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Abstract: In this paper, the optical properties of viburnum extract flavonoids in the visible region
of the spectrum were investigated and their use as a potential photosensitizer of singlet oxygen
for photodynamic therapy was evaluated. The presence of long-lived excited states in the extract
molecules was established by spectral methods and time-resolved spectroscopy methods and the
dependences of the absorption capacity and luminescence intensity of the extract molecules on
the concentrations of oxygen and ablative nanoparticles of the gold in the reverse micelles of AOT
(sodium dioctyl sulfosuccinate) were established. The plasmonic enhancement of the luminescence
of the extract molecules and the processes of their complexation with oxygen were also established.
Furthermore, the rate constants of the processes of conversion of exciting energy in complexes
were determined.

Keywords: Viburnum opulus L. extract; microemulsion; luminescence; energy transfer; singlet oxygen;
complexation processes

1. Introduction

It is well known that natural plant extracts have a wide range of physical and biological
properties including antioxidant, anti-inflammatory, and immunomodulatory effects [1,2].
In the modern literature, extracts of many plants are considered as photosensitizers of
reactive oxygen species for use against some bacteria, molds, viruses, and tumor cells [3-5].
Various parts of plants have been actively studied: all aboveground parts [6] and under-
ground [7], separately stems [8,9], flowers [10,11], and leaves [12] as well as fruits [13-16]
for the presence and identification of biologically active compounds capable of singlet
oxygen generation under irradiation.

Viburnum opulus L. (VO) is one of the most important and actively studied medicinal
and food plants [16-22]. It is actively cultivated, and also occurs in its natural habitat on
the territory of Russia, Europe, some regions of North Africa and Northern Asia [22].

The advantage of Viburnum opulus L. use for human health is the presence of biologically
active components such as vitamin C, carotenoids, iridoids, essential oils, and phenolic
compounds. Due to this composition, the VO extract shows antioxidant activity, antimicrobial
potential (especially against to positive bacteria), and has proven anti-inflammatory, anti-
obesity, antidiabetic, osteogenic, cardio-, and cytoprotective properties [3-5,16]. In vivo studies
have proven the applicability of Viburnum opulus L. for the treatment of urinary tract diseases,
endometriosis, and some types of cancer [3-5,16,18-22]. Viburnum opulus L. biologically
active substance samples are most often represented by water decoctions or infusions of
fresh or dried berries as well as extracts obtained using ethanol, acetone, methanol, and
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other extractants by maceration. The juice fabricated by pressing fresh berries is used less
often. The highest antioxidant properties have been confirmed in the ethanol extract of
Viburnum opulus L. [16,18]. Flavonoids, organic and phenolic acids, mono-, di-, and triterpene
compounds, vitamins, macro- and microelements of the plant have all shown biological
activity [17].

In photodynamic therapy (PDT), the fight against malignant cells is carried out with the
help of three main components: the photoactive compound from plants, light, and oxygen.
The search for plants such as photosensitizers is constantly underway and considered
as an urgent task [3]. Thus, when the electron-vibrational states of sensitizer molecules
are excited by light, radiative and non-radiative transitions occur, leading to the active
(singlet) states of molecular oxygen generation [23]. These states are of major significance
for PDT. In addition, the delivery of active anticancer substances obtained from plant
extracts into the cancer cell through a semi-permeable protective cell wall is also a separate
task, the solution of which can result in emulsion synthesis (for example, micelles with
AOQOT), based on water—-alcohol extracts in a fatty acid environment. Similar experiments on
the creation of two-phase solutions as a result of the formation of micelles containing an
active photosensitizer (PS) are given in [24,25].

It is known that organic molecules near the metal surface and, in particular, near
micro- and nanoparticles of silver and gold significantly change their characteristics [26,27].
In this case, the intensity of the organic molecules luminescence in some cases weakens,
while in others, on the contrary, it increases. These changes in the properties of molecules
are associated with the resonance of the electronic transition with the so-called localized
(surface) plasmons in metal nanoparticles, which take part in energy transfer processes [27].
Surface plasmons enhance the luminescence of biological molecules as a result of the
dipole-dipole transfer of electron energy [28]. Currently, gold nanoparticles, due to their
plasmonic properties in the visible region (500-600 nm), are actively used in such areas as
photothermal therapy, theranostics, immunochromatographic identification, biosensors,
photocatalysis and electronics [29-35]. Gold NPs are also known to be applied in targeted
cancer therapy [36].

