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Abstract
Introduction: Antimicrobial photodynamic therapy (aPDT) utilizes light-sensitive materials to inactivate pathogens. Indocyanine 
green (ICG) is an FDA-approved photosensitizer known for its effective photo-thermal and photo-chemical properties.

Aim: This study evaluates the efficacy of ICG-based aPDT in eliminating reactive species compared to methylene blue (MtB) using 
electron paramagnetic resonance (EPR) spectroscopy.

Materials and methods: Solid samples of ICG and MtB were prepared at 0.33% concentrations. Solutions were irradiated with lasers 
at 810 nm and 630 nm, respectively. EPR spectroscopy measured reactive oxygen species (ROS) and reactive nitrogen species (RNS). 
Spin-trapping agents assessed alkyl radicals, superoxide, and singlet oxygen.

Results: ICG demonstrated higher scavenging activity for ROS/RNS compared to MtB. Under PDT, ICG significantly enhanced the 
reduction of photooxidative stress markers in vitro.

Conclusions: ICG combined with aPDT is more effective than MtB in reducing ROS/RNS, indicating its potential for enhanced anti-
microbial applications.
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INTRODUCTION

Recent years have seen a rise in interest in the non-in-
vasive laser application for treating periodontal disease, 
pathogenic inactivation in blood, and inactivating fungal 
and viral infections. Antimicrobial photodynamic thera-

py (aPDT) uses light-sensitive materials (photosensitizers, 
PS) for local illumination of blood cells, tissue or tumor 
cells.[1,2] After the appropriate wavelength activation, the 
PS produce cytotoxic singlet oxygen (1О2), and also addi-
tional cytotoxic reactive oxygen (ROS) species, damaging 
cellular structures.[3] ROS damage microbial macromole-



ICG aPDT for Radical Species Elimination

877Folia Medica I 2024 I Vol. 66 I No. 6

cule membranes (membrane lipids, proteins, nucleic acids) 
leading to microbial death.[1-3] The PS-PDT has been re-
ported to locally activate ROS.[4] The highly reactive 1О2 
is the main aPDT activator, not only oxidatively damaging 
macromolecules, but also re-inducing drug resistance ac-
tivating cellular signal transduction.[1-4] The development 
and use of a suitable PS with high sensitivity to generat-
ed ROS, determines the therapeutic penetration and im-
proved antibacterial activity of aPDT.[5-7] PDT activates 
the ROS up-regulation and oxidative stress, and excessively 
increases lipid peroxidation, protein degradation and DNA 
malformations. Increased oxidative stress damage microbi-
al molecules such as proteins, membrane lipids, and nucleic 
acid, and causes microbial death.[1,3] 

The water-soluble polymethine, indocyanine green 
(ICG; 4,5-benzoindotricarbocyanine; molecular weight 
775  kDa) or cardio green, is approved by the Food and 
Drug Administration (FDA) and has been used in clinical 
therapy for over 30 years. As an anionic PS, ICG easily in-
teract with membranes. The ICG has a higher absorption 
peak (at ~800 nm) in comparison to conventional PS.[3,8] 
Importantly, the photothermal effect of ICG effectively ex-
cites electrons and transfers energy to generate ROS.‌[3,9] 
Rostami et al.[3] commented that ICG degradation is dif-
ficult, due to the amphiphilic molecule that promotes ex-
tensive self-aggregation at concentrations >10  μM, and 
aggregation alters chemical and photophysical properties. 
In addition, due to the combination of photothermal and 
photochemical effects, ICG is a suitable agent for effective 
elimination of endodontic pathogens from hard-to-reach 
and inaccessible places through low cytotoxicity and rap-
id bio-distribution.[3,9] In contrast, due to the ICG disad-
vantages in aqueous solution (instability, self-aggregation, 
non-targeting, non-specific proteins binding), free ICG 

cannot achieve the ideal PDT effect.[10] 
Electron spin resonance (ESR) methods are a novel ap-

proach for studying the short life-time of PDT-induced ROS 
and assessing oxidative stress in in vitro systems. The ESR 
methods provide detailed investigations of highly reactive 
singlet oxygen (1О2) and superoxide (•O2

