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INTRODUCTION

Since their discovery about five decades ago acylimes are the main category
of antitumoral drugs used for the tratment of défe kind of localised or generalised
cancer. Their mechanism of action is based on rnikeraction with the nucleic acids
inducing apoptosis and free radical generatiom@hwith side effects like influencing
the helicases activity, membrane disturbances andomand bielectronic reductive
activation of the drug [7]. These species can fearthe electron to molecular oxygen by
forming superoxide anion and reactive oxygen spe@&®©S) [7].

Short time after it was clear that these drugs sseious problems from
therapeutical point of view meaning that the caredr develops an antibiotic resistance
and toxicity dose — dependent in the normal tigespecially in the cardiac tissue).

Delivery mechanism to the target cell implies passransport (free diffusion) of
the unionized drug through the cell membrane. Rembultidrug resistant cells the major
problem is the active transport of the drug agaanstncentration gradient.

Physico-chemical characterisation of drug deliveygtems bothn vitro andin
Vivo represents a major research direction in pharnti@e¢wchemistry with a great
impact in cancer therapy. In the last years thémiat efficiency is substantially
improved by encapsulation of the active compoundlifferent delivery systems that
ensures the transport towards the cancer cell nammg drug degradation and side
effects.

The use of micelles as drug carriers provides s@ueantages relative to
liposomes and/or polymers: they are easy and repibl@ to obtain in large quantities
and different ligands can be attached on the exsaperficial layer because of their core-
shell structure and water solubility optimising greontrolled release and pharmaceutical
specificity.

Absorption and emission spectroscopy are the maithhads used in the study of
this type of interaction for several decades [58-@8owever, the electrochemical
methods allowing the simulation of different biolog) media are frecquently used in the
last two decades. The results obtained from the btategories of methods are

complementary: the electrochemical methods brifgrmation about the stoechiometry



of the interaction and the diffusion coefficienfstioe free drug in solution and the drug
attached to the micelle, whereas the spectral anash more sensitive to the structural
or pH changes, allow the determination of absorptoefficient of different species

involved and underline the contribution of differestructural parameters to the
interaction.

This thesis proposes a study of the interactiosarhe antitumoral drugs with
anthracycline structure or structural analogues ait anionic surfactant, sodium dodecyl
sulfate — SDS by coupled electrochemical and saleotethods (including absorption,
emission and/or electron paramagnetic resonancetrepeopy), in the presence and
absence of double stranded DNA.

The adopted strategy is based on the investigatidhree model — compounds:

doxorubicine, epirubicine (4’ — epimer of doxoruhi&) and mitoxantrone, which have
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the anthraquinonic structure in commun.
The objectives of the thesis are:

e The study of the reduction mechanism of the anthyatine drugsin aqueous
and nonaqueous media in the presence and absenozygén by electrochemical
methods (cyclic and linear voltammetry) and spédty/-Vis absorption and electron
paramagnetic resonance spectroscopy). The raditaimediates of the drug and their

role in cardiotoxic properties will be discussedsdsh on simple experimental models



miming thein vivo conditions taking into account the solvent nataewell as oxygen
content.

» The study of the micellar drug delivery systemime interaction of doxorubicine
and mitoxantrone with an anionic surfactant (sodidodecyl sulfate — SDS) was
investigated by electrochemical (cyclic and lineattammetry) and spectral methods
(UV-Vis absorption and fluorescence spectroscopgcause these drugs are positively
charged at neutral pH an anionic surfactant wad aseinteraction partner justifing the
use of phosphate buffer as media for our experisne@n the other hand, the
micellisation properties of SDS are well known. Tharophobic microenvironment of
the drug encapsulated in the micelle is a simplelehdor the interaction biological
membrane — drug. The improvement of intracellutimyg delivery / administration is the
pourpose of this preliminary study. As well thessults make up a base for the
investigation of liposomal drug delivery.

* The analysis of the interaction of the micelle emsulated drug with genetic
material (double stranded DNA) at physiological pbly electrochemical (cyclic and
linear voltammetry) and spectral methods (UV-Vis@iption spectroscopy). Differences
/ advantages of using micelles as drug carriersl@@issed by comparison between this
complex system and drug — micellar surfactant st{adyective 2), as well as drug —
DNA interaction previously investigated [120, 1281].

The main results of the thesis are presented infd@wings. The numbering of

Figures, Tables and literature references is tbad un the thesis.



MATERIALS, EQUIPMENT AND METHODS

Reagents (clorhydrates of doxorubicine, epirubi@nd mitoxantrone) were used
without further purification and were acquired fr@mgma. Drug concentrations used are
in the range 18- 10° M. Tetrabutylammonium tetrafluoroborate, tetramé&mmonium
bromide (TMAB), phosphate buffer (PB) or phosphauéfer saline (PBS) were used as
electrolytes in solution. In some case, DMSO waesduas sovlent with or without
controlled water addition. Air was bubbled when gely was needed in the system; for
removing oxygen when necessary, inert gas (argay bwubbled in solution. Sodium
dodecyl sulfate (SDS) was used in the concentratimge 10 - 10 M prepared in
distilled water or TMAB 0.1 M. Aqueous solutionsc#lf thymus DNA were used. In the
study of SDS - drug mixture with DNA the last onaswrepared in PBS such a way as
the surfactant concentration would be far gredian tthe critical micellar concentration
(CMCQC) in the presence of the drug and left for imating for 30 - 40 minutes at room
temperature insuring micelles formation and druguéiment in the micelles.