Thus, the purpose of this work was the study of spectral fluorescent and time-resolved
characteristics of the Viburnum opulus L. extract obtained from berries in a micellar solution
of AOT and active substance identification for evaluating the potential use as a PS for
PDT. To enhance the optical properties, the mechanisms of plasmon enhancement of
the absorption-fluorescent characteristics [37] as a result of the addition of ablative gold
nanoparticles (NPs) [38] and the mechanisms of complexation with molecular oxygen have
been used in this work.

2. Materials and Methods
2.1. Sample Preparation

Fresh berries of Viburnum opulus L. weighing of 213 g were ground in a mortar, then
the resulting mass was squeezed out. The resulting juice was repeatedly passed through
the paper filters until a clear solution with a bright red color was obtained, from which,
after settling for 24 h, no precipitate came out. The final filtration was carried out through
a filter with a pore size of 200 nm. Next, 100 mL of water—ethanol solution was added to
100 mL of juice in the ratio of ethanol (Eth) and water of 3:7. The resulting solution was
kept for a 48 h at room temperature. The extract solution was a light red color and after
settling in two days, no precipitation appeared. Next, solutions of the extract with ablative
gold nanoparticles were fabricated in a ratio of 1:1. The concentration of gold NPs varied
ina (1 + 10) x 1079 M range. The volume of the extract remained constant.

Next, a microemulsion with the extract and Au NPs was prepared in oil (triglycerides
of fatty acids—FA). The AOT surfactant (sodium dioctyl sulfosuccinate) was dissolved
in the oil until the critical concentration of micelle formation was obtained (C = 1073 M).
Then, a water—ethanol solution with VO extract with Au NPs of 1.2 mL was added drop
by drop to the oil with reverse micelles under constant stirring with a magnetic stirrer at
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580 rpm for 30 min. AOT with VO extract was mixed in a ultrasonic bath (Elmascript P
30 H, Germany) at a temperature of 25 °C for 5 min (v = 37 kHz).

2.2. Gold Nanoparticle Preparation

Gold nanoparticles (Au NPs) were prepared by the nanosecond laser ablation method
of a gold plate in distilled water by means of Solar Laser System (Belarus) operating in the
Q-switched mode with the following laser radiation parameters: A = 532 nm, T = 10 ns,
v =15 Hz, E = 20 yJ. Each ablation session time lasted 5 min. The solution volume per
one ablation session was V = 1.2 mL. After the ablation process, the solution became a
pink color.

2.3. Methods of Quantitative and Qualitative Determination of Flavonoids in Viburnum
opulus L. Berries

Quantitative determination of flavonoids in a VO water—ethanol extract was deter-
mined by the Leventhal titrimetric method [39] based on the ability of flavonoids to be
oxidized by potassium permanganate. Prepared according to the method described above
and filtered, the VO water—ethanol extract was taken with a 25 mL pipette and transferred
to a conical flask with the capacity of 750 mL. Then, 500 mL of water and 25 mL of indigo-
sulfonic acid solution were added and titrated with constant stirring with a solution of
potassium permanganate (0.02 M) until it became a golden yellow color. At the same time,
the control experiment was conducted in which the water—ethanol extract was carried out
in which the water—ethanol extract was replaced with distilled water. The sum of flavonoids
was estimated taking into account that 1 mL of potassium permanganate solution (0.02 M)
corresponds to 0.0041 g of flavonoid substances in terms of tannin.

The qualitative reaction to flavonoids was carried out using FeCl (III): 2 + 3 drops
of 1% FeCl (III) solution were added to a 1 mL of VO extracts, resulting in a color change:
an initially pink extract acquired a reddish-brown color, which indicates the presence of
flavones and their derivatives in the sample [40].

2.4. Determination of Antioxidant Activity of Viburnum Extract with Gold Nanoparticles
(DPPH Method)

This method is based on the ability of binding molecules of the reactive radical 2,2-
diphenyl-1-picrylhydrazyl (DPPH) with antioxidants contained in the studied samples.
The test sample of the extract/extract with Au NPs (V =20 uL) was mixed with V =300 uL
of a freshly prepared of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 0.1 mM solution in ethanol.
The sample was incubated for 60 min at room temperature in the dark. The decrease in
optical density at 515 nm was measured by a spectrophotometry technique (CLARIOstar,
BMG Labtech, Ortenberg, Germany) [41].

2.5. Experimental Measurements

The fluorescence spectra of the microemulsion with the extract were measured by
means of the Fluorolog 3 optical system (Horiba). The lifetime measurements of long-lived
(triplet) states of extract molecules and phosphorescence spectra were carried out by means
of this unit using the pulsed Xe lamp. The solid state NanoLed with a wavelength of
405 nm and pulse duration of 200 ps was used for lifetime fluorescence measurements.
The IR absorption spectra were measured by means of the Shimadzu IR spectrometer
(Japan). The absorption spectra in the visible region were recorded with a Shimadzu
spectrophotometer (Japan).

