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Abstract 

Introduction: Indocyanine green (ICG) is a clinically approved 

near-infrared fluorescent dye used in medical diagnostics, 

including vascular imaging, tissue perfusion assessment, and 

fluorescence-guided surgical procedures, and it has also been 

explored as a  photosensitizer in photochemical applications, 

where its activity is associated with photoinduced energy trans-

fer processes that can lead to the formation of reactive oxygen 

species, including singlet oxygen. The photophysical properties 

of ICG are strongly dependent on the microenvironment, and in 

aqueous systems the dye readily undergoes aggregation and 

photophysical degradation. Immobilization of ICG in saccha-

ride-based matrices represents a potential strategy to stabilize 

its optical response and preserve its photosensitizing activity. 

The aim of this study was to investigate the absorption, fluo-

rescence, and singlet oxygen generation of ICG immobilized in 

thin-film saccharide-based structures under surface-confined 

conditions. 

Methods: Thin-film samples were prepared by incorporating 

ICG into a simple saccharide-based matrix based on sucrose and 

corn syrup. Absorption and steady-state fluorescence spectra 

were recorded using UV–VIS and fluorescence spectroscopy, 

while singlet oxygen generation was evaluated by direct detec-

tion of its characteristic near-infrared phosphorescence using 

time-correlated single-photon counting (TCSPC). Measure-

ments were performed on six independently prepared samples 

with repeated acquisitions to ensure high reproducibility. 

Results: The ICG–saccharide-based films exhibited a stable ab-

sorption maximum at approximately 790 nm and a fluorescence 

maximum at 830 nm, with highly consistent spectral profiles 

across all samples. Importantly, a distinct singlet oxygen phos-

phorescence band in the 1260–1270 nm range was consistently 

observed, providing direct experimental evidence that immo-

bilization of ICG within thin saccharide-based films does not 

suppress its ability to generate singlet oxygen. The observed 

spectral features indicate effective stabilization of the dye and 

reduced aggregation-related quenching. 

Conclusions: Thin-film saccharide-based matrices provide 

a  simple and reproducible environment in which the charac-

teristic optical and photochemical properties of indocyanine 

green can be preserved under surface-confined conditions. 

The presented system should be regarded as a  surface-con-

fined model for photochemical investigations of immobilized 
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photosensitizers rather than a  direct surrogate of in vivo con-

ditions, where protein binding and biological selectivity govern 

ICG behavior.
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Introduction

Fluorescence is a process involving the absorption of a photon 

by a molecule followed by the emission of light of lower energy, 

resulting in a characteristic Stokes shift. Owing to their high sen-

sitivity and the possibility of selective detection, fluorescence 

methods constitute a key tool in chemical analysis, molecular bi-

ology, and medical diagnostics. The emission properties of flu-

orophores are strongly dependent on their environment, which 

means that changes in the surrounding matrix can significantly 

affect the character and intensity of the spectra [1-3].

One of the most commonly used fluorescent dyes is indocy-

anine green, which exhibits intense absorption and emission in 

the near-infrared region [4]. This dye has been used for many 

years in medical imaging, and its ability to generate reactive ox-

ygen species also makes it suitable as a photosensitizer in photo-

dynamic therapy (PDT) [5,6]. In the excited state, ICG can under-

go intersystem crossing to the triplet state and subsequently 

transfer energy to molecular oxygen, leading to the formation 

of singlet oxygen (¹O₂), which is crucial for the destruction of 

pathological tissues [6,7]. A major limitation of ICG, however, is 

its susceptibility to photodegradation and its tendency to ag-

gregate, which reduces fluorescence intensity and the efficien-

cy of ¹O₂ generation [8].

Indocyanine green is a hydrophilic dye that is readily soluble in 

water but can also dissolve in certain organic solvents. It exhibits 

strong light absorption at approximately 780 nm and emission 

in the 800–850 nm range, enabling its use in fluorescence imag-

ing and other near-infrared optical diagnostic techniques. ICG 

shows a tendency to aggregate in aqueous solutions, which may 

affect its optical properties. It belongs to the class of cyanine 

dyes, which are widely used in optics and spectroscopy due to 

their unique absorption and fluorescence characteristics [9].

Indocyanine green has long been applied in medical diagnos-

tics as a fluorescent dye. Thanks to its unique optical properties, 

it enables high-precision imaging of biological structures, while 

its near-infrared emission allows high-contrast visualization. Af-

ter administration into the body, ICG binds to plasma proteins, 

which determines its specific pharmacokinetic properties: fol-

lowing intravascular injection, it is distributed with the blood-

stream, subsequently taken up by the liver, and excreted into 

the bile. In addition, the photosensitizing properties of the dye 

allow its use in procedures based on the generation of reactive 

oxygen species, which is exploited in modern diagnostic and 

therapeutic techniques [10].