For theelectrochemical methodsthree electrodes cell was usedVoitalab 32
andVoltalab 40 devices.

For spectroelectrochemistityre potential domaine was between -0.9 — -0.5 t wi
a three electrodes cell f@. Zeiss JenaandUnicam (Helios 4)spectrophotometer. For
obtaining EPR spectraJeol JES-3B spectrophotometer at the Institute of Physical
Chemistry I.G.Murgulescu of the Roumanian Acadenaswsed with the same three
electrodes arrangement as in spectroelectrochgmisaR spectra were simulated using

WinSim programme

For UV-Vis absorption spectroscopynicam (Helios 4) spectrophotometer

coupled withVisionprogramme were used.

For fluorescencespectroscopyJASCO FP-6300 spectrophotometer was used
with A excitation of 480 or 610 nm. All experimental résuvere performed in the
laboratories of the Department of Physical Chemjdtaculty of Chemistry, University

of Bucharest.



ORIGINAL CONTRIBUTIONS — RESULTS AND DISCUSSIONS

Objective 1. The study of the reduction mechanismfdhe anthracycline drugs[128]
Doxorubicine - 1. Electrochemical studies — Cyclic and linealtaxmmetry

a. Aprotic (DMSO) media, deaerated

] Fig.5 and 11 Cyclic
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In the potential range 0/-0.7V studied one reducti@ve is observed; extending
the potential range up to -1Va second reduction evappears. Both waves
correspond to EC systems and are characterizdaedpliowing values:

Ist WAVE lInd WAVE

CV RDE CV RDE
ki/cm/ls | (2.6+0.1)*107 | 2.3*10 | (5.6+1.8)*10° | 15.6*10°

EV/V
-0.315+0.005| -0.330| -0.762+0.02Ff -0.759

k/st 0.16 0.13+0.04
D,/ cnfls | 5.1%10° 4.4%10° | 1.6*10° 17.5*10°
n/a, 117 0.49

Table Electrochemical parameter values for the two waves



b. Aprotic (DMSO) media, aerated

The first cathodic wave is split in two waves ahd anodic counterpart disappears when
oxygen is added in the system with a negative digghent of the potential by
comparison with deaerated solution. For the firavevthe diffusion coefficient value is
D, = 3.5*10°%cn/s.
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Fig.16 Cyclic voltamogrammes — doxorubicine
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The second wave potential value is close to thathef molecular oxygen reduction
potential in DMSO (-0.73WersusSCE [125]). So according to the literature dao]1
the formation of doxorubicine - molecular oxygemgdex may be supposed and could
justify the irreversibility of the process and thpparition of a new wave at a more
negative potential value. The possibility of eleatitransfer towards molecular oxygen
competes with the protonation of the anion radicahe chemical step, as outlined by the
dramatic diminishing of theydl, ratio corresponding to the first wave in aerated

solutions.

c. Protic (DMSO+water) media, deaerated

In Fig.18 are presentedhe cyclic voltamogrammes obtained in DMSO with
controlled water addition. The system is charazgéetiby the following values: the
electron transfer constant & (6.3+0.9)*10° cm/s (slower than in the absence of water,
(26+1)*10° cm/s), formal potential £= -0.571+0.006 V, chemical reaction constant k =
0.19 $' and diffusion coefficient P= 3.9*10° cn/s.



Fig.18 Cyclic voltamogrammes - doxorubicine
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chemical reaction being the protonation of the
species formed after the first electron transfer.

By comparing the informations for doxorubicine ipratic media with protic
impurities (commercially available DMSO) with protmedia (DMSO+water 6//V)
one can see that the values for diffusion coefficend chemical reaction constant are
approximately equal so it can be supposed thawoth bonditions the same species is

formed, meaning the protonated semiquinonic radiHl).

d. Protic (DMSO+water) media, aerated

By adding water and oxygen in solution the firsie/és displaced towards more positive

values by comparison with deaerated system.

0.005

0.000

Fig.20 Cyclic voltamogrammes - doxorubicine
3.94*10° M (DMSO/H,0 6/1 viv, 0.1M
TBABF,) in the potential range -1/0V (v = 50,
100, 200, 400, 600 mV/s)

T T T T T T
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The system is characterized by formal potenti@k E0.391+0.023V, chemical
reaction constant k = 0.13+ 0.06and diffusion coefficient value o= 4.5*10°cn?/s.
The system corresponds to an EC mechanism.

The probable existence of some oxygen complexethanreaction media can be
observedFig.22).
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Fig.22 The influence of dissolved
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In aprotic media the first wave is split, displdc®wards more negative potential
values and without anodic counterpart indicating itivolvement of semiquinonic anion
radical in an irreversible chemical reaction eitinéth molecular oxygen or with protic
impurities of the solvent. In the same time a neavevappears at a more positive
potential value close to that of the molecular @tygeduction in DMSO. This wave can
be assigned to the oxygen reduction in DMSO or eryg drug complex reduction
formed according to literature data [129]. The albseof anodic counterpart seems to
sustain the second mechanism being well knownehersibility of oxygen reduction in
DMSO.

