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Plasmon-enhanced sensitization of singlet oxygen on silver island films

The influence of the plasmonic effect of silver island films on the absorption, fluorescence and long-term
luminescence of rose bengal in polyvinyl butyral films has been studied. Under the plasmon effect, the optical
density of the dye increased by 3.3 times, the fluorescence intensity by 8.5 times, and the long-lived
fluorescence and phosphorescence by 7.08 times and 10.21, respectively. It is shown that in the plasmon field
of metal nanoparticles, both an increase in the excitation rate and an increase in the rates of radiative decay of
excited singlet and triplet states occur. Phosphorescence of singlet oxygen with a lifetime of 86.46 us was
observed when excited in the absorption band of rose bengal. Based on the calculation of the quenching
constants of rose bengal phosphorescence by molecular oxygen molecules, it is shown that the plasmonic
effect enhances the energy transfer from dye triplets to oxygen molecules in collision complexes [Tps...3 %]
as a result of heteroannihilation. Subsequently, the triplet pair decomposes to form a singlet oxygen molecule
and a photosensitizer molecule in the ground state. The plasmonic effect of silver nanoparticles leads to an
increase in the generation of singlet oxygen by 4.8 times.

Keywords: singlet oxygen generation, silver island films, plasmon effect, phosphorescence, long-lived
fluorescence, photosensitizer, photodynamic therapy, molecular oxygen.

Introduction

Oncological diseases are a pressing problem both for Kazakhstan and the whole world. Over the past 20
years, the incidence of cancer has increased by 25% in our country. But the development of methods for di-
agnosing and treating the disease in the early stages reduced mortality by 33%.

One of the modern methods of cancer treatment is photodynamic therapy (PDT). The mechanism of
PDT is complex and not fully understood. There are two processes occurring in tumor tissue: the photody-
namic effect, sometimes called the photodynamic reaction, and the processes occurring in the tumor after its
completion, that is the process of destruction of cancer cells [1].

Three main components are involved in PDT: light, a photosensitizing drug (photosensitizer - PS) and
singlet oxygen O(*Ag) [2]. The effectiveness of PDT is determined mainly by the level of PS accumulation,
its localization in the cell and photochemical activity. This is due to the fact that in biosystems Oa(*Ag) is
quickly intercepted by amino acids and proteins and its lifetime is about 170-320 ns in the cytoplasm and
24-30 ns in the lipid phase of biomembranes. In cells containing many quenchers, the diffusion length of
O2(*Ag) does not exceed 10-20 nm [3]. Consequently, O,(*Ag) can only damage biological structures in the
immediate vicinity of photosensitizer molecules. Fluorescent microscopic studies have shown that PS mainly
accumulates in membrane structures (plasma membrane, mitochondrial membranes), therefore they are con-
sidered the most likely primary targets, the defeat of which leads to cell damage and death [4-7].
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Under the influence of a light quantum, O2(1Ag) is formed in the molecules of lipids, cell membrane
proteins and intracellular organelles, which breaks the atomic bonds in the molecule and begins translational
motion, moving in 1 ps to a distance of 50 A [8]. The chain of the molecule is broken and destroyed with the
formation of free radicals, which leads to damage to cell membranes. This process occurs within a few
minutes after the start of laser irradiation [9, 10].

When a photosensitizer molecule absorbs a light quantum, it transforms into an excited singlet state
(S1rs) and then into a long-lived triplet state (7rs) (reaction (1)). The transfer of energy from the PS in the
triplet state to the oxygen molecule O,(3%y") transforms it into the singlet state O2(*Ag) (reaction (2)). Excited
oxygen and photosensitizer molecules return to their original state and are able to enter into chemical reac-
tions. The entire cycle can be restarted after the arrival of a new quantum of light energy. After several cy-
cles, the photosensitizer “burns out” [11].

Sops + ho — S1ps — Tps (1)
Tes +°35 — [Tes 33y ]— Sops + 'Aq (2)

Intensive development of PDT requires the development of new generations of PS based on nano-
materials with better photostability and higher efficiency of O2(*Aq) generation, as well as ways to improve
the efficiency of existing ones [12—15]. For this purpose, the use of various types of metal nanoparticles and
the creation of metal-PS composites are being considered [13, 16-19].