The size distribution of gold nanoparticles was investigated by the dynamic scattered
light method with using a Photocor-Compact Z unit. Zeta-potential measurements were
also recorded on this system.
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3. Results and Discussion
3.1. IR-Spectroscopy Results

In the first series of the experiment, the IR spectrum of the absorption of the water—
ethanol solution of the VO extract was studied. The results are shown in Figure 1.
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Figure 1. The IR spectrum and interpretation of the peaks of the water—Eth Viburnum opulus L. extract
in the KBr pellet.

It should be noted that the interpretation of the IR spectrum is quite difficult due to
the presence of a large number of different compounds and components. Thus, the VO
berries contain the polyalcohols: mannitol, sorbitol, and inositol. VO berries are also rich
in pectin substances. The ripe Viburnum berries contain oxalic, malic, succinic, formic,
citric, caprylic, valerian, isovaleric, and chlorogenic acids. The amino acid composition of
berries is represented by free amino acids: serine, glutamic acid, and alanine predominate.
The others ten amino acids are arginine, valine, aspartic acid, histidine, glycine, leucine,
isoleucine, lysine, proline, and threonine. Phenolic (P-active) compounds of viburnum
berries are represented by leucoanthocyanins, flavonols, catechins, anthocyanins, and
phenol-carboxylic acids. A characteristic feature of groups of chemical compounds such
as anthocyanins, leucoanthocyanins, and bioflavonoids is the P-vitamin activity [17]. The
skin of the berries contains tannins and other coloring substances. Since this work was
devoted to the study of the optical properties of the extract and the possibility of its use
as a photosensitizer for PDT, compounds whose molecules contain chromophore and
auxochromic bond groups (R-OH, C=0) responsible for the ability to absorb light and
luminesce, were of the greatest interest in the IR spectrum. Therefore, we noted the presence
of aromatic compounds as well as the presence of chromophore and auxochromic groups at
v = 1404 and 1724 cm ™!, which determine the color of the solution and intense absorption
of light (UV and visible wavelength ranges) by the extract and luminescent features.

At the same time, based on the experimental results of the quantitative determination
of flavonoids in the extract solution by the Leventhal titrimetric method, it was found that
the sum of flavonoids in the extract was 0.12% in terms of tannin (the average values of the
same ten samples).

Thus, based on the above results, we can say that the Viburnum opulus L. extract
solution is a complex multicomponent composition in which flavonoids play the main role,
providing the ability of the extract to absorb luminescence in the visible spectral region.
This conclusion will be further confirmed by absorption-luminescent studies of the extract.
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3.2. Absorption and Luminescence Dynamics of Flavonoids from Viburnum opulus L. Extract with
Gold Nanoparticles

Figure 2 shows the absorption spectra of water—Eth extracts of VO with Au NPs at
different concentrations; VO extract without Au NPs was taken as a reference.

Dau i Au NPs in water]|
D a.u. D a.u. —— VO without Au NPs 1.250.- AuNPs in AOT
4- 1.00 —— VO + Au NPs(C,) l
—— VO + Au NPs(C,) 525 m,‘, -

0.75 —— VO + Au NPs(C;) o
VO + Au NPs(C,) 1125 —

—— VO + Au NPs(Cy)

0.50

< AuNPsin water

0.25

1.000 -

0.00

400 450 500 550 600
Wavelength (nm)

0001 001 0.1 1 10 100
0

14 0.875
| AuNPsin AOT
064
0 i : i i ; ] 0.750 : , o
200 300 400 500 600 700 800 450 500 550 600 *
wavelength (nm) Wavelength (nm) O %01 o1 o1 1 1o 100
Intensity distribution (nm)
(a) (b)
2500+ ——— VO withot Au NPs 10- a0
~——— VO + Au NPs(C,) 0.9
~ 2000 ——— VO + Au NPs(C,) 0.8 .25
[72)
6 —— VO + Au NPs(C) R EZ g /_ L 2.0
“ 1500+ VO + Au NPs(C,) = 06 s
< ——— VO + AuNPs(C,) 8 951 : °S
2 S 04] . [ 105
2 10004 5 03]
2 024 = -~ L 0.5
k] 0.2 1 .
= 500 0.1 " L 0.0
0.0 :
0 -0.1 ; . . , —+-05
450 500 550 600 650 700 6o 02 04 06 08 10
Wavelength (nm) C[Au], 107" M
(c) (d)

Figure 2. Optical characteristics. (a) Absorption spectrum of water—Eth VO extract with Au NPs
of various concentrations C; =1 x 10719, C, =0. 75 x 10710, C3 = 0.5 x 10719, C4 = 0.25 x 10719,
Cs5 =0.125 x 10719 M. (b) Absorption spectrum of Au NPs in water (green curve) and in microemul-
sion (black curve), inset—SEM image of ablative Au NPs and size distributions. (¢) Luminescence
spectrum of water-Eth extract with Au NPs. (d) The dynamics of changes in the optical density and
luminescence intensity of the extract on the concentration of Au NPs in the AOT reverse micelles at a
wavelength of 480 nm.