On the other hand in neutral protic medg(22B) appears a new wave at more
positive potential values by comparing with thestfireduction wave of the drug in PB
solution which is irreversible. This wave could assigned to the molecular oxygen
reduction which takes place at more positive valngsotic media.

Two mechanisms can be proposed taking into acciantiterature data [129] for

oxygen — drug complex formation:

I A+ 0, — AO, (C) or I A+E— A" (E)
AO, + € — AO;™ (E) “A O, —> AO;” (C)
AO; — A+ 0Oy (C) AD— A+ Oy (©)

meaning a CECI)J or a ECC I|) type of mechanism. Our electrochemical results

indicate as being more probable the mechanism II.
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e. Aqueous media (PBS/PB), deaerated

In aqueous solution, doxorubicine presents a sibgkectronic wave, followed most
probably by protonation chemical reaction.
For higher sweeping rates there is a linear depesdbetween the current density
and sweeping rate suggesting the overlapping of an

adsorption wave over the diffusion one.

I/ mA

Fig.24 Cyclic voltamogrammes - doxorubicine™10
M (PBS pH = 7.09) in the potential range -1/0V
(v =500, 600 mV/s)

T T T T T T
-1000 -800 -600 -400 -200 0
E/mV

From adsorption criteria [124], the superficial centration value for the oxidized
species adsorbed on the electrode can be obtaifi&d10'® mol/cnf. Kinetic
informations upon the process on the electrodeasartan be obtained from Laviron
analysis [98, 159]. transfer coefficient value= 0.56 and the electron transfer apparent

rate constantde 8.7 & (estimated from the cathodic reaction rate).

12



2. Spectral studies - 2.1. UV-Vis absorption spesttopy

During the electrolysis at a controlled potentialue (after the first reduction
wave) UV-Vis absorption spectra were recorded afmréemperature. It can be seen that
the absorbtion bands at 480 and 500 nm are decgeasitime with almost complete
disappearance of the one at 480 nm at prolongettalgsis and red wavelength shift of
the 500 nm band. New bands appear at 520 and 58mdnthe one at 357 nm increases
in time. Stopping the electrolysis and exposinth®air the bands at 520 and 585 nm are
diminishing and the band of the initial compound {&partialy recovered. Therefore, the
band at 520 nm to the radical anion™(Avas assigned. As a similar behavior was
observed when adding a base (tetrabuthylammoniudrokide, TBOH) in DMSO,
(Fig.28) the absorption band at 585 nm was assigned tsehequinonic anion (AH
obtained either by dianion protonation or by phendissociation. As the 640 nm band
appears, the process becomes irreversible andnttigl icompound is only partially

recovered.

Alu.a.

r T T T 1
700 300 400 500 600 700
Al nm Alnm

Fig.27  Absorption spectra on Fig.28 Absorption spectra

electrochemical reductiondoxorubicine doxorubicine (chemical reduction with
8*10° M (DMSO / 0.1M TBABR TBOK)
deaerated)

13



2.2 Electron paramagnetic resonance spectroscopy (EPR)

Fig.29 EPR Spectra obtained by
M\/ﬂ\ ‘\ " E electrochemical reduction of doxorubicine
Il )
UM 1 1.22*10°M (DMSO  deaerated) (A)

OV experimental, (B) simulated and the

aH:o.Tan attribution of hyperfine splitting constants
0 OoH % on
0.172mT=— (7" "' OH
0222mT— s, ‘O The distribution of the hyperfine splitting
(o] o OH O
00samT <—HC” HECQ\O? constants attests for the odd electron

OH

delocalization on the anthaquinonic part of
the molecule meaning a characteristic semiquin@dccal anion structure.

In conclusion, corroborating all the spectral atecteochemical experimental data,
the following reduction mechanism for doxorubicimeaprotic deaerated media (using
the solvent without special treatment it still ans traces of protons) can be proposed:

A+e =A" (E)

A+ H — AH (C)
A+ e =A% (E)
AZ +H" > AH (C)

The electron transfer towards molecular oxygen ateg with protonation of the

radical anion in the chemical step in aerated media
There is another protonation step of dianion irtipnmedia
AH + H" — AH, (©

to the final reduction compound corresponding t&E&ECC mechanism.

14



Epirubicine - Electrochemical studies — Cyclic and linear voltagtm

a. Aqueous media (PBS/PB), deaerated

The system is characterized by:

0.04
0.03 4
0.02 4
0.01 4
0.00 4
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-0.02 +
-0.03

VC RDE

I/ mA

kf /cm/s | 1.6*10°

-0.04 o
-0.05 4
-0.06 +
-0.07 4
-0.08 -
-0.09
-0.10 4
-011

£’ /v | -0.685+0.021 -0.691
2

-6
D0/ cm/s| 0.9*10

Fig.30 Cyclic voltamogrammes - epirubicine 0.01M (PB pH»Av = 50, 100, 200, 400,
600, 800, 1000mV/s)

b. Aqueous media (PBS/PB), aerated

Fig.35 Cyclic voltamogrammes - epirubicine
0.01M (PB pH=7.0) (v = 50, 100, 200, 400, 600,
800, 1000mV/s)

1/ mA
1)
o
N

The system is characterized by the electron

transfer constant;ke(1.9+0.4)*10% cm/s, formal
potential B = -0.664+0,006 V and diffusion
coefficient @ = 1.1* 10°cm/s.