In oncological diagnostics, ICG is used for fluorescence visu-

alization of lymphatic drainage and sentinel lymph nodes as an 

alternative or complement to conventional sentinel lymph node 

biopsy procedures. Reports indicate high diagnostic effective-

ness, good visualization, and a  favorable safety profile of ICG; 

however, a  limitation remains the lack of selective labeling of 

cancer cells, which hinders direct assessment of metastases 

[11]. In liver surgery, ICG is applied for fluorescence visualization 

of bile ducts and selected hepatic lesions; the dye absorbs light 

in the near-infrared range and emits fluorescence at around 

830 nm, enabling intraoperative detection of certain lesions, al-

though the effectiveness of this technique decreases for deep-

er-located foci [12].

ICG is also used in the diagnosis of lymphatic drainage disor-

ders. Fluorescence lymphography with ICG enables real-time 

imaging of superficial lymph flow and may exhibit high sensitiv-

ity in detecting abnormalities of lymphatic vessels, particularly 

when combined with methods assessing changes in subcutane-

ous tissues [13]. In recent years, attention has also been drawn 

to the use of ICG fluorescence for intraoperative identification 

of parathyroid glands, which may improve surgical precision 

and limit the extent of procedures, although this method still 

requires further clinical studies and access to specialized imag-

ing equipment [14]. Furthermore, ICG fluorescence imaging is 

used to assess tissue microperfusion in real time across various 

surgical disciplines, potentially supporting intraoperative deci-

sion-making and monitoring the effectiveness of revasculariza-

tion procedures [15].

Indocyanine green can also act as a  photosensitizer in pho-

todynamic therapy, because after absorption of light (780–810 

nm) it transitions to an excited state and subsequently—via in-

tersystem crossing—to the triplet state, enabling energy trans-

fer to molecular oxygen and the generation of (¹O₂). Singlet oxy-

gen initiates processes leading to damage of cellular structures 

(including lipids, proteins, and DNA), ultimately resulting in the 

death of target cells [16]. Compared with classical photosensitiz-

ers (e.g., porphyrins or phthalocyanines), ICG is characterized by 

a lower quantum yield of ¹O₂ generation, which results, among 

other factors, from its susceptibility to photodegradation and 

limited efficiency of intersystem crossing. The literature indi-

cates that improvements in efficiency may be achieved by in-

creasing the stability and bioavailability of the dye, for example 

through conjugation with proteins or nanoparticles [17,18].

Photodynamic therapy is a treatment modality that employs 

a photosensitizer, light of an appropriate wavelength, and oxy-

gen present in tissues. Upon excitation of the photosensitizer, 

photochemical reactions are initiated that lead to the genera-

tion of reactive oxygen species, including singlet oxygen, which 

cause damage to cellular structures and death of target cells 
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[19]. Advances in nanotechnology and materials engineering 

promote improved selectivity and bioavailability of photosen-

sitizers, thereby increasing the effectiveness of PDT while lim-

iting toxicity to healthy tissues [20]. The PDT mechanism (Fig. 1) 

involves excitation of the photosensitizer to the singlet state, 

transition to the triplet state, and type I  and type II reactions 

leading to the generation of ROS and/or ¹O₂, which form the ba-

sis of the therapeutic effect [21-23].

Porphyrin- and phthalocyanine-based photosensitizers have 

demonstrated strong photodynamic efficacy in both oncolog-

ical and antimicrobial applications; however, their clinical use 

may in some cases be limited by absorption predominantly in 

the visible spectral range, shallow tissue penetration, prolonged 

skin photosensitivity, and complex pharmacokinetics [24-26].

In contrast, cyanine dyes represent an alternative class of 

photosensitizers that operate in the near-infrared (NIR) optical 

window, where light penetration in biological tissues is signifi-

cantly enhanced. Among them, indocyanine green (ICG) is of 

particular interest due to its long-standing clinical approval, 

favorable safety profile, and well-established use in fluores-

cence-guided diagnostics [27-28]. In addition to its imaging ca-

pabilities, ICG can act as a photosensitizer by undergoing inter-

system crossing and transferring energy to molecular oxygen, 

resulting in singlet oxygen generation, which enables its appli-

cation in photodynamic therapy [27-29].

Although the intrinsic singlet oxygen quantum yield of 

ICG is generally lower than that of porphyrin- or phthalocya-

nine-based photosensitizers, its unique combination of near-in-

frared absorption, rapid systemic clearance, and theranostic 

potential distinguishing it from many porphyrin- and phtha-

locyanine-based PDT photosensitizers [27,28]. Importantly, 

numerous studies indicate that the photophysical limitations 

of ICG—such as aggregation, photodegradation, and reduced 

intersystem crossing efficiency—can be mitigated through ap-

propriate stabilization strategies, including incorporation into 

polymeric, nanoparticulate, or biopolymeric matrices [28,29]. 

These approaches not only improve the stability of ICG but also 

support its continued ability to generate singlet oxygen, there-

by justifying further investigation of immobilized ICG systems. 

