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The use of organic dyes or biomolecules that fluoresce under the action of UV or visible light — fluorescent
chemosensors — allows for high-precision quantitative assessment of the level of metal ions in water or biological
fluids in living cells by quenching their fluorescence when interacting with transition metal ions, in particular Cu®*.
The fluorescence of acridine orange (A0) when interacting with a metal ion is quenched in proportion to the number
of interacting ions. according to the Stern-Volmer function. The dependence of the specific amount of copper ions
released from the tissue surface into the aqueous solution of AO and sodium dodecyl sulfate (SDS), calculated from
the AO fluorescence decay spectra, is nonlinear. Its shape indicates that both mechanisms of fluorescence quenching
are present in the system: dynamic and static. It is shown that in the presence of SDS micelles at pH ~ 8, the efficiency
of fluorescence quenching is significantly increased and no re-adsorption of copper ions on the surface of the fabric
is observed, which allows such a determination to be carried out in situ, directly in biological environments. This
method makes it possible to assess quantitatively the dynamics of desorption of metal ions that have bactericidal
properties over time and determine the optimal time for using wound dressings (powders, hydrogels, textiles, films,
and other systems with action based on the release of ions of copper and other heavy metals).
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INTRODUCTION fluorescence (FL) quenching/enhancement, the
optical positions of the spectra, the spectral shift
upon metal binding, efc. This method has
significant advantages over other analytical
methods due to its ultra-high sensitivity and high
response rate (nanoseconds) [1]. The change in
FL intensity quenching with concentration
according to the dynamic mechanism and the
kinetics of the process corresponds to the Stern-
Volmer equation (SV) [1]. Dynamic quenching
occurs when molecules in an excited state collide
with a quencher before fluorescence emission can
occur. An important characteristic of dynamic
quenching is the equal decrease in intensity I and
decay time 7 of FL [1], In static quenching,
molecules bound in a complex do not fluoresce,
and only unbound fluorophores emit, for which
the decay time does not change. Thus, for static
quenching, /7= 1, and for dynamic quenching,
Io/I = To/ T.

It should be noted that, unlike ions, metal
nanoparticles (NPs) can enhance the intensity of
fluorophore emission. In the vicinity of noble

When wusing transition metal-containing
bactericidal materials for quantitative assessment
of metal ion traces in aqueous environments and
living organisms, the fluorescence spectroscopy
(FS) method is considered the most promising due
to its high sensitivity. The detection of transition
metal ions using fluorescent methods allows the
quantitative assessment of the level of metal ions
released from the bactericidal material upon
contact with water or biological fluid and the level
of accumulation of toxic metal ions in
environmental samples [1-5]. Among the
transition metal ions, copper is the one of most
abundant elements in the human body, and a vital
trace element, but too much of it disrupts the
balance of the immune and nervous systems and
overloads the liver. Excessive levels of Cu*" are
highly toxic to living organisms and the
environment [6-9]. The fluorescence
spectroscopy method determines the intensity and
lifetime of the fluorophore upon contact with

metal and, accordingly, the mechanism of
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metal NPs, the optical properties of organic
molecules can change significantly increased
absorption, enhanced or quenched fluorescence,
and show the phenomenon of giant combined
light scattering (GCLS) [10]. The effect of surface
plasmon resonance (SPR) of metal NPs (gold,
silver) on fluorophores is manifested in the fact
that the intensity of their emission can be
significantly enhanced near the surface of the NPs
[11]. The increase in absorption intensity in the
spectra of Rhodamine 6G on the surface of
Au/Si0; composites in the range of 0.02 % Au,
0.5-2-10° mol/g R6G is associated with the dye’s
reabsorption of scattered light from the NPs. The
effect of silver NPs on the optical properties of
molecular systems is determined by the presence
of plasmonic oscillations of electron density in
them, which leads to a change in the rate of
photoinduced processes [12,13]. Thus, the
fluorescence of tryptophan (Trp) is effectively
quenched in the presence of gold NPs both in
solution and on the surface of SiO, [14].
Depending on the quantitative ratio of quercetin
(Qv) to Qv:Ag” (1:10 — 1:0.05) and Qv:Ag (1:1 —
1:0.2), the FL spectra show both emission
quenching due to the electron transfer reaction
(Qv:Ag") and subsequent intensity enhancement
due to plasmon scattering of NPs (Qv:Ag) [15].
The mechanism of Qv fluorescence quenching is
also mixed — static and dynamic. Local surface
plasmons affect the dynamics of energy transfer
and increase the intensity of Qv FL. The average
size of NPs is within 10 nm. Based on the
obtained dependences, it was concluded that there
is an optimal concentration of NPs, exceeding
which will lead to fluorescence quenching due to
an increase in the probability of non-radiative
deactivation of excited molecular states. Thus, in
many cases, fluorophore emission can be
quenched by both collisions and complex
formation with the quencher - metal ions or
nanoparticles.