For the first time, Geddes et al. [20] observed and investigated possible mechanisms of O,(*Ag) genera-
tion under the influence of metal nanoparticles (NPs). Since then, many attempts have been made to explain
this process. Many authors agree that a possible reason is an increase in the excitation rate as a result of an
increase in the electric field around metal nanostructures [17, 21]. Consequently, the rate of intersystem
crossing conversion (Sips — Tps) can be increased, which leads to increased energy transfer from PS mole-
cules in the excited triplet state to the surrounding oxygen molecules with the formation of O2(%A). Also, the
size and shape of silver clusters affect the performance of silver-enhanced O,(*Aq) generation [22].

The first fundamental studies were carried out on planar metal-photosensitizer systems [20]. Planar
plasmonic nanostructures for studying plasmon-enhanced O.(*Ag) generation are usually fabricated by
creating metal islands on a silicon or glass substrate. Metal islands can be synthesized using various
approaches.

Reference [16] reported that by changing the plasmonic coupling parameters, such as nanoparticle size
and shape, fluorophore/particle, and excitation wavelength of the coupling photosensitizer, the O,(*Ag) output
can be easily tuned.

Various approaches to control the distance between PS molecules and the surface of a metal substrate
on a nanometer scale made it possible to increase the generation of O,(*Ag) [23-25]. Firstly, this is due to the
nonlinear propagation of the electric field in the environment, where the maximum electric field is observed
at the surface of the metal and decreases exponentially with increasing distance from the surface. Secondly,
nonlinear nonradiative energy transfer from excited PS molecules to the metal surface has an inverse
relationship with the distance between the PS molecule and the metal surface [26].

For practical application of the planar metal- PS system, rigid glass and quartz substrates were replaced
with flexible silicone ones. NPs were first incorporated into silicone polymers, and then PS molecules were
sorbed on them. Silicone nanocomposites with NPs of various sizes have shown very effective antibacterial
properties [27-30].

One of the important requirements for PCs for their practical use in PDT is their water solubility [31].
In this case, an important factor in the study is the interaction between colloidal metal NPs and PS molecules
in solutions. PS molecules can be attached directly to the surface of metal NPs with their stabilizing
substance through either electrostatic interaction or covalent bonding. Methods for attaching various PS
molecules to metal NPs contained in various surfactant stabilizing substances, such as
cetyltrimethylammonium bromide [32-33], poly(ethylene glycol) [34], tetraoctylammonium bromide [35-
36], adenosine triphosphate [37], polyethyleneimine [38-39], was studied.

Metal NPs are mainly spherical gold and silver (AuNPs and AgNPs). But it is worth noting that the
shape of NPs is another key factor influencing on the generation of O,(*Ag), because it determines the en-
hanced electric field as well as the amount of energy transferred. For example, Mthethwa and Nyokong [40]
showed that Au nanobipyramids and Au nanorods (NRs) can enhance O(*A4) generation by 2-fold and 1.96-
fold, respectively. It is assumed that the asymmetric shape and anisotropy in the enhanced electric field
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around the metal NPs play a large role in the metal-enhanced O,(*Ag) generation [41]. Other studies have
also shown that Au nanorods have better O,(*Aq) enhancement performance compared to spherical
AUNPs [42]. Macia et al. [43] reported that silver nanocubes enhanced O(*A4) generation by rose bengal by
4 times. They concluded that the higher gain is due to the enhanced electric field at the sharp corners and
edges of the nanocube.

As in planar metal-PS systems, plasmon-enhanced generation of singlet oxygen in colloidal systems is
also distance dependent. To control the distance between PS molecules and metal NPs, silica and polymer
shells are synthesized. PS molecules can be attached to the surface of the dielectric electrostatically [44], co-
valently [43, 45] and/or embedded inside the dielectric [46, 47]. When photosensitizer molecules are incor-
porated inside a dielectric layer such as silica, the final nanostructure becomes more biocompatible (due to
the inertness of the dielectric layer) and has more potential for further modification (e.g. mesoporous silica
shell structure) for in vivo applications with less dark cytotoxicity, because the PS molecules are not directly
affected [48, 49]. When the PS molecules are attached to the surface of the dielectric layer through electro-
static interaction or covalent bonding, the distance between the PS and the metal nanoparticles is relatively
easier to control [50, 51].

