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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 Cu2+. 
The fluorescence of acridine orange (AO) 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 

When using 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 Cu2+ 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 

fluorescence (FL) quenching/enhancement, the 
optical positions of the spectra, the spectral shift 
upon metal binding, etc. 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  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, 0/ = 1, and for dynamic quenching, 
I0/I = 0/. 

It should be noted that, unlike ions, metal 
nanoparticles (NPs) can enhance the intensity of 
fluorophore emission. In the vicinity of noble 
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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/SiO2 composites in the range of 0.02 % Au, 
0.5–2ꞏ10–6 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 SiO2 [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 Cu2+ 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)4]2+ 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 

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 
Cu2+. 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, etc. 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               
10–6–10–4 mol/L, the green emission shifts to the 
orange region, and at 10–3–10–2 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 Cu2+ 
with AO leads to the quenching of dye 
fluorescence depending on the pH. In an aqueous 
solution, Cu2+ acts as an AO quencher at pH = 2 
(Ksv = 4.6 M–1), and at pH = 8 Cu2+ 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 
Cu2+ quenching efficiency increases almost 150 
times at pH = 2 (Ksv = 6.3ꞏ102 M–1) and further 
increases 250 times at pH 8 (Ksv = 1.2ꞏ103 M–1). 
This quenching efficiency in the presence of SDS 
micelles (at pH = 8) is higher due to the close 
proximity between AO and Cu2+ 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 
Cu²⁺) 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 Förster 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 

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

EXPERIMENTAL 

At this stage of the work, by measuring the 
kinetics of luminescence 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/m2), 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 
(> 8.2ꞏ10–3 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+/AO 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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λex = 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. 
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Fig. 1. Absorption spectra of an aqueous solution of AO (1ꞏ10–4 M) at pH = 2 (1) and pH = 8 (2), AO in the presence 
of SDS: at pH = 2 (3) and pH = 8 (4) 
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Fig. 2. Fluorescence spectra of an aqueous solution of AO (1ꞏ10–4 M) (1), AO in the presence of SDS (2). Spectra 
are registered at pH = 8, when excited by light with λexc = 490 nm 

 
AO was used to study the dynamics of Cu2+ 

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 

[2, 3]. The fluorescence of AO (10–4 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 (F0) 
to the intensity with quenching from the 
concentration of the quencher (F) (Cu2+) (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 Men+ 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. 
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Fig. 3. Graphical representation of AO fluorescence quenching in the presence of copper ions 
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Fig. 4. AO adsorption isotherms on textiles in the absence (1, 3) and in the presence of SDS (2, 4) at pH = 2 (1, 2) 
and at pH = 8 (3, 4) 

 
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 

deviation of empirical points from the averaged 
curve is smaller when using the second-order 
curve model. The calculated component ratio of 
AO : Cu2+ was changed from 1:1400 to 1:7000 
during 75 min of experiment, demonstrating Cu2+ 
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 

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. 5. AO fluorescence spectra over time depending on the release of copper ions into the aqueous medium from 
textiles impregnated with Cu2+ ions (λex = 490 nm) 
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Fig. 6. Desorption of copper ions from the surface of textiles impregnated with Cu2+ 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 

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). 
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Флуоресцентний моніторинг вивільнення іонів міді з поверхні функціональних 

матеріалів з використанням біосумісних хемосенсорних молекул 
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Використання органічних барвників або біомолекул, що флуоресціюють під дією УФ- або видимого світла 

– флуоресцентних хемосенсорів – дозволяє проводити високоточну кількісну оцінку рівня іонів металів у воді 
або біологічних рідинах у живих клітинах шляхом гасіння їхньої флуоресценції при взаємодії з іонами 
перехідних металів, зокрема Cu2+. Флуоресценція акридинового оранжевого (АО) при взаємодії з іоном металу 
гаситься пропорційно кількості взаємодіючих іонів. Згідно з функцією Штерна-Фольмера, залежність 
питомої кількості іонів міді, що вивільняються з поверхні тканини у водний розчин АО, та додецилсульфату 
натрію, розрахована за спектрами загасання флуоресценції АО, є нелінійною. Її форма вказує на те, що в 
системі присутні обидва механізми гасіння флуоресценції: динамічний та статичний. Показано, що в 
присутності міцел додецилсульфату натрію при pH ~ 8 ефективність гасіння флуоресценції значно 
підвищується і не спостерігається повторна адсорбція іонів міді на поверхні тканини, що дозволяє проводити 
таке визначення in situ, безпосередньо в біологічних середовищах. Цей метод дозволяє кількісно оцінити 
динаміку десорбції іонів металів, що мають бактерицидні властивості, з часом, та визначити оптимальний 
час використання ранових пов'язок (пудри, гідрогелі, текстиль, плівки та інші системи, дія яких базується на 
вивільненні іонів міді та срібла). 

Ключові слова: флуоресценція, акридиновий оранжевий, іони міді, додецилсульфат натрію, функція 
Штерна-Фольмера 
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