Highly efficient assessment of Cu®" levels in
ecological and biological systems is extremely
important. The amount of desorbed copper ions
from modified materials is determined
analytically, for example, by the formation of the
[Cu(NH3)]** complex (with a maximum
absorption of 638 nm). Thus, the release of
copper, silver, etc ions from modified bactericidal
fabric, over three days was 30-50 % [2], In a
complex with tryptophan, upon contact with
water, about 70-80 % of copper ions were
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desorbed from the fabric surface [3, 4]. The use of
organic dyes or biomolecules that fluoresce under
the action of UV or visible light — so-called
fluorescent chemosensors — allows for high-
precision quantitative assessment of the level of
metal ions in water or biological fluids in living
cells by quenching their fluorescence when
interacting with transition metal ions, in particular
Cu®". Previously published reports [16-18]
provide numerous examples of the effectiveness
of fluorescence quenching of organic dyes —
acridine orange (AO), acridine yellow (AY),
9-aminoacridine, rhodamine 6G, naphthalamide,
polyacenes, efc. by transition metal ions, in
particular copper and silver ions [18-24].
Systematic studies of the cationic behaviour of
AO in aqueous solution and its interaction with
synthetic and biological systems have been of
interest for more than 50 years [25-32].

The authors [33] investigated the effect of pH
and ionic strength of salts on the spectral
characteristics of AO and fluorescence
quenching. The quenching constant (kq) increases
with  increasing dye concentration. AO
(pKa=10.4) exists in cationic form at pH <10
and in fully deprotonated form at pH > 10. The
main form can penetrate the membrane of some
cells by accepting protons, while the cationic form
remains inside the cell and can cause local
fluctuations in ion concentration.

In solution, AO exhibits large concentration
changes in the FL spectra due to the formation of
associates and emission from the electronic levels
of these associates. At a concentration of
10°~10* mol/L, the green emission shifts to the
orange region, and at 10°~1072 mol/L, it shifts to
the red region. The maximum total emission shifts
by 110 nm to the long-wave region and indicates
the formation of associates. This occurs best in
water, while in nonpolar solvents solvation
prevents association. Therefore, this should be
taken into account when using AO as a
fluorescent probe.