−) radicals con-
centrations and conformational changes in the molecules 
after PDT (Fig. 1). In addition, the spin-probes use for the 
direct removal of unstable ROS is characterized by the short 
experimental duration and expresses the direct ROS accu-
mulation, involved in oxidative processes.[11,12] The molec-
ular mechanisms of PDT in detail are not fully understood. 
Moreover, the action of superoxide radicals (•O2

−) and sin-
glet oxygen (1O2), after the PDT application, is not fully un-
derstood, due to its short half-life and high reactivity.

AIM

In this paper, we tried to elucidate the PDT-induced mo-
lecular mechanisms after combination with ICG and meth-
ylene blue (MtB) (aqueous solutions) by the EPR, as a 
high-sensitivity method for detecting singlet oxygen (1O2), 
and superoxide (•O2

−) generation in vitro. 

MATERIALS AND METHODS 

PS preparation 

The solid samples of 0.08  ICG (0.33%; pure <98%; Fron-
tier Scientific™) and 0.08 mg/mL-1 MtB (0.33%; pure <98%, 
Valerus™), positive control, were mixed in distillated water 

Figure 1. Possible mechanism of indocyanine green (ICG) activity against highly reactive singlet oxygen 1О2 and superoxide •O2
− radi-

cals and, induced and reduced oxidative stress in in vitro systems.
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(di-Milli-Q), aluminum foil covered and stored in dark at 
22°C after 5 min ultra-sonication to avoid aggregation. The 
chosen concentrations of 0.08 mg/mL-1 for ICG and MtB 
are commonly utilized for clinical PDT activation in the 
oral cavity.

In vitro EPR analyses to detect 1O2 and 
•O2

−
 after PDT treatment 

The laser source (PDT) was a diode array laser from 
D-touch™, Syneron Lasers (Israel) emitting at 630–810 nm. 
The nominal energy was 0.1–0.5 W. The 0.08 mg/mL-1 ICG 
exposures was performed under wavelength of 810 nm, av-
erage power: 500 mW, beam diameter: 3.0 cm, and power 
density: 134  J/cm2. The 0.08  mg/mL-1 MtB exposure was 
performed under wavelength of 630  nm laser light (SIX 
Laser TSC™, Atlantis Lasers, Bulgaria), average power: at 
100 mW, beam diameter: 3.0 cm, and power density: 15 J/
cm2. The used laser tip was 400-micron fiber. Each solution 
sample was irradiated 60 seconds/dark at peak-to-peak 
power fluctuation (<0.2%) wavelengths. 

The EPR analyses (Bruker, X-band-EMXmicro) were 
employed to detect ROS and RNS generated radicals during 
the PS agent treatment at 23°C. 

ICG detection of alkyl radicals in vitro

A spin-trapping agent, 2,2’-azobis-2-methyl-propanaim-
idamide dichloride (AAPH, >97%) dissolved in phos-
phate buffered saline (PBS) (pH=7.4), at a 10 mM (100 µL) 
concentration was used directly to generate alkyl radicals 
in mixed with 0.08  mg/mL-1 ICG, 0.08  mg/mL-1 MtB; 
0.08 mg/mL-1 ICG + PDT and 0.08 mg/mL-1 MtB + PDT 
combinations, by stirring at 23°C, in either aerobic condi-
tions. Then, 60  µL, 0.1  mM N-tert-butyl-a-phenylnitrone 
(PBN) was added to the mixtures. After incubating at 40°C 
for 5 minutes in a water bath, the sample was examined 
triplicate at different time intervals, at 1, 3, 30, and 60 min, 
by center field 3513G, microwave power 2.05 mW, modula-
tion amplitude 10 G, five scans per sample.[13] 