In aqueous media the semichinonic radical anionisAvery reactive and can

participate to the following competitive reactions:
AT+, > A+0O

A"+ H — AH

2A" =A + A”

The most probable way of forming the drug- molecobaygen complex seems to be
mechanism Il (ECC).

15



Objective 2. The study of the micellar drug delivery system— Doxorubicine and
mitoxantrone interaction with sodium dodecyl s@dfédDS) [135-137]

Doxorubicine — SDS Electrochemical studies — Cyclic and linear voltagtimy

The reduction process was studied after SDS additidhe potential range -1/0V at
different sweep rated-(g.37). at an ionic strength (0.25 M), the rest of tkpeximents
being realized at an ionic strength between
0.11-0.15M.

Fig.37 Cyclic voltamogrammes - doxorubicine
10*M (TMAB 0.1 M/TF pH = 7.09) in SDS
presence 0.00d6tted ling, 3.8, 9.26 and
10.96 mM (v = 0.1 V/s)

1/ mA

E/mVv

A displacement towards more negative potential amland the appearance of an
anodic counterpart is induced by the addition ofSS an aqueous solution of

doxorubicine.

The small formal potential variationE° (20 mV), by comparison with the absence
of SDS suggests a weak interaction between the dngjthe surfactant. From the
potential dependence on SDS concentration, the leoxaion constant K = 295 Mand
the number of ligands p = 1.025 corresponding trug — micelle,i.e. the complex
stoichiometry of 1:1 can be determined. From theresu dependence on SDS
concentration, the complexation constant 274.1380M* was determined, in good

agreement with that from potential variation.

2. Spectral studies — 2.1UV-Vis absorption spectpyg

Addition of SDS to a doxorubicine solution of abdii® M results in a decrease of
the absorption maxima at 480 and 500 nm until dacervalue of the surfactant’s

concentration corresponding to the critical migelé@mncentration (CMC) is reached

16



(Process IFig.41A). At SDS concentrations higher than CCM an increddmth bands
is observed (Process Rig.41B).

Fig.41 Absorption spectra
- doxorubicine 1.55*18
M (PBS pH = 7.09) A -

process | (premicellar

Absorbanta
Absorbanta

domain); B - process Il

(postmicellar domain)

The variation of the

absorption maxima as a function of the SDS
. ) concentration is presentedkig.42

o "_ Fig.42 The variation of Agp as a function of the SDS
concentration added to a solution of doxorubicine
y 3.09*10°M (PBS pH = 7.09)

-5.0x10¢ 0.0 50x10* 1.0x10° 1.5x10° 2.0x10* 2.5x10° 3.0x10° 3.5x10°
[SDS]/ M

According to literature data [140], the CMC valuetlee surfactant is determined as
the first point of increase after the minimum ofetlturve, in these conditions
(7.97+0.62)* 1¢* M.

Each process was interpreted separatly correspgmalia 1:1 interaction. For process
, an interaction constant of K = (9.66+0.67)*M™ and a molar absorption coefficient
&b = 8 755.44+56.33 Mcm'; whereas for process II, K = (1.45+0.08)*20™ andg, =
13 325.1+87.78 Mcm™ were obtained.

According to the literature data [64] theo&Asso ratio (Fig.45) gives informations
about drug partitioning between aqueous (cytosaio)l micellar (membrane) phase:
smaller values of the ratio correspond to a hydybph
L . microenvironment for the drug, whereas greater eglu
suggest a hydrophobic microenvironment for the drug

f;‘ . (drug encapsulated in the micelle).

0.974 (1]
L]

Fig.45 The variation of Aoo/Ago With SDS concentration

T T T T T T T
00 600" 12a0° 18d0° 24x0° 30x0° 36x0°
[SDS]/M
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So a large value of the ionic strength determinkesvaring of the interaction constant
value as can be seen by comparing the values elt&n the second process by the two

methods (electrochemical and spectral).

Fluorescence spectroscopy

The variation or the emission spectra
1254 A ™8
) ‘ of doxorubicin on SDS addition is
‘ . similar, the same two processes
: = com being observedd(g.46A, B).
50 /
s 2 Fig.46 Fluorescence spectra -

e e e % & & & » doxorubicine 8.4*16 M (PBS pH =
X nm Armm

7.09) A - process | (premicellar
domain); B - process Il (postmicellar domain)

Fig.47 The variation of ks4 with SDSconcentration

140

CMC value determined for the surfactant in these

. 1204 W |

B conditions is ~7*14 M.
w1004 ‘

For the first process the interaction constant ealu
T em o  ow o Obtained is K = (5.06+0.72)* 01 and for the second
[SDS] /M
process K = (1.63+0.17)*2™. Working at a higher

ionic strength (0.25 M) only the second process whserved corresponding to an

interaction constant value of 274.83+12.5 \ih good agreement with the value obtained

from cyclic voltammetry results. This suggests tthegt diferences between the spectral
and electrochemical methods are rather due to the

different ionic strength of the solution than toeth

. et e 0 different concentration range (‘10 for fluorescence,

N 10° M for absorption and I0- 10° M for cyclic

voltammetry).