Fundamental research by our group showed the influence of Ag and Au NPs on the spectral and lumi-
nescent properties of xanthene [52], polymethine [52, 53], indopolycarbocyanine [21] and other dyes. The
influence of the plasmonic effect of Ag nanoparticles (NPs) on singlet-singlet (S—S) and triplet-singlet (T-S)
energy transfer in the same donor-acceptor pair of organic molecules was studied [52, 54]. A mathematical
model was proposed that takes into account the influence of plasmonic nanoparticles on the deactivation of
excited states of molecules [21, 52-55]. The distance dependence of plasmon-enhanced fluorescence and
delayed luminescence of molecular planar nanostructures was also studied [55].

The purpose of this work is to study the process of enhancing the generation of singlet oxygen by dye
molecules adsorbed on silver island films (SIFs).

Experimental

To study the plasmonic effect on O,(*Ag) generation, SIFs substrates were prepared using the chemical
deposition method described in [52]. Then the films were annealed at 240°C for 30 min. According to scan-
ning electron microscope data (Mira 3LMU, Tescan), spherical islands with a size of 30-150 nm are uni-
formly distributed on the surface of the films (Fig. 1a). The broadened absorption spectra also indicate a
large scatter in the sizes of islands in films obtained by chemical deposition (Fig. 1b).

Figure 1. SEM image (a) and absorption spectrum (b) of SIFs obtained by chemical deposition onto a cover glass

Rose Bengal (BR) dye was chosen as a PS [56]. Films of polyvinyl butyral (PVB, Sigma Aldrich) with
a dye concentration of 5 * 10° M were obtained on the surface of clean cover glasses and SIFs using the
spin-coating method.

Absorption, fast and long-lived luminescence spectra were recorded using Cary 300 and Eclipse spec-
trometers (Agilent Technologies). Measurements of delayed fluorescence (DF) and phosphorescence (Phos)
of BR films were carried out using an Optistat DN vacuum cryostat (Oxford Instruments). The measure-
ments were carried out with changes in pressure in the cryostat.

8 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Plasmon-enhanced sensitization of...

The decay kinetics of long-lived luminescence was recorded with an FLS1000 spectrometer (Edinburgh
Instr.) with UV, Vis-PMT and NIR-PMT (Hamamatsu). Photoexcitation of the samples was carried out with
an LQ529 Nd:YAG laser (SolarLS) with an excitation wavelength of 532 nm.

Results and Discussion

Figure 2 shows the absorption, fluorescence, and long-lived emission spectra of BR on pure glass and
on SIFs. Optical density increased by 3.3 times on SIFs. The fluorescence intensity on SIFs increased by 8.5
times (Fig. 2a).

Figure 2. (a) Absorption (1,2) and fluorescence (3,4) spectra of BR in a PVB film on glass (1,3) and on SIFs (2,4);
(b) Long-lived emission spectra of BR on glass (1) and on SIFs (2) (Aex = 530 nm)

In the long-lived luminescence spectra of BR (Fig. 2b), two bands are observed: DF and Phos. The
maximum of DF is at 560 nm, and Phos is at 685 nm. In the presence of Ag NPs, the intensity of DF increas-
es by 7.08 times, and the intensity of Phos — by 10.21 (Table 1).

The Phos decay kinetics of BR on glass and on SIFs in air (curves 1) and in a degassed state at a pres-
sure in a cryostat of 10 mBar (curves 2) are presented in Figure 3. The lifetime of long-lived emission in the
presence of a plasmon decreases slightly for DF and Phos (Table 1). The observed increase in luminescence
intensity with a simultaneous reduction in the duration of long-lived luminescence of BR on SIFs is a conse-
guence of an increase in the rate of radiative decay [21, 55].
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Figure 3. Decay kinetics of BR Phos on glass (a) and on SIFs (b) with (1) oxygen and (2) without it (Aex = 530nm)
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Table 1
Intensity, lifetime of DF and Phos of BR at an air pressure in a cryostat of 10 mBar on glass and SIFs
(hex =530 nm)
On glass On SIFs Ul 7 %
lo, 0.€. To, MS l, 0.e. T, Mms
DF 33.41 0.85+0,1 236.49 0.81+0.1 7.08 0.95
Phos 40.06 0.80+0,1 408.82 0.78+0.1 10.21 0.98