ICG detection of superoxide (•O2
−) 

radicals in vitro

4-hydroxy-TEMPO (TEMPOL, >97%) dissolved in phos-
phate buffered saline (PBS) (pH=7.4), at a concentration 
of 0.2  mM was used directly to generate •O2 radicals in 
mixed with 0.08 mg/mL-1 ICG, 0.08 mg/mL-1 MtB and in 
combinations 0.08 mg/mL-1 ICG+PDT, 0.08 mg/mL-1 Mt-
B+PDT, by stirring at 23°C, in either aerobic conditions. 
Then, 50 µL, 0.2 mM TEMPOL was added to the mixtures. 
After incubating at 40°C for 5 minutes in a water bath, the 
sample was examined triplicate at different time intervals, 
at 1, 3, and 5 min, by center field 3513G, microwave power 
2.05 mW, modulation amplitude 10 G.[14] The PS effect in 
vitro was evaluated by the equation:
Scavenged TEMPOL/ O2

− = [I/Io]×100%,

where: Io – a double integrated plot of the TEMPOL/·O2
− 

adduct registered in the control; I – the double integrat-
ed plot of the TEMPOL/·O2

− spin adduct registered in the 
tested sample. 

ICG detection of singlet oxygen (1O2 ) in 
vitro

A spin-trapping agent, 50  µL, 0.08  mM 1,3-diphenyliso-
benzofuran (DPBF), dissolved in 2  mL ethanol was used 
directly to generate singlet oxygen (1O2) in mixtures with 
0.08 mg/mL-1 ICG, 0.08 mg/mL-1 MtB and in combinations 
0.08 mg/mL-1 ICG+PDT, 0.08 mg/mL-1 MtB+PDT, by stir-
ring at 23°C, in either aerobic conditions. The decrease 
in spectra intensity at the 630-810 nm wavelength corre-
sponds to the singlet oxygen 1O2 interaction with DPBF.[15] 

Statistical analysis

The remaining statistical analyses were performed using 
Statistica v. 7.0, (StaSoft, Inc., USA) and the results are giv-
en as mean ± standard error (SE). The EPR spectral pro-
cessing was performed using Win-EPR and Simfonia soft-
ware as averages of three replicates. Statistical analysis was 
performed using a one-way ANOVA and the Student t-test 
to determine differences, and p<0.05 value was considered 
statistically significant.

RESULTS AND DISCUSSION

In this study, the aqueous solution of indocyanine green 
(ICG) was selected as a sensitized dye, a non-toxic PS and 
amphiphilic polymer with high sensitivity for detecting 
PDT and PDT-induced reactive singlet oxygen (1О2) and 
superoxide (•O2

−) radical generation in vitro, respectively, 
and compared to use as standard methylene blue (MtB). 
ICG is the only FDA-approved dye with a broad absorption 
cross section of 10-16 cm-2. 

The non-toxic PS and low-intensity PDT is a combina-
tion which in aerobic conditions leads to toxic ROS devel-
opment and causes oxidative microorganisms death. In 
addition, ICG as a water-soluble, anionic tricarbocyanine, 
with 810  nm wavelengths, characterized by an enviable 
capacity to penetrate cells and biological tissues, has been 
studied in in vitro studies. PDT as ROS-mediated therapy 
have negligible toxicity and depends on the PS activity to 
convert O2 to singlet 1O2.[16-18] Therapeutic aPDT produc-
es a large amount of site-specific ROS (singlet 1O2, •O2

−, 
H2O2, and •OH) in the area exposed to the laser.[19] The 
singlet 1O2, as an important ROS activator, is generated by 
transferring energy from a sensitizer in a relatively long-
term triplet excited state to O2 in the ground state, while 
reduced species (•O2, H2O2, and •OH) are generated by 
hydrogen / electron transferring from a reductant to auto-
oxidation.[19,20] 
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ICG enhanced C-centered alkyl radicals 
scavenging, under PDT