In the works of A. K. Ghosh and co-authors
[34-36], it was shown that the interaction of Cu**
with AO leads to the quenching of dye
fluorescence depending on the pH. In an aqueous
solution, Cu*" acts as an AO quencher at pH = 2
(Ksy=4.6 M), and at pH = 8 Cu** binds to AO
and causes a shift in the dimer-monomer
equilibrium of AO towards the monomer. In the
presence of a sodium dodecyl sulfate (SDS)
micellar environment, cationic AO binds to the
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anionic micellar surface, and the binding constant
is higher at pH =8 compared to pH = 2. In the
presence of anionically charged SDS micelles, the
Cu*" quenching efficiency increases almost 150
times at pH =2 (K =6.3-10>° M") and further
increases 250 times at pH 8 (Kg, =1.2-10° M™").
This quenching efficiency in the presence of SDS
micelles (at pH = 8) is higher due to the close
proximity between AO and Cu*" in the AO-SDS
micellar system, which leads to an effective
interaction between the two active components. It
should also be noted that copper ions (Cu® or
Cu*") can form strong complexes with SDS,
which in aqueous solution form micelles with a
hydrophobic core and a hydrophilic surface.
Copper ions can penetrate the hydrophobic core
of micelles, where they interact with the sulfate
groups of SDS [37]. The work [38] describes the
quenching of 9,10-diphenylanthracene (DPA)
fluorescence  after copper binding with
tetraazacyclotetradecane (Cyclam). Fluorescence
quenching occurs due to Forster resonance energy
transfer (FRET) from the dye to copper-Cyclam
complexes on the surface of nanoparticles in the
2 nm range. The processes of complex formation
of both copper ions and fluorophore molecules
with micellar systems, in particular with SDS,
complicate and distort the quantitative
determination of copper impurities in solutions.

When studying the release of ions from the
surface of heterogeneous carriers, one must
always take into account the possibility of
adsorption of fluorophore molecules on their
surface and, as a result, the inaccuracy of the
assessment. The introduction of a fluorophore
into the micellar system will increase the
sensitivity of the analytical experiment in
solution.

Despite the large number of publications
devoted to the peculiarities of fluorescence
quenching of organic molecules by heavy metal
ions, a quantitative study of their release in an
aqueous medium from the surface of
carriers — silica, aluminosilicates, clay minerals,
as well as from a new class of bactericidal
materials based on tissues, biocompatible metal
oxide suspensions modified with ions, oxides,
and/or metal nanoparticles, is insufficient. The
purpose of this work was application of
fluorescence quenching of biologically friendly
organic dye acridine orange to control the release
of copper ions from the surface of heterogeneous
materials to the aquatic environment, in situ

360

monitoring the dynamics of their leaching
(desorption) from the surface of carriers.

EXPERIMENTAL

At this stage of the work, by measuring the
kinetics of Iluminescence quenching of
fluorophore molecules, we studied the release of
copper ions into an aqueous solution from the
surface of a cotton-based bactericidal fabric
(calico, with a density of 92 g/m?), the surface of
which is modified with copper ions according to
the method we developed [29,30], which
provides bactericidal activity against a wide class
of microorganisms. Aqueous solutions of
specified concentrations of AO and SDS were
prepared under normal conditions (at 20 °C). In
the solutions, the concentration of SDS was
higher than the critical micelle concentration
(>8.2:10°M). Fluorescence spectra were
recorded using an Eclipse spectrofluorimeter
(Varian). The optical absorption spectra of the
solutions were recorded using a Perkin-Elmer
Lambda Bio 35 UV-Vis spectrophotometer. All
spectra were measured under normal conditions.

RESULTS AND DISCUSSION

Thus, AO can exist in two main forms —
protonated and neutral, which have different
absorption spectra. The ratio between these two
forms can be adjusted by changing the pH values,
leading to visible changes in the absorption
spectrum, such as a shift in the absorption
maximum and/or a change in its intensity (Fig. 1).
The protonated form AO" is formed in an acidic
environment (spectrum 1 in Fig. 1). When SDS is
added to an AO solution with a pH = 2, changes
occur in the spectrum: the intensity of all
absorption bands increases, and a bathochromic
shift of the bands by 1 +~ 7 nm occurs. At pH = 8,
the absorption spectrum differs significantly from
that of the protonated form (spectrum 2 in Fig. 1).
The AO monomer band in the region of = 490 nm
(465 nm for the cation) is most intense in the
spectra of AO solutions with SDS (spectra 3 and
4 in Fig. 1), which indicates that SDS prevents
AO dimerization in solution, stabilizing the
dimer/monomer or AO/AQ ratio in it. A strong
electrostatic interaction occurs between the
positively charged AO and the negatively charged
micelle. This interaction stabilizes the AO
molecule on the surface of the micelle, which
contributes to it; AO in aqueous solution has a
fluorescence maximum at 528 nm when excited at
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Aex =490 nm, while in the presence of SDS it
shifts to the 535 nm region, which is explained by
the interaction of AO molecules with SDS anionic
micelles.