A concise comparison of representative photosensitizer classes 

commonly used in photodynamic therapy is provided in Table 

1 to place indocyanine green in the broader context of estab-

lished PDT agents and to clarify the rationale for its selection in 

this study, particularly with respect to near-infrared absorption, 

tissue penetration, and suitability for surface immobilization.

In the context of PDT, an important advantage of ICG is the 

possibility of simultaneously monitoring its distribution via 

near-infrared fluorescence, which supports real-time guid-

ance in photoactivated procedures. Research on the applica-

tion of ICG in photodynamic and photothermal concepts also 

Fig. 1 Schematic illustration of the photophysical and photochemical pathways relevant to photodynamic action: excitation of the photosensitizer (PS) to the singlet excited 

state (PS*), intersystem crossing to the triplet state (³PS*), and subsequent type I and type II photochemical pathways involving molecular oxygen, leading to the formation 

of reactive oxygen species (ROS) and singlet oxygen (¹O₂). In this study, singlet oxygen formation was evaluated by direct detection of its characteristic phosphorescence in 

the 1260–1270 nm range. PS, photosensitizer; PS*, excited singlet state; ³PS*, excited triplet state; O₂, molecular oxygen; ¹O₂, singlet oxygen; ROS, reactive oxygen species.

Source: Own elaboration.

Table 1 Comparison of selected photosensitizer classes used in photodynamic therapy

Photosensitizer 
class Main absorption range Singlet oxygen  

generation
Tissue 

penetration Clinical status Key limitations

Porphyrins Visible (400–650 nm) High Low–moderate Clinical / preclinical Skin photosensitivity, slow clearance

Chlorins Visible–red (600–700 nm) High Moderate Preclinical / clinical Limited NIR absorption

Phthalocyanines Red (650–700 nm) High Moderate Preclinical Poor solubility, aggregation

Cyanine dyes (ICG) Near-infrared (750–810 nm) Moderate High Clinically approved Aggregation, photodegradation

Source: Own elaboration.
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enables the formation of three-dimensional networks that sta-

bilize bioactive molecules [40,41]. In the context of photochem-

istry, they play a  particularly important role as matrices that 

restrict fluorophore mobility, prevent aggregation, and modify 

microenvironmental properties such as polarity, viscosity, and 

oxygen availability [42,43]. All of these factors influence fluo-

rescence intensity, intersystem crossing efficiency, and the ef-

fectiveness of singlet oxygen generation [44,45]. Moreover, ow-

ing to their biocompatibility and non-toxicity, polysaccharides 

constitute an attractive platform for biomedical applications, 

including the design of therapeutic materials and drug delivery 

systems [42,46].

Thin-film saccharide-based surfaces were selected as model 

matrices due to their favorable physicochemical properties and 

relevance to biomedical applications. Compared with bulk hy-

drogels or solution-based systems, thin films provide uniform 

light penetration, efficient oxygen diffusion, and direct optical 

access to immobilized photosensitizers, which are critical fac-

tors for photodynamic processes dependent on light–matter 

interactions and singlet oxygen generation [47]. Surface-con-

fined systems also enable improved control over dye aggrega-

tion, spatial distribution, and photostability in comparison with 

dispersed carriers.

Importantly, the aim of the present study is not to reproduce 

biological environments or to optimize clinical photodynamic 

therapy performance, but to establish a simplified surface-con-

fined photophysical model enabling controlled investigation of 

dye–matrix interactions and singlet oxygen generation under 

well-defined non-biological conditions.

Polysaccharides are particularly attractive materials for the 

fabrication of such thin-film structures owing to their natu-

ral origin, biocompatibility, non-toxicity, and ability to form 

hydrogen-bonded networks that stabilize photoactive com-

pounds. Numerous studies have demonstrated that polysac-

charide-based hydrogels and films can effectively host photo-

sensitizers, including porphyrins and related compounds, while 

preserving their photophysical activity and enabling controlled 

photodynamic action [48,49]. 

Importantly, the present work employs a simplified low-mo-

lecular-weight saccharide-based system rather than true 

high-molecular-weight polysaccharides. These materials nev-

ertheless provide a  useful conceptual framework for under-

standing matrix-induced stabilization effects. Moreover, car-

bohydrate-based matrices reported in the literature are highly 

relevant for medical and photodynamic applications, as they 

can be integrated into surface-based platforms such as coat-

ings, wound dressings, and light-activated therapeutic materi-

als [49–51].

In this context, thin-film saccharide-based matrices consti-

tute a  simplified yet application-oriented model system for 

investigating the photophysical behavior and singlet oxygen 

generation of immobilized photosensitizers under surface-con-

fined conditions.

includes strategies aimed at improving its stability, for example 

through association with carriers such as liposomes, polymers, 

or nanoparticles, with the goal of enhancing performance and 

controlling local availability [30-32].