Laser non-invasive application produces 1O2, •O2
−, H2O2, 

and •OH radicals, leading to the destruction of pathogenic 
microbes and cancer cells.[1,19] Girotti[19] commented on 
the fact, subjected to photooxidative stress, unsaturated 
membrane lipids are directly attacked by 1O2 or by reduced 
species in cells, i.e. the lipids are directly responsible for 
the PS amphiphilicity and its localization in the membrane 
bilayer. Subsequent reactions of oxidation potentially alter 
the structure and efficiency of the bound proteins, nucleic 
acids, and other active molecules. Non-invasive laser thera-
py activates membrane oxidation processes and re-activates 
various oxidative pathways, photooxidative stress also. This 
possibility highlights the need for PS to neutralize photoo-
xidative stress.[1,13,19] 

The alkyl radicals scavenging capacity after the PDT ap-
plication was verified by EPR spectroscopy in the presence 
of the AAPH-PBN spin-probe (Fig. 2). 

The samples containing MtB showed significant sig-
nal minimization in both probes, before (21.5%) and af-
ter PDT activation (27.1%); i.e. MtB minimally reduces 
AAPH-PBN-induced alkyl radicals and photooxidative 
stress, before PDT, and fails to suppress oxidative chang-
es after laser activation. Before laser activation, the signal 
observed for ICG probe was stable (g=2.0054±0.0001), 
within 30% to 42.7%, after 30-60 minute incubation pe-
riod (Fig. 2). As shown in Fig.  2, the laser activation of 
ICG probe proceeded with no changes in the recorded 
g-factor=2.0054±0.0001, showing significant AAPH-PBN 
scavenging and AAPH-PBN reduction, and a stable alkyl 

adduct signal (the spectra are not shown). Samples con-
taining ICG after 810 nm activation did not show a typical 
sextet signal, proving that ICG competitively scavenges and 
neutralizes AAPH-generated alkyl radicals. Compared to 
the initial AAPH-PBN as control (100%) and the laser in-
duction (69.4%), the maximum detected AAPH-PBN-spin 
adducts were in the range of 68.4% for ICG, after 810 nm. 
Therefore, the photodynamic activation of ICG showed 
high reproducibility, especially after incubation lasting 30 
minutes, followed by a sharp reduction of laser-activated 
oxidative changes, in vitro. Consistent with our observa-
tions, Alander et al.[21] commented that the ICG decompo-
sition is due to 1O2 and the 1O2 is immediately bound to the 
decomposition ICG-itself products; i.e. ICG with respect 
to clinical application can be used without photo-toxicity 
worry and 1O2 over-production. In this regard, C-centered 
alkyl radicals combined with oxygen can easily transform 
into alkyl radicals, and AAPH-PBN or the alkyl spin-ad-
duct, proves the C-centered alkyl radical formation in the 
laser activation[22,23], and the rapid alkyl radical reduction 
from ICG. Notably, ICG modulates the accumulated alkyl 
radicals and photooxidative stress, associated with the laser 
induction, and the maximum being directly dependent on 
time, at 30 minutes.

ICG enhanced superoxide (•O2
−) radicals 

and modest singlet oxygen (1O2) 
production, under PDT

Exogenous ROS production, in particular the oxygen-cen-
tered radicals •O2

− and •OH, damage biomolecules and 
induces inflammatory diseases through various oxida-

Figure 2. ICG and MtB formation of AAPH (AAPH-PBN probe) or alkyl spin-adducts accumulation in vitro, with and without PDT/ 
laser activation.
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tive mechanisms. PDT involves the ROS generation in 
the target tissue through a combination of O2, light, and 
PS agents. The photosensitizers absorb laser activation 
(650 nm-850 nm) and transfers electrons or electronic en-
ergy through two reaction mechanisms to produce ROS.[24] 
Types I and II reaction mechanisms involve charge transfer 
from the photosensitizer to the oxygen molecule, generat-
ing primarily ROS, as superoxide (•O2

−) or hydroxyl (•OH) 
radicals formation, or singlet oxygen (1O2) activation. The 
local photooxidative stress, produced by laser, produces 
ROS (in particular •O2

− radicals, i.e. activated spontaneous 
type I mechanism) in the illuminated tissue, while sparing 
normal cells.[24-26] The photosensitizers such as hydro-ICG 
are charged and membrane-impermeable molecules, and 
their physical characteristics are suitable for measuring in 
vitro extracellular ROS production.[24,25] 

Firstly, we investigated the ability of ICG and MtB to 
quantify the •O2

− and •OH radical in vitro (i.e. the proba-
bility of crossing over the type I) under PDT/ laser accumu-
lation, and its sensitivity was compared against spin-trap-
ping agents (Fig. 3). 