Fig.48 The Rs4Fsg; variation with SDS concentration

[SDS]
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The observed trend, similar to that of absorptalows to distinguish between the

two forms of the drug, in function of the SDS comication: for concentrations smaller

than CCM the drug in solution is predominant, whergreater values suggest a

hydrophobic microenvironment for the drug (drugapsulated in the micelle).

Mitoxantrone — Aqueous media (PBS/PB), deaerated

Electrochemical studies — Cyclic and linear voltagtimy

There are two reduction waves in the studied raige. analysis is rendered more

difficult because of the overlapping of the adsiamptvave over the diffusion one. From

adsorption criteria the superficial concentratiaiue of the oxidizeds , (2.4+0.6)*10"

mol/cn?, and reduced (0.54+0.08)*1Bmol/cnf species were determined. The Laviron

dependence [98, 159] leads to kinetic informatiapsn the process on the electrode

1o/ WA

-100 4

-200 4

-300

2004

J/ pAlem?®

400

600

200

E/V

surface: transfer coefficient value = 0.5+0.06 and
the electron transfer apparent rate constant=k
12+0.19 & were obtained.

Fig.52 Cyclic voltamogrammes - mitoxantrone 1.62*
10*M (PB pH = 7.4) (v = 50, 100, 200, 300 mV/s)

Studying the adsorption wave and repeating the
experiment we observed only one reduction wave in

the same potential rangeig.53).

Fig.53 Cyclic voltamogrammes - mitoxantrone 1.6*
10*M (PBS pH = 7.4) at v = 50, 100, 200, 300, 600,
700, 800, 900, 1000 mV/s

The number of electrons transfered is n = 1.94+@d&&rmined from the variation of

AEp;» with sweeping rate in perfect agreement with thedelotronic reduction of the

guinone. From adsorption criteria it can be evaddhe superficial concentration value

19



for the oxidized species (2.4+0.6)*10Omol/icn? and (0.54+0.08)*1&° mol/cnt for
reduced species. From Laviron dependence can b&ebtkinetic informations upon the
process on the electrode surface: transfer coeffficralues = 0.5£0.06 and the electron
transfer apparent rate constagntkl2+0.19%.

Mitoxantrone has a single bielectronic reductiorveven aqueous solution, part of the

drug being adsorbed on the electrode.

Mitoxantrone — SDS 4. Electrochemical studies — Cyclic and linear aoimetry

After adding SDS it can be observed that therenarenore two reduction waves but
one intermediate positioned on the potential axys comparison with surfactant’s
absence. The same two processes, in function ofstinactant concentration were
observedFig.58a, D:

e Fig.58 Cyclic voltamogrammes -

mitoxantrone (1.85*10M/PBS pH =

7.4) in the presence of increasing SDS

0014

000
<
E g0t/

o] | concentrations: a - process |

0034 (premicellar domain); b - process |l

-0.04

—12IDO —1(;00 7560 —6I00 74IUD —260 0 —12IOCI —1(;00 —BKUO 76(‘)0 —4;]0 —260 () (pOStmlce”ar domaln) at V= OZV/S

E mv E mV

These processes are better outlined represertmgadriation of the current as a
function of the SDS concentratiofig.59).and

-2.2x10° 4

] are separated by the CMC value of SDS of
2.8x10° L] I ~4*10_4 M

- Fig.59 The variation ofthe cathodic pic current
o] ¥ with SDS concentration at v = 0.4V/s

—— 77—
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
[SDS]/ M

The formal potential variatiodE® (~160 mV) with SDS concentration suggests a
rather strong drug - surfactant interaction. Frovese data, the interaction constant K =
3.25* 1M was determined, as well as the number of ligards8b corresponding to a
drug — micelle complex stoichiometry of 1:2 in agreent with the 2+ charge of the drug.
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Each process was interpretated separatly coresppimlia 1:2 interaction for the first
process and a 1:1 interaction for the second ohes The values obtained are K =
(2.53+0.54)*16 M for the first process and for the second one K.83+1.16)*16M™
and O, = 1*10° cn/s (for drug encapsulated in the micelle much senatan @ =
8.7*10° cnf/s obtained for the drug in PBS in the absenceDS)S

2. Spectral studies — 2.1UV-Vis absorption spectipg

The two processes of decrease of the absorptionnmaat 610 and 660 nm after
adding SDS up to the CMC of (8.16+0.92)*11d, followed by the increase (modifying
the ratio Aesd/Aes10 the monomer’s band at 660 nm becomes more intemsee also
observedFig.62A,B, Fig.63.