The effect of oxygen concentration on DF and Phos in plasmon presence and without it was studied.
Figure 4 shows the dependences of the intensity of DF and Phos on the pressure in the cryostat. For DF
(curves 1, 2) on glass and on SIFs, an increase of the emission intensity up to 5 mBar is observed and then a
decrease. While the intensity of phosphorescence (curves 3, 4) decreases monotonically.

Figure 4. Dependence of the intensity of DF (1.2) and Phos (3.4) of BR on glass (2, 4) and on SIFs (1.3) on the pressure
in the cryostat (Aex = 530 nm, Areg = 560 nm for DF and Areg = 690nm for Phos)
The dependence of the DF intensity on the O; (32;) concentration (Fig. 4) is the result of singlet-

triplet annihilation (reaction (4)) between triplet-excited PS molecules and singlet oxygen molecules formed
after its sensitization by the PS (reaction (3)):

Tps+32g7—> [Tps...3297]—> Sops + lAg 3)
Tes+ "Ag — [Tps..."Ag]®— S1ps + 3Zy— Sops + >3y +hopre 4)
1Ag - 32g7+ hvenos (5)

where (3) is the reaction of singlet oxygen sensitization; (4) — singlet-triplet annihilation reaction; (5)
— singlet oxygen phosphorescence reaction.
At low oxygen concentrations, the number of triplet PSs is still sufficient for the formation of [7ps...

325] pairs, which, decaying with the formation of S; states of the PS, additionally generate its DF [57-59].

This leads to an increase in DF intensity. With increasing oxygen concentration, stronger quenching of PS
triplets occurs. As a result, the efficiency of both singlettriplet (4) and intrinsic (1) annihilation processes
decreases, which leads to a decrease in the intensity of PS luminescence.

Let's consider the effect of Ag NPs on the generation of singlet oxygen. Upon photoexcitation, phos-
phorescence of singlet oxygen was observed in the absorption band of the dye. O,(*A4) phosphorescence ki-
netic curves have two phases — rise and fall (Fig. 5) and can be approximated in accordance with the two-

exponential equation:
I(t)=1,|exp| — t —exp[—Lj
z-decay z-rise
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where |(t) — O2(*Ay) phosphorescence intensity per second, 1, — pre-exponential factor, and T ecay

u 7., — the time constants of the decay and rise phases [60].
The rise phase is determined by the rate of formation of singlet oxygen as a result of energy transfer

from BR triplets to O, (3Z§) , the decay phase is determined by the process of singlet oxygen deactivation.

Figure 5. Decay kinetics of singlet oxygen phosphorescence (Aeg = 1270 nm), sensitized with BR, on glass (1) and on
SIFs (2) at atmospheric pressure (Aex = 530 nm)

Under the influence of the plasmon effect, the generation of singlet oxygen increases by 4.8
times (Fig. 5, Table 2). Under the influence of plasmon, the duration of the rise and decay phases of O(*Ag)
phosphorescence decreased by 14% and 3%, respectively. The decrease of the lifetime of Ox(*Ag) phospho-
rescence is associated with an increase in the radiative transition Ay — 3%

Table 2
Effect of SIFs on the integral intensities and lifetime of singlet oxygen (Areg = 1270 nm) at atmospheric pressure
(hex = 530 Nm)
Se10* , 0.€. Trise, 1S Tdecay, 1S S/So Trise/ Trise 0 Tdecay/Tdecay 0
02(*Ag) on glass 7.77 12.40+0.93 86.46+1.1 - - -
0,(*Ag) on SIFs 1.63 10.61+2.31 84.23+2.44 4.8 0.86 0.97

