibrium constant can be deduced from this
equilibrium as:

K, = [dsDNA * drug]/([dsDNA] x [drug]) (3)
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Table 2
The toxic effects of RF or NRF on dsDNA.
Drug concentration, uM RF NRF
Eox, V7 S, % Eox, V7 S, %
G peak A peak G peak A peak G peak A peak G peak A peak
0 0.591 0.874 - - 0.591 0.874 - -
25 0.596 0.889 85.9 67.7 0.625 0.928 89.4 92.3
50 0.625 0.918 714 71.0 0.625 0.932 76.5 76.9
100 0.620 0.918 75.3 70.8 0.630 0.928 87.1 84.6
150 0.625 0.923 65.9 50.5 0.620 0.928 90.6 84.6
400 0.630 0.928 61.2 25.8 0.649 0.962 91.8 76.9
500 0.625 0.923 42.9 29.0 0.644 0.957 87.1 73.1
600 0.630 0.937 254 11.8 0.644 0.900 81.2 65.4

*) RSD for E values were 6-8% (n = 3).

We assume that the concentration of dsDNA can be approxi-
mated by a peak height calculated either for the A peak or for
the G peak. The concentrations of the complexed drug
[dsDNA * drug] is assumed to be proportional to the (Ip-I), where
Ip and I are the peak currents of dsDNA in the absence and in the
presence of RF or NRF, respectively. Therefore, the equation (3)
can be transformed to the equation (4) similarly to the approach
described in [35-37]:

Ky ~ (Ip — 1)/ (Ip x ([drug] — (Ip — I))) (4)

The double reciprocal plot of 1/[ dsDNA * drug] vs. 1/ [drug] is
linear and the association binding constant (Ky) is calculated from
the ratio of the intercept on the vertical coordinate axis to the slope
as described in [35] (Fig. 4). By this way, the binding constants of
drug interaction with dsDNA were calculated using the A and G
DPV peaks measured in the presence of RF and NRF. The data are
summarized in the Table 3.

6.0x10° - .
<
=
T
<
0.0 T v T v T
0 20000 40000
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<

T T
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Using changes in the G oxidation signals, the binding constant
Ky, for the RF interaction with dsDNA was calculated as 8.56 x 10
4 M~ and K, for the NRF was calculated as 1.78 x 10> M~ (Table 3,
Fig. 4). Based on the A oxidation signals K, for both RF and NRF
were calculated as 148 x 10* M~! and 2.51 x 10*% M,
respectively.

It was shown previously by spectroscopic studies that RF binds
to calf-thymus DNA with a binding constant of 5.22 x 10° M~ [5].
The binding constants of molecules that bing to DNA via the inter-
calation mode were reported as 10* — 10° M~! [15,37]. Our results
on Ky, values calculated on the basis of the A signals for RF or NRF
allows one to assume the intercalative mode for the drug-dsDNA
interaction [5,15,27,37-43]. The values of K, calculated on the
basis of the G signals suggest that RF interacts with dsDNA also
via intercalation. However, the lower value of K;, for the NRF-
dsDNA interaction based on the G signals (K, = 1.78 x 10> M)
allows us to conclude that NRF cooperates with DNA via the elec-
trostatic bonding [15,43-47].

6.0x10° -
- 6
-<" 4.0x10
T 2.0x10°-
0.0 . .
0 20000 40000
1.5x10" 1 1/[NRF], M
"¢ 1.0x10" A
< ' D
5.0x10° 1
0.0 . .
0 20000 40000
1/[NRF], M

Fig. 4. Linear plots for 1/(I - I) depending on 1/[drug]: (A) RF-dsDNA (for the adenine (A) signals); the equation for the linear fit: y = 92.391x + 1.369 x 10°, R? = 0.964,
Ky = 1.48 x 10* M~ '; (B) NRF-dsDNA (for the adenine (A) signals); the equation for the linear fit: y = 66.02x + 1.657 x 10% R? = 0.984, K;, = 2.51 x 10* M~'; (C) RF-dsDNA (for
the guanine (G) signals); the equation for the linear fit: y = 21.94x + 1.878 x 105 R? = 0.738, K;, = 8.56 x 10* M~'; (D) NRF-dsDNA (for the guanine (G) signals); the equation for
the linear fit: y = 227.67x + 4.059 x 10°, R? = 0.863, K;, = 1.78 x 10> M. Dashed lines show 95% confidence interval.
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Table 3
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The values of the RF- or NRF-dsDNA binding constants K;, and Gibbs free energy AG calculated from the results of the DPV analysis.

