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COMPLEXATION PECULIARITIES

IN “DOXORUBICIN-BOVINE SERUM
ALBUMIN-GOLD NANOPARTICLES”
HETEROSYSTEM. THE FLUORESCENCE STUDY

The fluorescence (FL) quenching in aqueous solutions of dozorubicin (DOX)-bovine serum al-
bumin (BSA)-gold nanoparticles (AuNPs) is studied. The existence of additional mechanisms
of DOX-BSA complex formation leading to an increase in the binding constant K and a de-
crease in the number of binding sites n and the distance between the fluorophore and energy
acceptors due to the presence of gold nanoparticles is shown.

Keywords: doxorubicin, bovine serum albumin, gold nanoparticles, complexation, fluores-
cence, localized surface plasmon resonance.

1. Introduction

For a long time, anthracycline antibiotics have been
successfully used for the anticancer chemotherapy in
medical practice. One of their brightest representa-
tives is doxorubicin (DOX) [1, 2]. Like all anthra-
cycline antibiotics, DOX includes a tetrahydrote-
tracenequinone chromophore molecule consisting of
an alicyclic ring and three six-membered complemen-
tary aromatic rings. This chromophore is, in turn,
bound to the monosaccharide residues and the agly-
colic part of the molecule [3-6]. At the same time, the
application in clinical practice of anthracycline drugs
is limited by the high cardiotoxicity and resistance
of tumor cells to these antibiotics. Some tumors are
generally not susceptible to anthracycline antibiotics
and, therefore, resistant to these drugs [3]. The in-
dicated shortcomings of antibiotics can be partially
overcome by the creation of new prodrugs on their
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basis with a wider range of influence on tumor cells
with reduced resistance, greater selectivity of action
only on rebirth cells, with increased latency. To a
large extent, the efficacy of prodrugs is also deter-
mined by their local delivery to tumors, in which
the damage to normal cells is minimized. Such lo-
cal delivery may be due to a difference in the val-
ues of pH of normal and tumor cells which is caused
by the hyperbolic activity and the hypotoxic state
of the latter [4-6]. Synthesis of prodrugs, including
those based on anthracycline antibiotics, is mainly re-
alized by changing the chemical structure of drugs. At
the same time, the development of pro-drugs in the
form of bioconjugates including molecules of antibi-
otics and organic or inorganic nanoparticles which can
belong to semiconductors or metals, is intensified in
recent years. Fullerenes Cgg and Crg are widely used
as the organic semiconductor nanoparticles. On the
one hand, fullerenes and their water-soluble deriva-
tives can be used to generate singlet-state oxygen in
photodynamic therapy and for the inhibition of hu-
man immunodeficiency virus, hepatitis C, and DNA
strand replication as antioxidants and neuroprotec-
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tors. On the other hand, bioconjugates in the form
of complexes of molecules Cgg, C79 with antibiotics
start to play an important role in anticancer ther-
apy [7-15]. At present, a new direction has been
formed in oncology, based on the use of inorganic
nanoparticles in molecular diagnostics and therapy
of tumor diseases [16—21]. Among inorganic nanopar-
ticles, the most important place in the treatment of
various diseases, including oncology, is occupied by
the nanostructures of noble metals (gold, silver). The
peculiarity of these nanoparticles is the occurrence
of the localized surface plasmon resonance (LSPR)
phenomenon, while the electromagnetic wave absorp-
tion in the visible and near infrared regions of the
spectrum takes place in the case where the size of
nanoparticles is substantially smaller than the wave-
length. The frequency of LSPR oscillations depends
on the size and shape of nanoparticles, the distance
between them, their location in clusters or aggregates,
and on the dielectric properties of the environment
[22-31]. The early diagnosis of malignant tumors, de-
termination of their localization, targeted drug de-
livery to the tumor, and selective (targeted) therapy
are possible due to Au and Ag nanoparticles [32]. It
should be noted that the creation of stable prodrugs
on the basis of bioconjugates with metallic nanoparti-
cles, including gold ones, is associated with difficulties
due to their propensity to the aggregation and precip-
itation in colloidal water solutions. The functionaliza-
tion of AuNPs, which is aimed at their repulsion due
to electrostatic forces, in the case of the production
of bioconjugates with prolonged forms of doxorubicin
under certain conditions does not provide the stabil-
ity of molecular systems with AuNPs. In addition,
it must be taken into account that one of the pri-
ority channels for the delivery of drugs to tumors is
their complexation with proteins macromolecules of
human or bovine serum albumin (HSA or BSA). The
heteroassociation of doxorubicin molecules or func-
tionalized AuNPs with BSA essentially depends on
the charge of the protein, which is determined by
the pH value [33]. The above-mentioned factors have
a combined effect on the complexation mechanisms
of DOX-BSA in water solutions. The aim of this
work is to determine the effect of gold nanopar-
ticles on the complexation mechanisms of doxoru-
bicin molecules with bovine serum albumin, by us-
ing the fluorometry of DOX-BSA-AuNPs aqueous
solutions.
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2. Preparation of Water
Solutions and Techniques of Experiments