Indocyanine green is a near-infrared cyanine dye whose pho-

tophysical behavior strongly depends on its molecular environ-

ment. Its extended conjugated polymethine system and amphi-

philic character promote aggregation and photodegradation 

in aqueous media, which can significantly limit photodynamic 

efficiency. These properties have motivated the development 

of stabilization strategies based on immobilization in polymeric 

and biopolymeric matrices.

In order to reduce photodegradation and aggregation of in-

docyanine green, its stabilization on various surfaces and within 

polymer matrices has been investigated. These systems create 

a  hydrophilic microenvironment that favors the preservation 

of the photophysical properties of the dye. It has been shown 

that immobilization of ICG in thermosensitive hydrogels allows 

retention of its characteristic near-infrared absorption and flu-

orescence, as well as effective utilization of its photothermal 

and photodynamic properties in postoperative therapies and 

tissue markers [33,34]. Similar effects have been achieved in 

composite polymer and silk fibers, where incorporation of ICG 

into fibrillar structures resulted in a stable fluorescence signal 

and controlled photothermal interactions [35,36]. Functional 

stabilization of ICG has also been observed in natural protein 

matrices, such as gelatin, in which the dye retained its ability to 

absorb NIR radiation and convert light energy into heat, finding 

application in photothermal therapies and tumor microenvi-

ronment–responsive systems [37]. Moreover, hybrid hydrogels 

based on yeast cell wall components have demonstrated that 

appropriately designed biopolymer matrices can effectively 

protect ICG and enable its use in combination therapies that 

integrate photothermal effects with immunological responses 

[38]. These examples confirm that soft, biocompatible polymer-

ic and biopolymeric surfaces constitute effective environments 

for stabilizing ICG while preserving its key optical and photo-

chemical properties.

Among the matrices reported in the literature for stabilizing 

indocyanine green, particular attention has been paid to polysac-

charides, which are natural biopolymers with diverse structures 

and physicochemical properties. Their use as immobilizing matri-

ces allows improvement of the stability and photophysical prop-

erties of ICG. Polysaccharides are natural biopolymers composed 

of monosaccharide units linked by glycosidic bonds. They may 

occur in linear or branched forms, and their structure—depend-

ing on the type of bonds, degree of branching, and presence of 

functional groups—confers a  wide range of physicochemical 

properties [39]. Important representatives include homopoly-

saccharides such as cellulose, starch, and glycogen, as well as 

heteropolysaccharides such as heparin and hyaluronic acid.

In living organisms, polysaccharides fulfill structural, storage, 

and regulatory functions, and their macromolecular nature 
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Despite the growing interest in ICG systems embedded in 

biopolymers, detailed studies describing the influence of sim-

ple saccharide-based matrices- such as sucrose mixtures, sugar 

syrups, or colloidal structures - on the spectral and photochem-

ical properties of ICG are still lacking. Understanding these re-

lationships is crucial both from the perspective of fundamental 

photophysics and potential practical applications.

The aim of the present study was not to reproduce biological 

environments or to evaluate clinical photodynamic therapy per-

formance, but rather to investigate the photophysical behavior 

of immobilized indocyanine green in a  simplified surface-con-

fined model system. In addition, the ability to generate singlet 

oxygen in ICG–saccharide-based systems was investigated, and 

the extent to which matrix microstructure affects the efficiency 

of this process was evaluated. The results provide new insights 

into dye–biopolymer interactions and may contribute to the de-

sign of stable and functional materials for optical imaging and 

photodynamic therapy.

The proposed saccharide-based model system enables in-

vestigation of indocyanine green photophysics and singlet ox-

ygen generation under surface-confined conditions, providing 

insight into dye behavior at solid–liquid interfaces that cannot 

be obtained from bulk solution studies.

Materials and Methods

The samples were prepared using 59.1 mg of sucrose (Merck, 

Darmstadt, Germany), 44.36 mL of deionized water, 27.5 mL 

of white corn syrup obtained from corn starch (Corn Syrup®, 

Korea), and 3 mg of the dye indocyanine green (ROTH®, Ger-

many). Standard laboratory equipment was used for solution 

preparation, including a  250 mL glass beaker, a  glass stirring 

rod, a magnetic stir bar (1 cm × 0.5 cm) with an AREC.X heating 

magnetic stirrer (Velp Scientifica), as well as a laboratory spatu-

la, weighing boat, analytical balance, pipette, microscope slide, 

and a  quartz cuvette intended for spectrophotometric mea-

surements.

Sugars and solvents (sucrose, water, and corn syrup) were 

transferred to a  250 mL beaker to obtain a  final volume of 

132.9 mL. The mixture was homogenized using a magnetic stirrer 

for 10 min. Subsequently, 3 mg of indocyanine green was weighed 

on an analytical balance and gradually added to the mixture un-

der continuous stirring until a uniform coloration was obtained. 