Fig.62 Absorption spectra -
mitoxantrone 2.86*1® M

(PBS pH = 7.09) A -
process |  (premicellar
domain); B - process |l

(postmicellar domain)

0.9+

- These processes are easy to be observed by

. representing the variation of the absorption
ol maxima as a function of the SDS concentration
B

) Fig.63 The variation of &g with SDS

SDS]/ M concentration

0.1

Analyzing the first process for a 1:2 interactidme tparameters values are: for the
interaction constant K = (1.47+0.07)¥102 and for the molar absorption coefficiegt
7427.1+105.3 NMcm® For the second process, considering a 1:1 inferacK =
(1.45+0.08)* 16 M™ ande, = 36883.23+215.28 Mcm™* was obtained.
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The partition coefficient (§ characterizes also the drug — micelle interacaod
represents the solute affinity for the micellar gdhas compared with the aqueous one.
The corresponding values of the partitioning caoeffit for mitoxantrone solutions of
different concentrations are presented @ble 16 A close dependence on mitoxantrone
concentration was noted, (the- partition coeffitiealue decreases with increasing drug
concentration), indicating that the mitoxantrondubiization in SDS micelles is a

competitive process which becomes more and mofieuifas the drug is encapsulated

in the micelle.
’v*10°/ M | k107 | o N
471 7 8521 Table 1€ Mltoxantr?ne partitioning coefficient de-pendence
286 g782] ON drug concentration between aqueous and miqeiizse
1.87 135.73

As the ratio Agd/Asipincreases from 0.78 to 1.27 for SDS concentratiarger than
the CMC Fig.67) drug dimers dissociation is

Wl oettT T T 7T TT T caused by the interaction mitoxantrone — SDS
g micelle meaning that the drug is encapsulated as
i |. monomer.

09 My
L]
.
(LR |

0.7

Fig.67 The variation of Asf/Asi0 With SDS

(SDS]/ M concentration

Comparing the drug’s spectrum in the presence of S@th those in water and
organic solvents of different polarities informaisoabout the location of the drug in the
micelle can be obtained. So an increasing in hyasbity induces drug’s dimers
dissociation [Fig.67) the drug being encapsulated as monomer in thell@id aking into
account octanol:water partitioning coefficient & p 7.4 (lod® = 0.79) mitoxantrone is
clearly a lipophylic drug [13]. As micelle’s suriacs a microenvironment with different
properties from water (lower dielectric constart]jldrug’s monomer is encapsulated in
the micelle as the SDS concentration is greater tha CMC. The drug is located at the

surface of the micelle most probably with the chopimore orientated towards the core
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and the lateral chains towards sulfate groups db &Bgatively charged. Both polar and
electrostatic interactions play an important roleiug — micelle interaction.

For both investigated drugs the CMC value deterthimdectrochemically and
spectrally, about IOM, is much lower than in pure water (8.08*M) or in PB 50mM
(1.99*10° M) [15] because of the well known effect of lowegithe CMC value induced

by the presence of different ions and moleculesolation [16].

Objective 3. The analysis of the interaction of the micelle engeulated drug with
genetic material (double stranded DNA) at physiologal pH
Mitoxantrone - SDS micellar — double stranded DNA

1. Electrochemical studies — Cyclic and linear aoimetry

To ensure drug’s encapsulation in the micelles,itaxantrone — SDS mixture in a
concentration ratio corresponding to the secondqe® (P/D = 149) was prepared and
was titrated with DNA prepared in the same mixturethese conditions, the drug and
surfactant are kept constant, only the DNA conegioin being varied during the

experiment. The recorded voltamogrammes are presemiEig.68.

Fig.68 Cyclic voltamogrammes -

) i mitoxantrone + micellar SDS (P/D =
* 0 149 / PBS pH = 7.4) in the presence

§ 007 ; ﬁ of DNA: A - process | (0 - 6.34 uM/
o " e nucleotide dsDNA), B - process Il

30d0°

(17.9- 65.2uM/nucleotide dsDNA)

T 0w 4 4 % T b e % W e e atv=0.1V/s

E/V E/V

4040°

The evolution inFig.68, for 0.00 M/nucleotide dsDNA, similar to that Fig.58
regarding the mitoxantrone — SDS system, allowdd¢h&ative assignment of the second
wave at more negative potential values (~ -0.85Viht neutral form of the monomer
encapsulated in the micelle, whereas the first wavbe free drug in solution. By adding

DNA, the second wave decreases and the first oceeases, the shape of the
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voltamogramme becoming similar to that of the daugH = 7.4 in PBKig.583 and the
two waves become almost equiaig63B).
It may be infered therefore, that small DNA concatibns extract the drug from the
micelle until an equilibrium is reached and thelicyeoltamogramme becomes constant.
The current variation with DNA concentration foethirst wave Fig.71),outlines the
existence of the same two processes: decreaseefgrdjcand increase (process Il) as in
the case of drug — SDS systems, but there is an
intermediate domain corresponding to the third

e process. The third domain is limited by the CAC
— ' ' and CMC values of SDS.
: - . ;._ﬂ.,__”- .. Fig. 71 The current density variation with DNA
o concentration for a mixture mitoxantrone + SDS
P ew o eow (P/D=149 / PBS pH=7.4) at v = 0.1V/s

[ADN] / M/nucleotide

Each process was interpreted separatly corespomaliad.:1 interaction. For the first
process the interaction constant is K = (1.73+z6I#)M™ and for the second one, K =
(8.84+1.31)*16M ™,

DNA contribution to micellar aggregation is of 1P.8J/mol and the aggregation
number of SDS in DNA presence is 90 both determfrad the CAC and CMC values.

Moreover, there is a lowering of the DNA/drug ranathe presence of SDS micelles
(~0.07 - 0.15) as compared with the absence ofstivéactant (2.7, [17]) probably
meaning that the administration of the drug enclapsd in the micelle is more efficient

therapeutically than the drug alone.