From the data on the effect of oxygen concentration above the sample surface on the intensity of phos-
phorescence, the quenching constants were determined from the Stern-Volmer equation [61; 75]:

fon _ 4 +k, 7o - [Q]
—_— ‘r -
Lpn q-0 ,

where Ipn — intensity of Phos in the absence of O, Ipn — intensity of Phos in the presence of O, kq
— the quenching coefficient, To — the lifetime of Phos in the absence of O, and [Q1 — the concentration

of O..
Based on the Stern-VVolmer graphs, the quenching constants of BR phosphorescence by oxygen mole-

cules were calculated (Fig. 6). kq =499 102 c* for dye films on glass, and Kq =648 10? ¢ on SIFs.
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Figure 6. Stern-Volmer quenching constants of BR phosphorescence by O, molecules on glass (1) and on SIFs (2)

The obtained data indicate that the quenching of triplet BR molecules by molecular oxygen is enhanced
in the plasmon field. The plasmonic effect promotes the transfer of energy from dye triplets to oxygen mole-
cules in collision complexes [7rs...23] as a result of heteroannihilation. Subsequently, the triplet pair de-
composes to form a singlet oxygen molecule *Agand Sops.

Conclusions

The influence of the plasmonic effect of silver nanoparticles on the absorption, fluorescence and long-
term luminescence of BR in polyvinyl butyral films was studied. It was shown that in the plasmon field of
metal nanoparticles, both an increase in the excitation rate and an increase in the rates of radiative decay of
excited singlet and triplet states occur.

Phosphorescence of singlet oxygen with a lifetime of 86.46 us was observed upon excitation in the ab-
sorption band of the dye. It was shown that the plasmonic effect promotes the quenching of triplet dye mole-
cules by molecular oxygen. The intensity of the oxygen emission increased under the influence of the plas-
mon effect.
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E.I1. MenbmoBa, H.X. U6paes, H.JI. Ctpekann

Kymic apaaapbik Ka0bIpIIAKTAPAAFbI CHHIJIETTI OTTETiHiH
IUIA3MOHMEH KYIIEHTIIreH CeHCUONIN3alusACHI

Kywmic apanapik KaObIpImakTapAbIH IDIa3MOHBIK dCEPiHIH MOJIMBHHIIOYTHPAN KaOBIpIIaKTapbIHAAFBl OCHT A
payIIaHBIHBIH JKYThUTYbIHA, (IIyOpECHEHIHACHIHA JKOHE Y3aK Mep3iM/Ii JIFOMHHECIICHIIMSACHIHA 3Cepi 3epTTeN-
ni. I1ma3sMOHHBIH ocepiHeH OOSFBIIITHIH ONTHKAJBIK THIFBI3IBIFE 3,3 ece, QIyopecueHIns KapKbIHABUTBIFBI
8,5 ece, an Gasy ¢iayopecienuus meH docdopecuenims covikecinme 7,08 xone 10,21 ece ecti. Metamn
HaHOOOJIIEKTEPiHIH TUIa3MOH/BIK OpiCiH/e KO3y JKbUIIaMABIFBIHBIH KOFapbulaybl 1a, KO3FaH CHHIJIET MEeH
TPHUILIET KYWISPiHiH paAnanysuIbK bIABIPAY KbUIAMIBIFBIHBIH JIa )KOFapbUIaybl aHBIKTaIbl. benran payma-
HBIHBIH JKYTBUTY JKOJIAFBIHZA KO3FaH Ke3Jle eMip CYpy YakbIThl 86,46 MKC OOJIaTBIH CHHIJICTTI OTTEriHIiH
tdochopecuennumsacel  Oaiikanmel. beHranm paymaHbHBH —(OChHOPECHESHIUACHH MOJEKYNANBIK  OTTETi
MOJIEKyJIaNapbIMeH COHJIPY KOHCTAaHTaJapblH €CenTey Heri3iHje, MIa3MOHIBIK ocep IeTepOaHHUTHIALMS
HOTHIKECIH/IE COKTBIFBICY KerneHgepingeri [Toc...3%;] GOSFBINI TPUILIETTEPIHEH OTTETi MOJEKyJalaphiHa
SHEPTUSHBIH OepulyiH KyIIeWTyre BIKMal eTeTiHAiri kepcerinreH. KeWiHHeH Tpurier >kyObl BIObIpam,
CHHIJICTTI OTTETi MOJIEKYJAaChIH OHE HETi3Ti KyHaeri (poToCeHCHOMIMN3aToOp MOJEKyNachiH Ty3eni. Kywmic
HaHOOOIIIEKTePiHIH TUIA3MOH/IBIK dCepi CHHTIIETTI OTTETiHIH 4,8 ece KoOeloiHe OKeNesi.