As can be seen from Figure 2, the VO extract optical density spectrum had peaks at a
wavelength of 370, 420, and 525 nm. According to the literature data, these peaks corre-
spond to quercetin (370 and 420 nm) and cyanidine (525 nm) [42—44]. The optical density at
wavelengths of 420 and 525 nm increased with an increase in the Au NP concentration.

The optical density of a sample without Au NPs at a wavelength of 523 nm was 0.675,
and for a sample with a concentration of Cy, it was 0.892. Thus, the optical density gain
factor was 0.75. Figure 2b shows the absorption spectrum of ablative gold NPs in a water
solution and in a micellar AOT solution. The position of the maximum was located in
the region of 500-550 nm and indicates the presence of colloidal gold nanoparticles in the
solution after the laser ablation process. As can be seen from Figure 2b, the localization
of the plasmon maximum practically did not shift after incubation of Au NPs in the
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microemulsion. The inset of Figure 2b shows a SEM image of a gold NP cluster. As can be
seen from the figure, gold NPs had a spherical shape with the particle radius of 10 + 70 nm.
Size distribution of gold NPs in water and micellar solutions are also presented in Figure 2b
(inset). The average hydrodynamic radius of NPs obtained from the distributions was
r ~ 30 nm and it did not depend on the environment in which the gold nanoparticles were
located. Zeta-potentials for NPs were —15.65 &+ 0.11 and —25.26 £ 0.34 for water and
micellar solution without O, molecules, respectively. The zeta-potential reflects the degree
and nature of the interaction between gold nanoparticles and the dispersion medium. The
combination of these interactions determines the magnitude of the zeta-potential, and
consequently, the stability of hydrosols. The increase in the zeta-potential value can be
explained by an increase in the negative charge on the surface of nanoparticles due to the
adsorption of AOT anion molecules. Consequently, the electrostabilization of nanoparticles
will increase in the microemulsion and Au NPs with a large surface charge will be located
inside the micelles.

It can also be seen in Figure 2a,b that the VO extract and gold NPs absorption spec-
tral ranges coincided, therefore, the NP-doped VO extract’s optical density increase was
associated with spectral addition of the absorption ability of the extract molecules and
NPs. It should be noted that the VO extract luminescence spectra had up to 25% increase
in intensity when doped with gold NPs. The increase in the luminescence intensity of
the VO extracts was caused by the plasmon mechanism [31] of energy transfer from gold
NPs. An enhancement in the fluorescence of molecules located near the surface of metal
nanoparticles (metal-enhanced fluorescence, MEF) is observed when the plasmon resonance
wavelength coincides with the fluorophore excitation wavelength [28]. The physical essence
of such a process is based on the nonradiative dipole—dipole transfer of electromagnetic
energy between the nanoparticle and the unexcited and excited states of a closely spaced
molecule. Gold and silver nanoparticles are the most common MEF materials. The MEF
effect depends on the size and shape of the nanoparticles, the distance between the donor
and acceptor, the overlap integral of the plasmon resonance, and absorption spectra of the
fluorophore. In Figure 2a,b, it is shown that the absorption spectra of the extract molecules
and gold nanoparticles overlapped in the region of 500-600 nm, therefore, the probability
of energy transfer by the dipole—-dipole mechanism during resonant photoexcitation from
the gold nanoparticles to the extract molecule was rather high.

Furthermore, it was of interest to consider the dynamics of the absorption-luminescent
characteristics of the VO extract with gold NPs in a microemulsion (AOT in FA) and to
establish the possibility of plasmon energy transfer between gold NPs and luminescent
molecules of the VO extract (microemulsion). The results are shown in Figure 2d. The
optical density and luminescence intensity of the VO extract increased in the presence of
Au NPs. Let us consider the mechanism of plasmon enhancement in our system. Thus,
when metal nanoparticles are photoexcited, a part of the electromagnetic wave is absorbed.
This energy is lost by converting it into thermal energy. The scattered wave, together with
the incident wave, increases the local field at the locations of the molecules surrounding
the particle. This can lead to an additional increase in the intensity of the scattered light
and luminescence.