SDS also affects the fluorescence spectrum of
AO (Fig. 2). The transfer of AO from a highly
polar aqueous environment to a less polar, more
organized micellar environment changes the

energy of both the ground and excited states of the
fluorophore, resulting in a bathochromic shift
from 528 nm to 535 nm. Also, the destruction of
AO aggregates, which occurs due to interaction
with SDS, causes an increase in the intensity of
the emission band. Thus, AO is effectively
incorporated into SDS micelles due to
electrostatic interaction.

3
4

1

——

0.0

Fig. 1.
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Fig. 2. Fluorescence spectra of an aqueous solution of AO (1:10* M) (1), AO in the presence of SDS (2). Spectra
are registered at pH = 8, when excited by light with Acxc =490 nm

AO was used to study the dynamics of Cu**
ion desorption previously applied to the surface of
cotton fabrics [29-30] by adsorption from an
aqueous solution followed by heat treatment.
Studying the nature of the dynamics of ion
release, which have bactericidal or antimycotic
properties, is important for predicting their
effectiveness when used as wound dressings
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[2,3]. The fluorescence of AO (10*M in the
presence of SDS) when interacting with a metal
ion is quenched in proportion to the number of
interacting ions. The dependence of the ratio of
the fluorescence intensity without quenching (Fo)
to the intensity with quenching from the
concentration of the quencher (F) (Cu*") (function
SV) is shown in Fig. 3. Its shape indicates that
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both fluorescence quenching mechanisms are
present in the system: dynamic quenching and
static quenching.

To assess the possibility of determining the
amount of copper ions released into the solution
in vivo, directly in the presence of textiles
(excluding the filtration or squeezing stage), we
studied the AO adsorption isotherms as dependent
on pH both without and in the presence of SDS.

In Fig. 4, the lowest AO adsorption value is
shown by isotherm 4, which corresponds to AO
adsorption in the presence of SDS at pH = 8. In
the absence of SDS or in an acidic environment,

AO adsorption onto textile sample is significant,
which is an obstacle to studying the dynamics of
copper ion release into water. Therefore, the
presence of SDS and pH = 8 were chosen as the
optimal conditions under which AO adsorption on
the fabric surface can be neglected. The use of
SDS in aqueous solutions to study the dynamics
of Me"" ion desorption from the adsorbent surface
allows counteracting the phenomenon of
reabsorption of desorbed ions onto the carrier
surface and also prevents the adsorption of
fluorescent probe molecules onto it.

0.000 0.002 0.004 0.006 0.008 0.010
C, mol/l

Fig. 3. Graphical representation of AO fluorescence quenching in the presence of copper ions
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The dependence of the specific amount of
copper ions released from the tissue surface into
an aqueous solution of AO and SDS is calculated
from the AO fluorescence decay spectra (Fig. 5)
and is nonlinear (Fig. 6). This indicates that both
models (linear and nonlinear) describe the
empirical dependence quite well, but the
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9x10™

C, mol/l
Fig. 4. AO adsorption isotherms on textiles in the absence (/, 3) and in the presence of SDS (2, 4) at pH=2 (/, 2)
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deviation of empirical points from the averaged
curve is smaller when using the second-order
curve model. The calculated component ratio of
AO : Cu®" was changed from 1:1400 to 1:7000
during 75 min of experiment, demonstrating Cu**
ion’s relies with time.
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This method makes it possible to
quantitatively assess the dynamics of desorption
of metal ions with bactericidal properties and to
determine the optimal time for using wound
dressings (powders, hydrogels, textiles, films, and
other systems with action based on the release of
copper and silver ions). The fluorescent method