2. Spectral studies — UV-Vis absorption spectrogcop

Spectral studies in presence of different amouritglSDNA were performed in
similar experimental conditions. It was observedt thitoxantrone — SDS spectra modify
in time: the monomer band splits after ~ 1 houmotibation becoming stablEi¢.73A —
inse). The stable mixture obtained is titrated with DNAepared in the SDS —
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mitoxantrone mixture. Recorded spectra indicate d¢histence of the two processes:

decrease and increase of the absorption maximi3at@9 and 665 nm.

Fig.73  Absorption spectra -
mitoxantrone + micellar SDS (P/D =
149 / PBS pH = 7.4) in the presence
of DNA: A - process | (0 - 2.06 puM/
nucleotide dsDNA), B - process Il
(2.87 - 36.4 uM/ nucleotide dsDNA);
M e inset - mitoxantrone + SDS (P/D =

Alua.

110): continue line- tncupation= 0, dottedlinie - ticupation™> 1 hour

Spliting of the absorption maxima at 660 nm in ésence of the surfactant, as well
as a shoulder at 649 nm and a maximum at 665 ngestithe existence of two species

of monomer.

More over from the variation of the absorption
with DNA concentration Kig.74) a very narrow
. third domain, intermediate between processes |

< ] . and Il, can be seen.
I| | |
.
0.324 h..

0.30 T T T T T T T T 1
-5.0x10° 0.0 50x10°1.0x10°1.5x10°2.0x10°°2.5x10°°3.0x10 °3.5x10 °4.0x10°

[ADN] / M/nucleotide Conce ntratl On

Fig.74 The variation of A with dsDNA

Each process was interpreted separatly coresponaliad.:1 interaction. For the first
process the parameter values obtained are K =9.98)*10° M ande, = 16 148.22+
234.84 M* cm*and for the second one, K = (3.07+0.47/*M* and ¢, = 24 484.58+
605.78 M'cm™.

The aggregation number of SDS in DNA presence isliét@rmined from the CAC

and CMC values.

Our electrochemical and spectral results have rmdlithree processes, tentatively

assigned as follows: process | — extraction ofdhey from the micelle by the DNA,
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process Il — interaction drug — SDS / DNA, the droging deeper located in a
hydrophobic environment, and process Il — SDS s reorganisation near or on the
DNA surface and the apparition of ,free” micelles solution for SDS concentrations
higher than the CMC.

CONCLUSIONS

1. The study of the reduction mechanism of the anthyatine drugs

Analysis of the electrochemical results in corielatwith the spectral ones (UV-Vis
and EPR situtechniques) in different experimental conditiomstlines:

 In aprotic deaerated solvents doxorubicine and ubpime suffer a
monoelectronic reversible reduction in two stepgesponding to the reduction of the
central quinonic ring to radical anion and diani®here is a protonation of these species
in the presence of protic impurities (existing iantercially available solvents used
without special anhidrization in concentration bé tsame order with the substrate) to
free radical AHand semichinonic anion AHhe global mechanism being ECEC.

* The radical anion was identified and charactertsge@&PR spectrometry ia situ
indicating a delocalisation of the odd electron@rand D rings, the hyperfine spliting
constant distribution attesting a characteristraicttire of semiquinonic radical anion.
Taking into account that the aromatic part is the that intercalates to the DNA base
paires, this spin distribution could explain thengguinonic radicals action upon DNA.

« Diamagnetic intermediates (dianion®Aand nonradical anion AMH were
identified by UV-Vis spectroscopy on chemical /attechemical reductiom situ.

* In the presence of oxygen, the first wave is sahtl the anodic counterpart
disappears. Analysis according to electrochemic&r@ outlines a chemical reaction
following the electron transfer and supports th&grement of the process to the drug —
oxygen complex as a first step of superoxide folonadccording to literature data [129].

* In protic media, similar to quinizarine, the redbehaviour is strongly pH
dependent. In agueous solutions at neutral pH tiseeebielectronic reduction process

according to the global stoichiometry A + 2e +2HAH,.
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* The reversible couple at -675 mV in deaerated golstbecomes irreversible in
the presence of oxygen and is accompanied by a imienese irreversible wave at —490
mV [128]. According to the literature data [129jstfbehaviour suggests the formation of
a drug — oxygen complex reduced at a more pogitotential which facilitates electron
transfer towards molecular oxygen generating sw@eo anion according to the

reactions:
AO, + e = AO,”
AOZ_' =A+ Oz_'

which in the presence of water is responsible f0SRyeneration.

2. The study of the micellar drug delivery system
Micellar media is the simplest system miming biadad membranes structure.

Doxorubicine — anionic surfactant (SDS) interaction was studied by cyclic
voltammetry, absorption and emission (fluorescensggctroscopy. Electrochemical

results indicated:

* The displacement of the cathodic pic current towambre negative potential
values attests the SDS - doxorubicine interactiéor lower SDS concentrations
(premicellar domain) the electrostatic interactimiween the positively charged drug at
neutral pH and the anionic surfactant determines#utralization of the drug charge. At
higher concentrations than CMC, “free” micelles &weming in solution and drug —
micelle interaction means the encapsulation ofdhey in the micelle. A higher ionic
strength (by using TMAB and PBS) induces the foromatof larger micelles and
promotes drug extraction from water into the me¢ll40].