An increase in the probability of quantum transitions of an atom or molecule located
inside the resonator or near it (gold nanoparticle) leads to an increase in the number of
electronic transitions in the molecule, and consequently to an increase in the absorption
and emission of electromagnetic radiation by it. A high intensity field is created in the
resonating particle and in the near-field part of space. This means that molecules entering
this field will either be strongly perturbed (during light scattering) or excited (in the case
of luminescence). As a result, the intensity of the scattered or emitted light will increase.
Thus, in this paper, it was proven that the dependence of the optical density and intensity
of luminescence at the same angle slope of the lines (Figure 2d) on Au NP concentration
inside the AOT micelles is due to the NP plasmon amplification effect.
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Since the maximal enhancement of the VO extracts’ luminescence was observed at
the highest NP concentration (Figure 2c), further kinetic studies were carried out with this
concentration (C = Cs). In the next section, we present the study of saturated water—alcohol
VO extracts doped with gold NPs at a C5 = 101 M concentration in AOT micelles.

3.3. Optical Properties and Time-Resolved Spectroscopy of Oxygen-Saturated Microemulsions with
VO Extract and Gold Nanoparticles

In this part, the photonics of oxygen-saturated VO water-Eth extracts doped with Au
NPs in the AOT microemulsion were investigated. For this purpose, additional oxygen
saturation of the microemulsion with an extract and NPs (C = 1019 M) was carried out,
followed by the registration of absorption, luminescence, and kinetic decay curves at wave-
lengths of 530 nm (fast luminescence) and 680 nm (phosphorescence—T state deactivation).
The oxygen saturation process was performed by decomposition of hydrogen peroxide
when heated on a burner in the presence of a catalyst (platinum plate). The process oc-
curred with a constant stirring of the microemulsion by using a magnetic stirrer at 520 rpm
(Supplemental Materials). During complete decomposition of hydrogen peroxide contained
in 10 g of 3% peroxide solution (V = 10 mL), O, molecules in a volume of 105 mL at 20 °C
was released, enough to completely fill the space above the microemulsion. In the initial
state (before oxygen saturation), the partial pressure of oxygen was P%Z =1.013 x 10° - wo,
=0.213 x 10° (wo, = 0.21).

By applying Henry’s law, the following system of equations can be written:

0
Lol S Ty
SOZ = kP02 802 P02

where S%z and Sp, are the solubility of oxygen in the microemulsion (initial and after ad-
ditional oxygen saturation, respectively). Substituting the Pp, and POO2 values, we obtained
So,/ S%z =4.7. Thus, the O, concentration in the microemulsion increased 4.7 times at the partial
pressure of oxygen equal to atmospheric pressure. Assuming that S, (mic) = t-Sp, (oil), where
t is the coefficient of proportionality; So, (oil) denotes the oxygen solubility in oil; and Sp, (mic)
is the oxygen solubility in micelle, the last expression can be written as follows:

So,(mic)  So, (o)

SO - = SO 1 ~ 4.7
0, (mic)  Sg, (oil)

Thus, the oxygen concentration in the micelle also increased 4.7 times and was
C; =2 x 107* M at oxygen partial pressure equal to atmospheric pressure. Adjusting
the partial pressure of O, in the space above the microemulsion, different concentrations of
oxygen in micelles were created. The oxygen pressure in the space above the emulsion was
regulated by the reaction time (7) and the oxygen concentration. C[O;] grew linearly with
an increase in pressure: at Ty = 5 min—p; = 0.25 atm (C1[O,] =2 X 10~* M); at T, = 7 min—
pa = 0.65 atm (Co[O,] = 3.5 x 107% M); at 11 = 12 min—p3 = 1 atm (C3[O,] = 8.5 x 10~* M).
The process of oxygen oversaturation of the microemulsion led to the destruction of mi-
celles and the precipitation of a pink sediment. This was due to oxidative processes, leading
to the destruction of double bonds in the triglycerides of fatty acids (oil).

The optical density, luminescence intensity peak, and lifetime of VO extracts doped
with gold NPs at a wavelength of 480 nm (excited at 400 nm)) at various oxygen concentra-
tions are shown in Figure 3.
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Figure 3. Absorption spectra of microemulsion with Au NPs with oxygen C3[O;]—black curve,
VO microemulsion with Au nanoparticles (C = 10~1° M) without and with oxygen of different
concentrations (C; =2 x 1074 M, C; =3.5 x 107* M, C3 = 8.5 x 10~* M) (a). The dependences of
changes in luminescence intensity and luminescence lifetimes on oxygen concentrations at A = 480 nm
under photoexcitation with A = 400 nm (b).