To evaluate the influence of dye concentration on the spectral re-

sponse, additional mixtures containing 2 mg and 1 mg of ICG were 

initially prepared. These lower concentrations produced signifi-

cantly weaker fluorescence and singlet oxygen signals under the 

applied experimental conditions, which limited reliable detec-

tion using the available instrumentation. Therefore, the detailed 

spectroscopic analysis presented in this work was performed us-

ing samples containing 3 mg of ICG, which provided an adequate 

signal-to-noise ratio. It should be noted that this concentration 

was selected primarily for experimental detectability rather than 

to reproduce clinically used ICG concentrations. A small amount 

of the solution was placed on a microscope slide and left to thick-

en for one week under aluminum foil protection. Additional por-

tions of the liquid sample were transferred to a quartz cuvette for 

absorption and fluorescence analysis.

Thickness evaluation and optical inspection of the prepared 

saccharide-based film were performed using an Olympus BX51 

fluorescence microscope. The approximate average thickness 

of the formed saccharide-based coating was about 0.5 mm, 

as determined from calibrated optical measurements. The 

BX51 is a  research-grade upright optical microscope designed 

for bright-field, fluorescence, and transmitted-light imaging, 

equipped with high numerical aperture objectives and modu-

lar fluorescence illumination. The system enables precise visu-

alization of sample morphology and dimensional assessment 

through calibrated optical imaging. Microscopic observations 

were carried out under transmitted-light conditions. The film 

formed directly on the microscope slide was additionally used 

for qualitative assessment of surface morphology and thickness 

estimation, allowing evaluation of the geometric characteristics 

of the investigated model system [52].

Absorbance spectra were recorded using an Agilent Cary 60 

UV–VIS spectrophotometer. This is an advanced analytical instru-

ment designed for measuring radiation absorption in the ultravio-

let and visible ranges, covering wavelengths from 190 to 1100 nm. 

The instrument employs a long-life xenon lamp as the light source, 

providing high signal stability and good measurement reproduc-

ibility. The spectral resolution of the device is 1.5 nm, enabling 

precise identification of absorption bands of the investigated 

compounds. The operating principle of the spectrophotometer is 

based on the Beer–Lambert law, according to which absorbance is 

proportional to the concentration of the substance and the opti-

cal path length [53,54]. To improve signal stability, the thickened 

material deposited on a microscope slide was placed close to the 

light source inside the measurement chamber.

Fluorescence emission spectra were obtained using an Agi-

lent Cary Eclipse fluorescence spectrometer. This instrument 

enables fluorescence measurements over excitation and emis-

sion wavelength ranges from 200 to 900 nm, with a  spectral 

resolution of 1.5 nm. A  xenon lamp serves as the excitation 

light source, characterized by high stability and emission inten-

sity. The Cary Eclipse allows rapid wavelength switching (below 

0.1 s), enabling dynamic spectral scanning and analysis of photo-

physical processes. Fluorescence measurements involve record-

ing the intensity of light emitted by the sample after excitation, 

with emission intensity being proportional to the fluorophore 

concentration in the sample [55]. Due to geometric limitations 

of the solid-sample holder, liquid aliquots of the mixture were 

analyzed in a quartz cuvette.

Time-resolved fluorescence measurements and analyses of 

singlet oxygen generation were performed using a  FluoTime 

300 spectrometer operating in the time-correlated single-pho-

ton counting (TCSPC) mode. This system is a  fully automated, 
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high-sensitivity fluorescence spectrometer that enables record-

ing of fluorescence and phosphorescence lifetimes with tempo-

ral resolution reaching the picosecond range. The instrument is 

equipped with advanced measurement optics, Czerny–Turner 

monochromators, and highly sensitive photomultiplier detec-

tors, allowing precise analysis of emission over a wide spectral 

range. The detection system enables registration of very low-in-

tensity signals, including the characteristic phosphorescence of 

singlet oxygen in the region of approximately 1270 nm [56-58].

The generation of singlet oxygen by ICG was evaluated us-

ing 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) 

as a chemical probe. ABDA reacts selectively with singlet oxy-

gen, leading to a progressive decrease in its absorbance at 380 

nm, which was monitored during irradiation. Since indocyanine 

green is known to undergo photooxidative degradation upon 

interaction with singlet oxygen, effectively acting as a self-sen-

sitized trap, the decrease in ABDA absorbance was used as an 

indirect measure of singlet oxygen production.

Measurements were performed for ICG dissolved in water 

and compared with a reference photosensitizer, methylene blue 

(MB), characterized by a known singlet oxygen quantum yield:

	 ΦΔstd (MB) = 0.52.