Kinm ce30ep: CHHIIIETTI OTTETiHIH MCHEPAIHCHI, KYMIC apalibIK KaObIpIIaK, MIa3MOHIBIK acep, hocdopec-
teHuus1, 6asy diayopecueniys, GoToceHCHOUTM3aTOP, POTOJMHAMUKAIIBIK TEPAITHUsl, MOJICKYJIAIbIK OTTETI.
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E.I1. Mensmosa, H.X. U6paes, H.JI. Ctpekanb

Ilna3MoH-ycH/IeHHAs1 CECHCHOMIIN3ANMSA CHHIJIETHOI0 KHCJI0POAa HA OCTPOBKOBBIX
IUICHKaX cepedpa

HccnenoBano BiusiHAE IUIA3MOHHOTO 3()()eKTa OCTPOBKOBBIX INIEHOK cepebpa Ha IOTIIoIeHHe, (IyopecieH-
M0 U JUIMTENBHYIO JIFOMHHECIIEHIMIO OCHrajdbCKOH pO3bl B IUIGHKAX MOIMBHHMIOyTHpans. Ilon Bosneii-
CTBHEM IIIa3MOHA ONTHYECKas INIOTHOCTh KpacuTels Bo3pocia B 3,3 pa3a, HHTEHCUBHOCTb (IIyOpeCLeHIN
— B 8,5, a 3amemennoit Gpayopecuerunn u pochopecuenunu — B 7,08 u B 10,21 pas, coorBercTBeHHo. [To-
Ka3aHo, 4TO B IUIa3MOHHOM MO0JIE METAUIMYECKUX HAHOYACTHIL IPOUCXOJUT KaK yBEIMYCHHE CKOPOCTH BO3-
Oy>KIeHHs, TaK U POCT CKOPOCTEH pagnalMoOHHOTO pacmana Bo30yXKJEHHBIX CHHTJIETHBIX U TPUIUIETHBIX CO-
crostHui. [Ipy BO30yXIEHHM B IOJOCE MOIJIOMEHUs OCHTanbCKoil po3bl Halmopamack (ochopecreHIys
CHHTJIETHOTO KHCJIOpOJa CO BpeMeHeM Xu3HM 86.46 Mkc. Ha ocHOBe pacdera KoHCTaHT TymeHus gocdopec-
HEeHIMN OEHraJbcKOW PO3bI MOJEKYJIaMH MOJIEKYJSIPHOTO KHCIOPOAA MOKAa3aHO, YTO INIa3MOHHBIA 3(dekT
CIOCOOCTBYET YCHJICHHIO Iepeady SHEPIHU OT TPUIUIETOB KPACHTENS K MOJIEKYJIaM KHCJIOPOJA B KOMILUIEK-
cax cronkHoBeHus [Toc...325] B pe3ynbTare reTepOAHHATHISIMK. B MOCIEAYIONIEM TPHUILIETHAS Mapa pac-
nagaercs ¢ 00pa30BaHMEM MOJICKYJbI CHHIJIETHOTO KHMCJIOPOJa W MOJEKYNbl (JOTOCEHCHOMIM3aTopa B Oc-
HOBHOM COCTOSTHUH. [1na3MoHHBIH 3 ekt HaHOUacTHIl cepedpa MPUBOIMT K YBEIUYECHHIO TEHEPALMU CHH-
TJIETHOTO Kucioposa B 4,8 pasa.

Kntoueevie cnosa: reHepanus CHHIIIETHOTO KUCIOPO/Ia, OCTPOBKOBBIE TUIEHKH cepedpa, MIa3MOHHBIN 3 deKT,
(dbochopecuieHnus, 3ameyicHHAs QuIyopecieHIrs, (OTOCCHCHOMMU3aTop, (HOTOANHAMUYCCKAS TEpPAIHs,
MOJIEKYJISIPHBIN KUCIOPOI.
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