As can be seen from Figure 3a, an increase in the optical density of the extract with
nanoparticles was observed with the oxygen concentration growing in micelles. Thus, at
the maximum oxygen concentration, the gain factor was 1.23.

From a comparison of Figures 2a and 3a, it can be seen that the recorded spectral increase
in the VO extract’s optical absorption density at a wavelength of 520 nm coincided with the
optical density of the gold NPs’ plasmon absorption. It is important to note that a feature of
the VO extract’s absorption density changed with an increase in the oxygen concentration in
the mixture at a constant concentration of NPs, which is represented by the absence of shape
changes and the absorption bands peaks’ spectral shift. The former means that the change in
the optical absorption density in the visible region of the spectrum is exclusively due to the
change concentrations of gold NPs. Thus, the total absorption spectra of VO with gold NPs
(Figures 2a and 3) proves the fact that the complexes of VO + Au NPs are stable and have the
corresponding absorption and luminescence properties only at certain oxygen concentrations.

At the same time, as a result of oxygen saturation of the microemulsion, there is a
change in the quenching efficiency of fast luminescence (Figure 3b, red curve), according to
Stern—Vollmer theory [23]:

= 1 k(0] = 1+ Ky[Q

The obtained Stern—Vollmer quenching constants determined from the /Iy vs. C[O;]
plot slope appeared to be Kj,,, = 0.96 x 10> M~! and 0.18 x 103 M~! for the VO extracts’
luminescence spectral and kinetic characteristics, respectively.

The experimental fast luminescence decay curves are shown in Figure 4a. Thus, the
lifetime of luminescence in the absence of oxygen molecules in the microemulsion was
2.47 ns, in the presence of oxygen, the lifetime decreased in the range of 0.64 + 0.38 ns.
Based on these data, the bimolecular quenching constant rate was k; ~ 3.8 x 1010 M~1s~1.
The order of magnitude of the quenching constant rate may indicate a dynamic quenching
mechanism [23], in which the quencher (oxygen) creates a complex VO + O with a lumines-
cent extract molecule in an excited state as a result of a sufficiently fast diffusion interaction
with a speed of ~10!° M~!s~!. This short-lived complex inside the micelle breaks down
rapidly, and all the absorbed energy of the electronic excitation of this complex, as a result
of intercombination conversion, passes to long-lived (triplet) states in the extract molecule
and to singlet-excited states (! Ag) in the oxygen molecule [45], which is rather important,
since it is the singlet states of oxygen (1A) that participate in photodynamic processes.
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Figure 4. (a) Kinetic decay curves of the luminescence from the VO extract microemulsion with Au
NPs (C=10"10M) ata wavelength of 420 nm under photoexcitation with wavelength of 400 nm at
different oxygen concentrations (Cy, Cp, C3), inset—without oxygen. (b) Kinetics decay of extract
molecule triplet states with Au NPs with oxygen of different concentrations (Cy, Cy, C3) registered
at a wavelength of 680 nm with photoexcitation of 530 nm (triplet states), inset—without oxygen.
C1=2%x10"*M,Cp=35x10"%*M,C3 =85 x 107* M.

At the same time, the linearity of the graph I/Iy vs. C[O,] (Figure 3b, black curve) in
the specified range of oxygen concentrations indicates the interaction of only one type of
luminescent molecule in the extract with oxygen molecules.

It is also important to note that the processes of plasmon enhancement and quenching
of luminescence with oxygen discussed above occurred in a micelle, therefore the radius
of action of these mechanisms is limited by the size of the micelle itself. The process of
extinguishing singlet states of extract molecules with oxygen occurs in the presence of gold
nanoparticles, the average radius of which is ~40 nm. Therefore, there is only one gold
nanoparticle located in the micelle. Taking into account the lifetime of luminescence and
the diffusion constant rate of oxygen molecules according to the Einstein-Smolukhovsky
equation [46]: x2 =2Dt; D = 1.5 x 102 cm? /s, where D denotes the diffusion coefficient
of the water—ethanol extract molecules; t = 0.38 x 10~? s is the lifetime fluorescence, it is
possible to estimate the size of the micelle. Thus, the diameter of the micelle was x~125 nm.
At the same time, according to the size distribution function of gold nanoparticles (Figure 2b,
insert), there were NPs with a radius of 10 - 70 nm in the hydrosole including a sufficiently
large quantity of NPs with a radius of 15-20 nm. As is well known, small particles are
susceptible to aggregation and cluster formation. Consequently, in one micelle, the clusters
consisting of smaller nanoparticles could also be located in addition to one particle with
r ~ 30 nm. Therefore, when a micelle with the extract and nanoparticles is photoexcited,
there is a total increase in the generation of plasmon energy from clusters, which makes an
additional contribution to the process of luminescence enhancement.