Drug-dsDNA complex Kp, M~! AG = —RTInK,, k]/mol

G peak A peak G peak A peak
RF-dsDNA 8.56 x 10* 1.48 x 10* —25.8 -21.8
NRF-dsDNA 1.78 x 10° 2.51 x 10* -17.0 -23.0

RF as a basket-like molecule with three tertiary protonated
nitrogens can also interact with negatively charged phosphate
chain, so it is possible to assume that RF (and NRF as well) both
interacts via intercalation and the electrostatic attraction with
the negatively charged DNA. The electrostatic interaction is more
pronounced in case of NRF-DNA, which follows from calculations
based on decrease of the G oxidation signal.

The change in the Gibbs free energy was calculated on the basis
of the binding constants K;, obtained with the electrochemical
approach and using the equation AG = -RT InKp, where R is the
universal gas constant, 8.314 ] x mol~! x K™, T is the absolute
temperature of 293 K. The calculated values are also summarized
in the Table 3. Considerable negative value of AG in a range of
—17 to —26 kJ/mol were obtained, thereby meaning that binding
of RF or NRF to dsDNA represents a thermodynamically favourable
process. According to biophysical (circular dichroism CD analysis,
competitive displacement experiments and viscosity measure-
ments) and molecular docking studies RF intercalates into the
DNA molecule [5,43-48]. As shown earlier, RF binds to the GC-
rich region of DNA through multiple hydrogen bonding having
the relative binding energy of —9.21 kcal mol~! (—38.56 k]/mol)
[5]. However, with the DPV analysis, we can register the changes
in both the G and A oxidation peaks (Fig. 3 B) which might be a
notice that RF and NRF interact with both purine nucleobases.

4. Conclusions

Herein, electrochemical technique was applied for the compar-
ative investigation of the interaction of rifampicin, RF, and encap-
sulated rifampicin, NRF with dsDNA using disposable screen-
printed electrodes modified by PB,gg-b-PDMAEMA40/MWCNT dis-
persions. The in situ interaction of RF or NRF with dsDNA was mon-
itored by simultaneous measurement of the alteration in both
guanine and adenine electrochemical responses. Hence, a more
detailed examination of the specific drug-dsDNA binding was car-
ried out with this approach. Indeed, the values of the binding con-
stant K, were determined separately for the interaction of RF or
NRF with adenine or guanine residues. This allows one to get the
information on both binding preferences and the type of interac-
tion (more intercalative character in the case of RF-dsDNA interac-
tion or a combination of the intercalation mode and the
electrostatic interaction in the case of NRF-dsDNA interaction).
This is an obvious advantage of the herein developed electrochem-
ical technique over spectroscopic (optical) sensing where a binding
event can be registered just as an integral signal.

At the same time, it is worth nothing that the electrochemical
approach might have some limitations. Ideally, a drug should not
be an electrochemically active molecule or the oxidative potentials
of the interacting molecules should not be overlapped. Otherwise,
the electrochemical signals coming from DNA and the drug might
interfere. Although the interference might be considerably sup-
pressed when [dsDNA] > [drug].

Thus, such a label-free electrochemical DNA sensing of purine
nucleobases is an attractive approach for DNA registration and
investigation of DNA-ligand complexes [12,49,50]. The results are
of potential use for developing and optimizing drug delivery sys-
tems loaded with DNA-targeted molecules for application in

chemotherapy, diagnostics, and for an assesment of therapeutic
efficacy.
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