* As an extra information, the spectral method comdid for the first process that
after charge neutralisation by SDS drug dimerisataxzcurs as SDS concentration
increases (by the lower molar absorption coefficiatiue than monomer aiming towards
the dimer value) and for the second process — @mgapsulation into the micelle
probably as monomer (by the higher molar absorptioefficient value than monomer

caused by the hydrophobic microenvironment of g3
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» For SDS concentrations lower than CMC, the extarcof the fluorescence can
be explained by drug — SDS complexes formation paimough electrostatic interaction
implicating most probably the nitrogen atom frone tfugar moiety corresponding to a
1:1 stoichiometry. Drug charge neutralisation bg Hurfactants anions diminishes the
repulsion forces favorising drug dimerisation. Agher surfactant concentrations, the
second process characterised by fluorescence emlans to a drug saturation level and
corresponds to doxorubicine encapsulation in SD&iheis, probably as a monomer.

* Binding parameters determined by fluorescence spmmipy are in good
agreement with those determined by absorption spmipy. For a higher ionic strength
(0.25 M) electrochemical (from current and potdm@riation) and spectral results are
also in good agreement confirming that discrepaname interaction constant values
estimated by different methods are rather duernistrength of the solution, than to the
concentration domain used.

* The concentration domain makes the difference baiwie methods: cyclic
voltammetry needs large drug concentrations ab@it M, whereas absorption and
emission spectral methods smaller concentratioostat)®— 10° M.

« SDS - mitoxantrone interaction was studied by cycdlholtammetry and
absorption spectroscopy for premicellar and micebarfactant concentrations as
mitoxantrone is not fluorescent.

The adsorption of mitoxantrone on the glassy caddeatrode in the absence of SDS
was observed and characterised by electrochemietilaus.

* Both methods indicated two different processes:thia premicellar domain
(corresponding to process 1) there is an electtiostateraction between the positively
charged drug and the negatively charged surfagtdhta 1:2 probable stoichiometry. In
the micellar domain (corresponding to processHhére is a drug — micelle interaction
with a 1:1 stoichiometry resulting in drug encapsioh, most probably as a monomer,
into the micelle.

« In our experimental conditions the CMC value of S@ermined is ~0.75*19
M smaller than in aqueous solution (8.1*14) or in PB 50mM (1.99*18 M) because
of the different ions and molecules present in tsahu
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» Informations about the location of the drug inte thicelle can be obtained by
comparative analysis of the absorption spectraiffierdnt solvents with those in SDS.
The results indicated as the most probable locatfdhe drug in the superficial layer of
the micelle with the heterocycle oriented towatas ¢tore of the micelle and the lateral
chains towards the sulfate groups of SDS, bothtrelst@atic and hydrophobic forces

being involved.

3. The analysis of the interaction of the micelle enpzulated drug with genetic
material (double stranded DNA) at physiological pH

Mitoxantrone — dsDNA interaction in the presence of higl&DSconcentration than
CMC was studied by cyclic voltammetry and absorpspectroscopy.

* The electrochemical results showed:
> the existence of two reduction waves in the —6;8,9 V rangeversusSCE;

> the first pic current density dependence on the DddAcentration indicate the
existence of the same two processes of decreasee§® |) and increase (process Il) as in

drug — SDS systems but there is an intermediateadooorresponding to a third process.

» Process | probably corresponds to mitoxantrone -A Diteraction meaning that

in the presence of the biopolymer the drug leakiesnicelle and interacts with the DNA.

* A region more or less constant, domain Il is tedi by the critical aggregation
concentration (CAC) of the surfactant when drugieettar aggregate complexes become
detectable and the critical micellar concentraf@MC) marking the apparition of ,free”
micelles in solution (corresponding to the begigniof process ). It probably
corresponds to SDS molecules reorganisation neamothe DNA surface, the most
probable / possible explanation being that dsDNAngact structure is temporary
disturbed by the micellar SDS hydrophobic microemwinent [171].

* Interaction constant values obtained by the twohows are in good agreement,
as well the SDS aggregation number in the presehBdNA. The value obtained agrees
with the literature data for a 0.1 M NaCl solutionicelles size being approximately the

same in the presence or absence of the polyme}.[154
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* In the presence of SDS micelles drug / DNA ratiaisplaced towards smaller
values as compared with the absence of the suntafrtam 2.7 [117] to ~0.07 — 0.15
which probably means that mitoxantrone encapsulatbdinistration is more efficient

than the drug itself.

e Taking into account electrochemical and spectré dar mitoxantrone — SDS
and mitoxantrone — micellar SDS — DNA systems dworated with previous results
about mitoxantrone / quinizarine behavior in DMS® the presence of tetrabuthyl
ammonium hydroxide [120, 134], in aqueous solut@n neutral pH there is an

equilibrium between protonated and deprotonatedisp®f mitoxantrone.

As perspectives taking into account my working place, the carolkt properties
investigations could be continued / developedexyvivo (cells), in vitro (cell lines)
and/orin vivo (laboratory animals) experiments. This kind of exmental is much closer
to reality because system complexity (the existavfceellular organelles, intracellular
membranes, metallic ions, biomolecules — enzymeslert acids etc). More over there
are reproducible intra- and interdetermination ¢oors.

The biosensors are another research directionatieetphysical and chemical drug

adsorption properties on the electrode surface.
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