It should be noticed that the high value of the decay luminescence constant rate
(ks~3.8 x 101° M~1s71) in the VO + O, complexes may be due to two quenching types:
oxygen quenching and the possible appearance of radical reactions that will also quench
the molecular luminescence as well as accelerate the decay of VO with Au NPs under the
influence of oxygen molecules.

Consequently, it is possible to say that the process of luminescence plasmon enhance-
ment presented in the first part of the experimental work (Figure 2) can be partially de-
creased by the oxygen molecules as a result of dipole-dipole interactions and the exchange
interactions of radical reactions.

However, in order to establish this, it is necessary to study the extract molecules’
luminescence kinetics in the presence of the quenching dynamic of fast luminescence with
singlet oxygen generation processes. Moreover, the possibility of the extract molecules’
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complexation with oxygen molecules in long-lived states resulting in singlet oxygen state
formation should be investigated when identifying the presence of long-lived (triplet) states
in luminescent extract molecules (quercetine and cyanidine).

Figure 4b shows the decay kinetics of triplet states in extract molecules during the
changing oxygen concentration (C; =2 x 1074 M, C; =3.5 x 107* M, C3 =85 x 10~* M)
process in the presence at a constant concentration of gold NPs, C = 1071 M (or 2 x 1013 L71).

The decay curves were approximated by an exponential model:

I(t)y=A+ Bl-exp(:>
1

where A, B are the kinetic parameters.

It was found that the extract molecule had triplet states at a wavelength of 680 nm
with a lifetime of 3.5 microseconds, which increased up to ~8 ps in the presence of Au
NPs (inset Figure 4a). The mechanism of this increase was due to the fact that the lifetime
in the excited state of atoms and molecules significantly depends on the radius of the
nanoparticles and the distance to their surface [47,48]. As the emitting atoms and molecules
approach the nanoparticle, the probability of transition from the excited state, starting from
distances of the order of the size of this particle (rp, ~ 30 nm), increases. However, this
increase occurs not only due to an increase in the rate of radiation transitions, but also due
to the non-radiative relaxation of energy. As a result of non-radiative energy transfer by
the dipole-dipole mechanism, energy is accumulated at the long-lived (triplet) level of the
luminescent molecule.

Thus, the triplet states of VO molecules can create complexes with oxygen in the
excited (triplet) state (VO? + 30,)!35 as a result of quenching singlet states by the dynamic
quenching mechanism (see the previous section).

As a result of oxygen saturation of the microemulsion, a decrease in VO extract
phosphorescence lifetime was observed under photoexcitation with A = 530 nm. Thus,
the duration of long-lived (triplet) states decreased down to 7 ps, 6 ps, and 2 ps at the
oxygen concentrations C1[O;], C2[Oz], and C3[O3], respectively. Thus, the quenching of the
VO extracts” molecules long-lived states with the presence of NPs and molecular oxygen
was observed. The corresponding quenching rate constants of triplet states (k;7) could be
determined according to the following equation:

T Koo, ~ ko

G2 7
where kgc(oz) =1/ T\;O(Oz) and k\T,O =1/ T\Y;O; T\;O(OZ) u T\% are the lifetimes of the
VO molecules’ triplet states in the presence of oxygen and without oxygen, respectively.
By substituting obtained lifetime values to the previous equation, we obtained the value
kg =0.8 x 108 s~ (for C1[O;]). This value corresponded to the complexation constant of

the collision complex (VO3 + 30,) inside the reverse micelles in the presence of plasmon res-
onance energy transfer. With an O, concentration increase up to a C3 = 8.5 x 10~% M value, the
quenching constant rate of triplet states in (VO® +30,) complex was kg [0y] =45 x 1M 1.s L.
Depending on the efficiency of the electrostatic interaction between the T-excited state of
the VO molecule and the O, taking into account the formula: ké [0,] = 3kp, the diffusion

oxygen constant rate in micelles was kp = 7.2 x 108 M~1.s~! and kp = 40.5 x 108 M~1.s7!
for C1[O;] and C3[Oy], respectively. Thus, the VO extracts’ molecule triplet state quenching
rate constant grows with the increase in oxygen molecules and determines the rate of the
accumulation of excited states 1Ag in the oxygen molecule.