Under conditions where the concentration of ABDA is sig-

nificantly lower than that of dissolved oxygen and irradiation 

intensity remains constant, the reaction can be treated as pseu-

do-first-order with respect to ABDA concentration. In this ap-

proach, A₀ represents the initial absorbance of ABDA at 380 nm 

prior to irradiation, while At denotes the absorbance measured 

after irradiation time t. Because absorbance is directly propor-

tional to ABDA concentration according to the Beer–Lambert 

law, the decrease in absorbance can be described using the inte-

grated first-order rate Equation (1):

	 ln( 0

t

A

A
) = k · t,	 (1)

Linear regression analysis of ln( 0

t

A

A
)  versus irradiation time 

provided the rate constants:

	 kstd (MB) = 0.00467 s–¹

	 kICG = 0.00015 s–¹.

The singlet oxygen quantum yield (ΦΔ) of ICG was determined 

using a  relative method based on comparison with the refer-

ence photosensitizer. The quantum yield was calculated accord-

ing to Equation (2):

	 ΦΔ(ICG) = ΦΔstd · (kICG / kstd),	 (2)

where ΦΔstd is the singlet oxygen quantum yield of methylene 

blue, and kICG and kstd correspond to the pseudo-first-order rate 

constants obtained under identical experimental conditions for 

ICG and MB, respectively.

Assuming identical absorbance at the excitation wavelength 

for both photosensitizers (Aex ≈ 0.1), the light absorption 

correction factor cancels out, allowing direct comparison of the 

rate constants.

Substituting the experimentally obtained values into Equa-

tion (2) gives:

	 ΦΔ(ICG) = 0.52 × (
0.00015 
0.00467

)	 (3)

which yields:

	 ΦΔ(ICG) = 0.0167 	 (4)

Thus, the singlet oxygen quantum yield of ICG in aqueous 

solution was estimated as:

	 ΦΔ ≈ 0.017 (≈ 1.6%).

It should be emphasized that the above quantum yield value 

represents the intrinsic singlet oxygen generation efficiency of 

ICG in aqueous solution under standard reference conditions. 

The ABDA assay was not intended to quantify singlet oxygen 

production within the saccharide-based thin-film matrix, but 

rather to provide a comparative photochemical baseline inde-

pendent of matrix effects. Evaluation of singlet oxygen for-

mation in the surface-confined saccharide-based system was 

performed separately by direct detection of its characteristic 

phosphorescence at approximately 1270 nm using TCSPC mea-

surements.

All measurements were performed for six independently pre-

pared samples, each of which was analyzed multiple times. The 

obtained spectra exhibited high reproducibility, confirming the 

stability of the applied sample preparation procedure and the 

reliability of the measurement methods used.

Results

To ensure the reliability and reproducibility of the results, measure-

ments were performed for six independently prepared samples. 

Each sample was subjected to multiple measurement analyses, 

which demonstrated high consistency of the obtained data. The 

recorded spectra exhibited nearly identical profiles and reproduc-

ible positions of the emission maximum, confirming the stability of 

the experimental system and the reliability of the applied method-

ology. Representative plots illustrating the characteristic results 

obtained during the measurements are presented below.

From the collected series of results, the plots shown as fig-

ures 2 and 3 were generated. Figure 2 presents the dependence 

of absorption of the saccharide-based matrix containing ICG on 

wavelength.

The presented graph illustrates the absorption spectrum 

of a  solution containing indocyanine green, a  fluorescent dye 

widely used in medicine and molecular biology. The character-

istic shape of the absorption curve reflects the unique spectral 

properties of this compound, which are crucial for its diagnostic 

and therapeutic applications.

The observed absorption profile shows a  distinct mini-

mum at shorter wavelengths, followed by a  gradual increase 
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in absorption toward the near-infrared region. In this range, 

a pronounced absorption maximum is visible at a wavelength of 

approximately 790 nm. This value is slightly shifted relative to 

the absorption maximum of pure indocyanine green in aqueous 

solution, which according to the literature typically occurs at 

around 780 nm. Owing to its ability to absorb and emit radia-

tion in the NIR region, ICG is used, among others, in fluorescence 

angiography, intraoperative monitoring of tissue perfusion, and 

modern cancer imaging techniques.

The ability to selectively absorb and emit light in the near-in-

frared range makes ICG an exceptionally useful optical contrast 

agent, enabling noninvasive visualization of biological struc-

tures with high precision. As a result, it plays a key role in med-

ical imaging techniques, combining high detection sensitivity 

with a  favorable safety profile in clinical applications. Figure 

3 presents changes in fluorescence intensity as a  function of 

wavelength for the saccharide-based matrix containing ICG.

The steady-state fluorescence emission spectrum of indo-

cyanine green incorporated into the saccharide-based matrix 

is presented in Figure 3. The spectrum exhibits a  pronounced 

emission band in the near-infrared region, with the fluorescence 

maximum observed at λmax = 826 nm. Minor fluctuations in the 

spectral trace are attributed to instrumental noise and baseline 

correction effects at low signal intensity. This value is consistent 

with the characteristic near-infrared emission of indocyanine 

green reported in the literature and reflects the influence of 

the saccharide-based environment on the spectral position of 

the emission band.