120
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of controlling the release of heavy metal ions into
the aquatic environment is promising for
assessing the harmfulness of waste from used
bactericidal textiles (hospital linen, tactical socks,
wound dressings, and coverings) for the
environment and finding the optimal method for
their processing and disposal.
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Fig. 6. Desorption of copper ions from the surface of textiles impregnated with Cu?" ions over time

CONCLUSION

The method of fluorescence quenching of
biologically friendly organic dye acridine orange
have been adapted to control the release of copper
ions from the surface of heterogeneous materials
to the aquatic environment. As was shown in the
presence of SDS micelles at pH ~ 8, the efficiency
of fluorescence quenching is significantly
increased and suppressions of copper ions re-
adsorption on the surface of the fabric was
observed, which allows such a determination to be
carried out in situ, directly in biological
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environments. This method makes it possible to
assess quantitatively the dynamics of desorption
of metal ions that have bactericidal properties
over time and determine the optimal time for
using wound dressings (powders, hydrogels,
textiles, films, and other systems whose action is
based on the release of ions of copper and other
heavy metals ions).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.



A.M. Eremenko, I.S. Petryk, N.P. Smimova, A.P. Naumenko

dDyopecueHTHUI MOHITOPMHI BUBIJIbHEHHS i0HIB Mifli 3 moBepxHi GyHKIIOHAJIBHUX
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Buropucmanns opeaniunux 6apenuxie abo biomonexyn, wo gayopecyiroioms nio diero Y- abo euoumoeo ceimia
— yopecyeHmuux XeMoCeHcopie — 00360J1€ NPOBOOUMU BUCOKOMOYHY KITbKICHY OYIHKY DI6Hs I0HI6 Memanie y 6001
abo 6ioN02IYHUX PIOUHAX Y JHCUBUX KIIMUHAX WIIAXOM 2dCiHHs IXHbOI ¢hryopecyenyii npu 63aemo0ii 3 iOHaMU
nepexionux memanis, sokpema Cu’*. @ryopecyenyin axpuounoeozo opaniceeozo (A0) npu 63aemo0ii 3 ionom memainy
2acumuvcsi NPONoOpyitiHO KinbKocmi 3aemooiouux iownig. 3eiono 3 ¢yukyicio IlImepna-Donvmepa, 3anedxcHicme
nUMoMOI KinbKocmi i0Hi6 MiOi, WO BUBIILHAIOMbCA 3 NOBEPXHI MKAHUHU Y 800HUll po3yun AO, ma dodeyuncyivpamy
Hampito, po3paxoeéana 3a cnekmpamu 3azacauns gayopecyenyii AO, € ueniniiinoro. Ii popma exasye na me, wo 6
cucmemi npucymui obuosa mexawizmu 2acinmsi guyopecyenyii: Ounamivnui ma cmamuunud. Iloxaszano, wo 6
npucymnocmi miyen dodeyuncyivghamy nampiio npu pH~ 8 epexmusnicmv cacinns guyopecyenyii 3Hauno
ni0BUUWYEMBCSL T He CNOCMEPi2acmbCsi HOBMOPHA A0COpOYis i0Hi6 MIOi HA NOGEPXHT MKAHUHU, WO 00380]5€ NPOBOOUMU
make SU3HaueHHsl in situ, 6e3nocepeonvbo 6 bionociunux cepedosuwax. Lleit memood 0036015€ KIMbKICHO OYiHUMU
OuHamiky decopoyii ionie memanie, wWo MaOmMov OAKMEPUYUOHI IACMUBOCMI, 3 YACOM, MA GUIHAYUMU ONMUMALILHUL
4ac GUKOPUCMAHNS PAHOBUX NOB'A30K (MyOpu, 2iopozeni, meKcmulb, NAIBKU Ma iHui cucmemu, Ois IKUX 6a3yemovcst Ha
6UBLIbHEHHI I0HI6 MIOI ma cpibna).

Knrouosi cnosa: ¢nyopecyenyis, axpuounosuti opamndiceuil, ioHu Mmioi, 0odeyuncyivgpam Hampito, QyHKyisa
IImepna-Donvmepa
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