The •O2
− production formed on 810 nm laser accumula-

tion at 25°C of both photosensitizers was evaluated by using 
a highly selective method that involves the reduction to sta-
ble nitroxide radical, TEMPOL, which is easily detectable 
by EPR.[14] As expected, ICG solution containing TEMPOL 
resulted in the formation of an almost symmetrical, nearly 
equal-intensity three-lined spectrum, with relative peak-
to-peak ratio of 1:2:1, evidencing the free radical forma-
tion of the TEMPOL – •O2

−, with 16.3 G hyperfine splitting 
constants (spectra are not present). ICG solution under 
810 nm activation increased intensity of the triplet signal 
to 67.23%, at 1 minute incubation. The maximum detected 
TEMPOL spin-adducts as inhibited •O2

− production in the 
range of 70.92 %, show high reproducibility, at 3 minutes, 
and the results are comparable to laser non-activated ICG 
(Figs 2a, 2b). However, there were no significant differenc-

Figure 3. ICG and MtB formation of TEMPOL spin-adducts/ •O2
− accumulation in vitro, before (a) and after (b) PDT/ laser activation, 

at different tome intervals (1-5 min).

es between the MtB solution in both before and under laser 
illumination, on the 1-5 min incubation. The MtB solution 
showed weak signal and spectra minimization, confirmed 
the lower detecting accuracy to •O2

−. In addition, it indicat-
ed that the laser induction possessed the higher detecting 
accuracy of ICG solution and a wider range of •O2

− con-
centration (p<0.05), comparing to MtB solution. Martins 
et al.[27] noted that molecular O2 in aerobic conditions of 
samples preparation strongly affected on the formation of 
TEMPOL spin-adducts and additional •O2

− production. 
Therefore, we could conclude that at a short laser activa-
tion time all the produced •O2

− is completely consumed by 
ICG and residual photooxidative stress is suppressed.[28] In 
addition, it is reasonable to believe that in complex biosys-
tems, laser-activated ICG will reduce the overproduction of 
oxygen-centered radicals and possibly other pro-oxidants 
that may disable the therapeutic penetration and enhanced 
antibacterial activity of ICG+aPDT[28], but also generally 
reduce oxidative stress pathways. 

The DPBF photooxidation, involves different reactive 
oxygen formation, as bi-radicals, oxy-radicals and per-
oxy-radicals, and DPBF with PS interactions should be 
considered[15] through free radical deposition-induced 
mechanisms. Fig. 4 shows the ICG and MtB sensitivity to-
wards singlet oxygen (1O2) production assessed by using 
DPBF spin-trap, before and under laser activation (Figs 
4а, 4b), in vitro. The 1O2 concentration, scavenged by ICG 
was almost proportional to 810  nm PDT activation. The 
stable intensity of ICG spectra (spectra are not shown) un-
der 810 nm laser activation, and the significant decreasing 
1O2 concentration (87.04 % at 3 minutes) show that ICG 
possessed a high sensitivity and stable reduction towards 
1O2. MtB alone, and MtB  + laser activation showed sig-
nificantly weak spectra signal and spectra minimization, 
in both, before and under laser illumination, on the 1-5 
min (Figs 4a, 4b). The maximum 1O2 scavenging activity 
at MtB alone, and after photo-activation, were at region, 
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21.02% and 29.05% at 3 minutes, respectively. The results 
show that 0.08  mg/mL-1 ICG concentration combined 
with 810 nm laser irradiation has a wider detection range 
of 1O2 than MtB + laser activation, even at significantly 
low free-radical concentrations. Therefore, the photoac-
tivated ICG could function as singlet oxygen 1O2 probes 
(p<0.05), stops the formation of different oxy-, per-oxy, 
hydro-peroxy radicals; hydroxy polymer radical[15,27,29,30] 
and directly converts DPBF spin-adducts (Figs 4a, 4b). 
The photoactivated ICG work more accurately to stop the 
photo-oxidative degradation initiated by ROS compared to 
no photosensitizing MtB. In contrast, it is possible low light 
illumination to formatted 1O2 as dominant process, easily 
to convert into •O2