At wavelengths above approximately 860 nm, the recorded 

fluorescence intensity approaches zero and slightly negative 

values are observed. These negative intensities do not repre-

sent physical emission but arise from background subtraction 

and instrumental noise near the detection limit of the spec-

trometer. Such behavior is commonly observed in steady-state 

Fig. 2 Absorbance spectrum of the saccharide-based matrix containing indocyanine green

Source: Own elaboration. 

Fig. 3 Steady-state fluorescence emission spectrum of the saccharide-based matrix containing indocyanine green 

Source: Own elaboration.
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fluorescence measurements at low signal levels and does not 

affect the determination of the emission maximum.

The fluorescent properties of ICG enable its widespread use in 

vascular imaging, monitoring of tissue perfusion, and advanced 

techniques for detecting neoplastic lesions. Owing to its high 

sensitivity and operation in the NIR range, indocyanine green 

remains one of the most important fluorescent dyes used in 

contemporary medicine and biological sciences. Measurement 

of singlet oxygen phosphorescence generated by the ICG–sac-

charide-based sample was performed using the FluoTime 300 

system (Fig. 4).

Figure 4 presents the emission spectrum of singlet oxygen 

generated in a  sample containing indocyanine green embed-

ded in saccharide-based matrix. The spectrum exhibits a  dis-

tinct emission band with a maximum in the range of 1260–1270 

nm, characteristic of singlet oxygen phosphorescence. The ob-

served spectral profile indicates that the recorded signal origi-

nates from a single photochemical process associated with sin-

glet oxygen generation.

The kinetics of ABDA photobleaching induced by singlet ox-

ygen generation were analyzed by plotting ln(A0/At) as a func-

tion of irradiation time, as shown in Figure 5. The obtained 

dependencies exhibit linear behavior for both the reference 

photosensitizer (methylene blue, MB) and the investigated 

sample containing indocyanine green (ICG), confirming pseu-

do-first-order reaction kinetics under the applied experimental 

conditions. The steeper slope observed for MB indicates a sig-

nificantly higher rate of singlet oxygen generation compared to 

ICG, consistent with the known higher singlet oxygen quantum 

yield of the reference compound. In contrast, the ICG sample 

shows a markedly lower slope, reflecting reduced photochem-

ical efficiency in aqueous solution. The linear fits presented in 

Figure 5 were used to determine the pseudo-first-order rate 

constants, which served as the basis for calculating the relative 

singlet oxygen quantum yield of ICG. The high linearity of the 

data confirms good reproducibility of the measurements and 

supports the validity of the applied kinetic model.

Fig. 4 Singlet oxygen phosphorescence spectrum of the ICG-saccharide-based matrix recorded using time-correlated 

single-photon counting (TCSPC)

Source: Own elaboration.
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The presence of a  well-defined emission maximum and the 

characteristic asymmetric spectral profile indicate emission 

originating from a  single, well-identified photochemical pro-

cess—namely, the generation of singlet oxygen. These results 

confirm the functionality and effectiveness of the ICG–sac-

charide-based system as a  potential source of singlet oxygen 

for medical applications, particularly in photodynamic therapy 

(PDT), where selective generation of reactive oxygen species 

plays a key therapeutic role.

For comparison, the fluorescence maximum of ICG itself oc-

curs at approximately 810 nm, as confirmed in the earlier spec-

tral analysis. This demonstrates that singlet oxygen emission 

occurs in a completely different wavelength range, facilitating 

selective detection of this process using appropriate optical fil-

ters and detectors.

Discussion

The conducted studies demonstrated that indocyanine green 

incorporated into a saccharide-based matrix exhibits stable and 

reproducible spectral properties in both absorption and fluo-

rescence ranges. The absorption maximum located at approx-

imately 790 nm is in good agreement with literature data, ac-

cording to which the typical absorption peak of ICG in aqueous 

solution occurs around 780 nm [4,59]. The slight spectral shift 

observed in our system may result from interactions between 

the dye and the saccharide-based matrix, which affect local 

polarity and the degree of molecular aggregation. Such effects 

have previously been reported for ICG in polymeric or micellar 

environments, where restricted dye mobility led to changes in 

the energies of electronic states [60-62].