Thus, based on the results presented in this and the previous sections, it can be con-
cluded that the VO extracts’ molecules (quercetin and cyanidine) are capable of forming
photosensitive complexes with oxygen molecules. The excitation energy absorbed by these
complexes (530 nm, 400 nm) can transfer through excited levels in the O, molecule, pro-
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viding the emission of ! Ag-state phosphorescence, which is necessary for PDT. Additional
studies on the antioxidant activity of the extract are considered to be the confirmation that
flavonoids of the VO extract are active for photochemical reactions with oxygen. Based on
the photometric method representing the ability of binding molecules of the reactive radical
2,2-diphenyl-1-picrylhydrazyl (DPPH) with antioxidants, it was found that the optical
density of the studied sample of VO extract at a wavelength of 515 nm was 2.06 in terms of
equivalent (Trolox). It was also found that the presence of gold NPs of two different concen-
trations in the test solution led to an increase in the value up to 2.22 at Cp,, = 0.5 X 10719 M
and to 2.3 at Cay =1 x 10719 M. Thus, as an antioxidant, the flavonoids of the VO extract,
being a result of chemical reactions, are able to neutralize free radicals (such as superoxide
anions (O2°7), hydrogen peroxides (HyO,), hydroxyl radicals (OH®)) produced by oxida-
tive stress in cells. At the same time, under the influence of light of certain wavelengths of
the visible range, the optical properties of VO flavonoids can be enhanced as a result of the
plasmonic interaction of Au NPs, and the reactivity to complexation with O, molecules in-
creases (Figure 3). Thus, the complexation constant of a triplet-excited complex (VO? + 30,)
can reach a value of kg [05] = 4.5 x 108 M~1.s7! in the presence of plasmon energy of gold
NPs due to an increase in the duration of deactivation of triplet-excited extract molecules
as a result of plasmon resonance (530 nm) photoexcitation.

4. Conclusions

As a result of the spectral-kinetic study of water-Eth extracts of reverse micelles
with Viburnum opulus L. and gold nanoparticles (r ~ 40 nm) at various concentrations of
molecular oxygen, plasmon amplification of fluorescence and phosphorescence of VO was
studied for the first time. It was established that VO is a biologically active substance with
effective absorption and luminescent properties in the visible range due to the presence
of flavonoids. It was found that the extract molecules had triplet states at a wavelength
of 680 nm with a duration of 3.5 microseconds, which can be increased up to ~8 us in the
presence of Au NPs. The VO molecules’ triplet states can create complexes with oxygen in
the excited (triplet) state (VO® +305). It has been experimentally proven that the processes
of dynamic quenching of singlet-excited states of the extract molecules and the processes of
plasmon generation under stationary and pulsed excitation with a wavelength of 400 nm
were observed during the additional complexation process with oxygen molecules in
micelles. The constant rates of fluorescence decay of the extract with and without gold
NPs were determined at different oxygen concentrations. The singlet oxygen generation
constant rate of kp = 7.2 x 108 M~1.s~! was also determined at a constant concentration of
VO with gold NPs.

Thus, for the first time, an optical method was comprehensively developed for the
study of berries and extracts of Viburnum opulus L. in order to synthesize an effective singlet
oxygen generator in solution for its potential use in photodynamic processes with biological
and medical objects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10040130/s1, Scheme S1: The installation for oxygen
generation and additional saturation of the microemulsion (VO) with O,: 1—an oxygen generator
(a glass tube with a HyO; solution and Pt plate); 2—a microemulsion with dissolved oxygen; 3—
an air atmosphere with different partial pressure of Op; 4—an AOT micelle containing an water—
Eth extract of a Viburnum opulus L.; Figure S1. IR spectra: microemulsion without Au NPs (a);
microemulsion with Au NPs (b); microemulsion with oxygen molecules (c). Figure S2. Absorption
spectra: Au NPs in water solution; Au NPs in microemulsion; Au NPs in microemulsion with
oxygen molecules. Figure S3. Size distribution of gold nanoparticles in water solution (a); in
reverse micellar solution without oxygen molecules (b); and in reverse micellar solution with oxygen
molecules (c). Figure S4. Absorption spectra (a) and luminescence spectra (b) of microemulsions with
the VO extract and gold nanoparticles of various concentrations. Au nanoparticle concentrations:
Ci=1x10"19,C=075%x10"10, C3 =05 x 10710, C; = 0.25 x 10719, C5 = 0.125 x 10710 M.
Excitation wavelength was 400 nm. Table S1. The results of size distribution and zeta-potential
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measurements. Table S2: The results of antioxidant activity obtained by the amperometric method.
Table S3: The results of antioxidant activity obtained by the FRAP method. Table S4: The results
of antioxidant activity obtained by the DPPH method. Table S5: The results of antioxidant activity
obtained by the ABTS method.
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