In this work, the dosage form of doxorubicin (Teva) in
the form of a freeze-dried powder containing 17% ac-
tive substance and a bovine serum albumin of fraction
V for biochemistry (Merck) was used. The colloidal
solutions of gold nanoparticles with the mean size of
13 nm obtained as a result of the citrate reduction of
tetrachloroauric acid (Cay, = 0.5 nM) were used as
plasmon-producing structures. Deionized water was
titrated to pH 7, by using a concentrated NaOH so-
lution. The measurement of fluorescence spectra of
doxorubicin solutions with BSA and colloidal gold
nanoparticles was carried out on a portable fluorom-
eter “Fluorotest Nano” (ISP NASU) with the excita-
tion at a wavelength of 532 nm.

3. Results and Discussion

The study of the interaction of drug molecules with
serum albumin is very important, since this protein
is a significant part of blood plasma. More than 60%
of this protein are in the system of its circulation
and, therefore, play a significant role in the preserva-
tion and transport of drugs due to their affinity. At
the same time, the mechanisms of affinity and com-
plex formation between macromolecules of proteins
and molecules of medical preparations, especially in
the presence of metal nanoparticles, are insufficiently
studied. This situation is primarily due to the com-
plexity of systems and a significant set of specific in-
teractions during their electron-conformational reor-
ganization in the process of association [34-37]. The
fluorescence method can be used to study the char-
acteristics of the DOX-BSA binding, since the struc-
tures of DOX and BSA imply the possibility of the
emission of these molecules in the relaxation of el-
ementary excitations [38-42]. In addition, the flu-
orescence bands are substantially spaced apart in
the spectral range of wavelengths. Obviously, in the
case of DOX-BSA heteroassociation, the photolumi-
nescence extinction [43, 44] can be expected due
to the transfer of energy between components. The
FL quenching study is performed for doxorubicin in
aqueous solutions with a constant concentration of
8.85 x 107 M with increase in the BSA content
from 0 M to 8.85 x 107° M. The fluorescence spec-
tra for DOX-BSA solutions in water are illustrated in
Fig. 1. It is seen that the profile of the FL band for
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Fig. 1. Fluorescence spectra of DOX-BSA solutions in water
at the constant concentration of DOX Cpox = 8.85 x 107° M
and the variable BSA content The insert shows the FL spectra
in the region near the maximum of the band for DOX, Aex =
=532 nm, T'=250 ms, pH =7
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doxorubicin is combined of several peaks, the most
intense one is located at 594 nm. With the addition
of BSA, the FL quenching increases, by retaining the
band shape.

The analysis of the FL. quenching in the maximum
of the band allows us to determine the quenching
rate constant K, whose value depends, in turn, on
the interaction mechanism of the quencher and the
fluorophore molecules. In accordance to the Stern—
Volmer theory, the static and dynamic mechanisms
of such interaction are considered. The predominant
influence of one or another mechanism depends on
the temperature of a solution. In this case, the max-
imum value of K, in the case of dynamic colli-
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sions of molecules can reach the magnitude 2.0 x
x 100 s7IM~!. The greater K, values indicate that,
in the solution at this temperature, the static mech-
anism of interaction by means of the complexation
under the action of electrostatic, hydrophobic, hy-
drogen, and other specific forces is predominantly re-
alized [43, 44].

To determine the K, quenching constant, we use
the Stern—Volmer equation
W14 KB, (1)
where Fy and F are the fluorescence intensities for
DOX solutions at the maximum of the FL band of
the drug in the absence and in the presence of the
BSA protein macromolecules, respectively, g is the
average lifetime of the fluorophore molecules in the
absence of a quencher molecule (for DOX molecules,
this value is equal to 6 ns [44]), [Bo] is the concentra-
tion of the quencher. On the other hand, it is known
that K,79 = Ksv, where Kgy is the Stern—Volmer FL
quenching constant. Taking the given relation into ac-
count, the Stern—Volmer equation can be written as
follows:

B 1 K (B (2)

To determine Kgv, the dependence Fy on [By] =
= Cpgga is graphically constructed and is approxi-
mated by the linear Stern—Volmer equation. Figure 2
shows the representation of the Stern—Volmer FL
quenching for a DOX-BSA aqueous solution.