− [30] that reduces the formation of both, 
DPBF spin-adducts and PBN spin-adducts. Probably, our 
experiment supports the theory of oxygen-centered radical 
and 1O2 destruction, in vitro. Consistent with our fundings, 
Montazerabadi et al.[2] confirmed that when treating MCF-
7 human breast cancer cells line in the dark, no effect of 
ICG was confirmed, while increased cell survival occurred 
upon ICG photoactivation. As discussed previously[27,30,31], 
the reactive oxygen species reduction supports the thera-
peutic use in the context of PDT to control tissue growth or 
promoting tumor tissue cell death. 

Therefore, ICG as an electron-excited PS at 810  nm, 
localized in a lipid medium, directly binds and interacts 
with O2 molecules, produces •O2

– radicals and 1O2 radi-
cals, but at additional cellular mechanism neutralizes the 
residual production of alkoxyl and peroxyl radicals. In 
addition, ICG binds rapidly to plasma proteins (lipopro-
teins) without altering protein structures, which explains 
protein non-toxicity and immediate •O2

– radicals and 1O2 
uptake.[2,21,31,32] On the other hand, it has been comment-
ed that ICG changes its molecular structure – forms ag-
gregates, whose absorption properties vary depending on 
light intensities, temperature and dissolution time in a sol-

vent.‌[31,32] We assume that the photoactivated ICG achieved 
in vitro is under ideal conditions for the reaction system. 
We proposed that non-fading of ICG staining after 810 nm 
illumination, and maximum ROS scavenging effect occurs 
without structural changes in the PS molecule, without the 
aggregates formation and at optimal temperature.

CONCLUSIONS

In conclusion, the 0.08 mg/mL-1 ICG in combination with 
aPDT (810 nm), as a potential PS, showed optimal redox 
modulation of both, singlet oxygen 1O2 and •O2

– radicals, 
and photooxidative stress reduction. As we expected, our 
study has several limitations: 1) no optimal concentration 
of ICG is mentioned in the literature; 2) the maximum dose 
of PDT/laser activation is not specified; 3) the maximum 
incubation time is not provided. The findings of our re-
search may be a very good starting point for combined ra-
diotherapy and ICG-PDT applications, especially in future 
clinical applications; all mentioned factors, especially con-
centration – dose of ICG-PDT activation can be adjusted. 
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Резюме
Введение: Антимикробная фотодинамическая терапия (aPDT) использует светочувствительные материалы для инактивации 
патогенов. Индоцианин зелёный (ICG) - одобренный FDA фотосенсибилизатор, известный своими эффективными 
фототермическими и фотохимичес-кими свойствами.

Цель: В этом исследовании оценивается эффективность aPDT на основе ICG в устранении реактивных видов по сравнению 
с метиленовым синим (MtB) с использованием спектроско-пии электронного парамагнитного резонанса (EPR). 

Материалы и методы: Твёрдые образцы ICG и MtB были приготовлены в концентрации 0.33%. Растворы облучались 
лазерами с длиной волны 810 nm и 630 nm соответственно.  Спектроскопия EPR  измеряла активные формы кислорода (ROS) 
и активные формы азота (RNS). Спиновые ловушки оценивали алкильные радикалы, супероксид и синглетный кислород.

Результаты: ICG продемонстрировал более высокую активность по очистке ROS/RNS по сравнению с MtB. При PDT, ICG 
значительно усилил снижение маркеров фотоокислительного стресса in vitro.

Заключение: ICG в сочетании с aPDT более эффективен, чем MtB, в снижении ROS/RNS, что указывает на его потенциал 
для улучшенного антимикробного применения. 
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