The slope of the approximating line determines the
value of the Stern—Volmer constant Kgv, which is
4.64 x 10> M. For this Kgyv value, the bimolecu-
lar rate constant K, = 3.7 x 102 M~'s71. It exceeds
the maximum value of this constant in the case of a
dynamic mechanism of interaction between molecules
by several orders. This suggests the static association
mechanism for the DOX-BSA system. For such com-
plexes, we can determine the affinity constant K, and
the number of binding sites, by using the modified
Stern—Volmer equation

Fy— F

—— = Ka+[Bol", 3)

where K 4 is the affinity constant, and n is the number
of binding sites. To determine the affinity constant,
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the logarithm of the same equation (Hill dependence)
can be used:

- F

]
& F

=lg Ka + nlg [Bo). (4)

Figure 3 shows the dependence of the FL inten-
sity relative change at the band maximum for pure
DOX vs the concentration of BSA By = Cgsa, due to
the fluorescence quenching of DOX by protein macro-
molecules, indicating the DOX-BSA complexation.

The affinity constant K4 = 2.5 x 1073 M~! ob-
tained after analyzing the graph in Fig. 3 for the
DOX-BSA system indicates a high binding affinity
of the protein to the drug [44]. In addition, the Hill
dependence analysis allows us to obtain the number
of binding sites n = 0.73 as the slope of the line de-
scribing the dependence. Similar calculations can be
made, by using another Stern—Volmer equation [35]:

B 11
Fo—F  fK[Bo] ' f’

where f is the fraction FL factor, which is introduced
by a fluorophore, and K is the complexation con-
stant. The dependence Ff_" % of Bio is shown in Fig. 4.

The analysis of the Stern—Volmer dependence
shows that K = 2.01 x 10* M~! and f ~ 0.48.

It is worth mentioning that, in the presence of gold
nanoparticles, the FL spectra of DOX and DOX-BSA,
while retaining the main features, are more compli-
cated in comparison with spectra without AuNPs. In
the presence of AuNPs, a significant decrease in the
FL signal intensity is observed in the first hour for a
system without BSA (Fig. 5).

The Stern—Volmer quenching constant for the
DOX-BSA-AuNPs system calculated according to the
graphs (Fig. 7) using Eq. (1) is Ksy = 1.69x10* M~
which is three times more than the value for the
DOX-BSA system. After three days of the exposure
of DOX-BSA solutions with nanoparticles, the con-
stant becomes Kp = 0.56 x 10* M~1. It can be as-
sumed that changes in the temporal characteristics
of the quenching occurring in the ternary system are
associated with a decrease in the active surface of
AuNPs, which is involved in the energy exchange dur-
ing the photon capture, as a result of the adsorption
of BSA and DOX molecules during the storage time
of solutions. The stability of the system was evalu-
ated by measuring the fluorescence characteristics of

(5)
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Fig. 4. Stern—Volmer dependence for DOX-BSA aqueous so-
lutions

the DOX-BSA-AuNPs system at the beginning and
after three days of exposure (Fig. 6, a, b).

In the case of a nanoparticle system, the value of
K increases from 0.2 x 10> M~! (without AuNPs)
to K = 7.2 x 10° M~!, and after a three-day aging
of the solution with AuNPs, the value of the con-
stant decreases again to K = 1.9 x 10> M~!, which is
still an order of magnitude higher than the DOX-BSA
value. Therefore, we can conclude that, in the pres-
ence of AuNPs, the complexes of different stoichiome-
tries are formed. When gold nanoparticles were added
to DOX-BSA solutions, the affinity constant K and
the number of binding sites n changed significantly
(Fig. 7, a, b).

It is seen that the values of the affinity constant and
the number of binding sites for DOX-BSA-AuNPs so-
lutions obtained immediately after the preparation
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of samples (K4 = 0.4 x 10> M~! and n = 0.725)
are significantly reduced in comparison to similar pa-
rameters for DOX-BSA solutions (Kx = 6.6 M1,
n = 0.29£0.03). The reason is the simultaneous pro-
cesses of binding of DOX and BSA molecules, bind-
ing of DOX and BSA with AuNPs, as well as binding
of BSA with DOX-AuNPs conjuates, which, respec-
tively, causes a significant decrease in the values of
K and n directly for the DOX-BSA complex. For the
FL spectra of DOX-BSA-AuNPs solutions measured
after 3 days Ka = 7.2 M~!, n = 0.1940.08. If the ini-
tial solutions have a significant decrease in K 4 com-
pared with DOX-BSA solutions from 3.95 x 102 M~!
to 6.6 M1, after the exposure for 3 days, the affinity
constant increases slightly to 7.2 M1,
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Fig. 7. Hill dependences for DOX-BSA-AuNPs aqueous solu-
tions with variable BSA concentration measured immediately
after the preparation of samples (a) and after three days of
incubation (b)

It is worth saying that the proposed method for
calculating the constants K and n does not al-
low one to establish a decrease in the number of
free DOX molecules due to the heteroassociation,
which is accompanied by the certain Stern—Volmer
laws of FL quenching. It is known that the quench-
ing of FL, which is realized as a non-radiation
energy transfer, according to Forster’s theory, de-
pends on the degree of overlapping of donor ra-
diation spectra (DOX molecules) and the absorp-
tion of acceptors (BSA and Au nanoparticles), the
relative orientation of the transition dipoles, and
the distance between the donor and the accep-
tor [43].

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 6



Complexation Peculiarities in “Dozorubicin—Bovine Serum Albumin—Gold Nanoparticles” Heterosystem

The efficiency of the transfer of an energy E from
DOX to the BSA and AulNPs is determined by the
ratio of the FL intensities:

F

E=1 o (6)

The F value corresponds to the fluorescence inten-
sity for the DOX-BSA solution at a 1:1 component
concentration ratio. On the other hand, the energy
transfer efficiency is related to the distance rg be-
tween the donor and the acceptor according to the
relation:

R

o3
RS + 18’

(7)
where Ry is the characteristic (critical) Forster dis-
tance. At a distance Ry between the donor and the
acceptor, the energy transfer efficiency is 50 percents

RS =88 x 10" K2N 11, (8)

where K? is a factor of the spatial orientation of the
donor and the acceptor and the correspondence of the
mutual orientation of their transition dipoles, N is the
index of medium refraction, I is the overlap integral
between the donor emission spectra and the accep-
tor absorption spectra. The value of I is calculated
according to the equation:

CSF(A\)e(W) At
I= “SF AL (9)

The value of ® corresponds to donor’s (DOX) quan-
tum yield in the absence of an acceptor. For the calcu-
lation of RS, the following values were chosen in the
cases of systems DOX-BSA: K% = 2/3, ® = 0.15,
N = 135, I = 4.01 x 1071 ecm®M~!. The value
Ry = 2.2 nm for the value F = 0.2, and the distance
between the components of the heteroassociate rg =
~ 2.81 nm. In the presence of gold nanoparticles
in the DOX-BSA system, these parameters change
to K2 = 2/3, ® = 0.15, N = 140, I = 24x
x 107 em3M~!, and, so, Ry ~ 1.5 nm. Accordingly,
for £ = 0.35, 7o = 1.95 nm. It can be seen that there
is a decrease in the distance between the donor and
the acceptor as a result of the presence of an addi-
tional gold nanoparticle acceptor.

Thus, in the triple DOX-BSA-AuNPs system, the
complexation process between DOX and BSA is com-
plicated by the simultaneous existence of several
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mechanisms of this heteroassociation. At the same
time, the competing processes are realized through
the creation of not only DOX-BSA complexes, but
also DOX-AuNPs, BSA-AuNPs, and BSA-(DOX-
AuNPs). Their presence substantially affects the val-
ues of binding constants K, the number of binding
n, and the binding distance ry. To determine these
variables that are capable of describing the complex
formation in binary systems, it is necessary to involve
new methods for the FL. quenching with the use of the
quantities K, n, and rg.

4. Conclusions

The complex formation between molecules of the anti-
tumor antibiotic doxorubicin and the macromolecules
of the BSA protein is accompanied by the quench-
ing of FL, which can be described by the Stern—Vol-
mer equation. The introduction of a gold spherical
nanoparticle into the DOX-BSA system essentially
affects the behavior of quenching FL associated with
the simultaneous running of several processes in wa-
ter solutions of DOX-BSA-AuNPs. In addition to the
complexation of DOX-BSA, there is the formation
of heteroasociates DOX-AuNPs, BSA-AulNPs, and
BSA-(DOX-AuNPs). The presence of such processes
is accompanied by an increase in the coupling con-
stant between DOX and BSA, and a decrease in the
number of binding sites n and the distance rg between
the donor and the acceptor.
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OCOBJIMBOCTI KOMILJIEKCOYTBOPEHHS
B TETEPOCUCTEMI “/TOKCOPYBILINH-BUYAYUI
CUPOBATKOBUI AJIbBYMIH-HAHOYACTUHKU
30JI0TA.” JOCJLI>KEHHS ®JIYOPECIEHIIIT

Peszmowme

Busueno racimaa dayopecnennii (®JI) B posumHax y BOAi
DOX-BSA-AuNPs. ITokazano, mo B NpUCyTHOCTI HAHOYACTHU-
HOK 30JI0Ta BUHUKAIOTb JI0JATKOBI MEXaHI3MHU KOMILJIEKCOYTBO-
peHHsl, fKi TPUBOAATDL 10 3POCTAHHS KOHCTAHTH 3B’A3yBaHHS
K Ta najiHHs 4ncia 3B A3y09nX Micip 1 1 BijgcTani Mix diryo-
podopoM Ta akmenTopamu eHeprii.
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