The fluorescence spectrum with a maximum at approximate-

ly 830 nm is consistent with the characteristic near-infrared 

emission properties of ICG [63]. Because indocyanine green is 

known to exhibit concentration-dependent H- and J-aggrega-

tion as well as self-quenching phenomena, particular attention 

was paid to the spectral features indicative of aggregation un-

der the investigated loading. The absorption spectrum does 

not exhibit a  pronounced secondary band in the 700–730 nm 

region typically associated with strong H-aggregate forma-

tion, nor a  distinct red-shifted band characteristic of J-aggre-

gates. This suggests that, within the applied saccharide-based 

matrix and loading conditions, ICG is present predominantly in 

monomeric or weakly aggregated form. Furthermore, the high 

reproducibility of fluorescence intensity and spectral profile 

across independently prepared samples indicates that strong 

concentration-induced self-quenching is unlikely within the in-

vestigated range. While a systematic concentration-dependent 

study would provide additional quantitative insight, the pres-

ent spectral characteristics support the conclusion that severe 

aggregation effects do not dominate under the applied exper-

imental conditions. In clinical practice, indocyanine green is 

typically administered at concentrations on the order of 1.0–2.5 

mg/ml depending on the diagnostic procedure. Variations in 

dye concentration may influence aggregation behavior, fluores-

cence intensity, and the efficiency of singlet oxygen formation, 

as reported in previous studies. A  systematic investigation of 

concentration-dependent effects was beyond the scope of the 

present work and may represent an important direction for fu-

ture studies aimed at relating model systems more directly to 

clinically relevant conditions.

The literature emphasizes that the presence of polysaccha-

rides can stabilize the excited state and reduce dynamic quench-

ing processes, which corresponds well with the high spectral 

reproducibility and low noise levels obtained in this study [64]. 

Rather than demonstrating active stabilization relative to other 

systems, the present results indicate that the saccharide-based 

thin film provides a  controlled microenvironment enabling 

reproducible photophysical characterization of immobilized 

ICG [65]. Our results indicate that the applied thin-film saccha-

ride-based surface provides conditions favorable for maintain-

ing stable photophysical properties of the dye.

The sucrose–corn syrup matrix used in this study was not 

intended to reproduce the full biochemical complexity of bio-

logical tissues or fluids. The significance of the present system 

lies in its role as a reductionist photophysical model rather than 

a  biomimetic or clinically optimized platform. By employing 

a  simplified saccharide-based environment, the study isolates 

fundamental dye–matrix interactions and enables investigation 

of aggregation behavior, spectral stability, and singlet oxygen 

generation under surface-confined conditions. Such controlled 

model systems are widely used in photophysical research to de-

couple intrinsic material behavior from biological complexity, 

providing mechanistic insight that complements rather than re-

places biological or clinical studies. The saccharide-based thin-

film system employed in this study should not be interpreted as 

a direct surrogate of biological or clinical environments. Instead, 

it represents a simplified and highly controlled model designed 

to isolate fundamental photophysical and photochemical pa-

rameters of immobilized indocyanine green under surface-con-

fined conditions. Such reductionist model systems are com-

monly used to decouple matrix-induced effects from complex 

biological interactions, including protein binding, enzymatic 

activity, and heterogeneous tissue environments. The primary 

goal of the present work was therefore mechanistic rather than 

translational, focusing on stabilization effects, aggregation be-

havior, and singlet oxygen generation in a defined non-biolog-

ical microenvironment. Instead, it was selected as a  simplified 

saccharide-based model system characterized by high viscosity, 

hydrogen-bonding capability, and restricted molecular mobility. 

Such properties are typical of high-molecular-weight polysac-

charide-based hydrogels and thin films; although the present 

study employs a simplified saccharide-based matrix composed 

of low-molecular-weight saccharides, these systems share sim-

ilar physicochemical characteristics such as hydrogen bonding 

and restricted molecular mobility [64].
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Similar saccharide-based model matrices are commonly em-

ployed in photophysical and photochemical studies to isolate 

specific environmental parameters affecting dye behavior, inde-

pendently of protein binding or metabolic effects, and serve as 

conceptual reference systems for simplified saccharide-based 

environments such as the model used in the present work. This 

approach enables systematic investigation of fundamental 

dye–matrix interactions under well-controlled conditions and 

has been widely used in studies of fluorescent dyes and photo-

sensitizers incorporated into polymeric and biopolymeric envi-

ronments [64-66]. Accordingly, the present work focuses on the 

intrinsic photophysical response of indocyanine green in a  sac-

charide-rich microenvironment rather than on direct simulation 

of in vivo conditions. It is well established that in biological fluids 

indocyanine green rapidly binds to plasma proteins, particular-

ly human serum albumin and lipoproteins, which leads to pro-

nounced shifts in absorption and fluorescence spectra as well as 

changes in quantum yield and biodistribution [67,68]. As a conse-

quence, the behavior of ICG observed in the present protein-free 

saccharide-based matrix should not be directly extrapolated to 

living organisms, where strong interactions with plasma proteins 

significantly influence its photophysical properties. Neverthe-

less, understanding the intrinsic photophysical properties of ICG 

in non-protein, viscous saccharide-rich environments constitutes 

an important preliminary step toward the rational design of more 

complex biopolymer-based systems. Such systems may include 

protein-containing, hybrid, or tissue-mimicking matrices intend-

ed for photomedical and photodynamic applications, where con-

trolled stabilization of the photosensitizer and preservation of its 

optical and photochemical activity are essential [43,49,66].

Polysaccharides belong to a  group of natural biopolymers 

that have gained significant importance in modern medicine, 

particularly in theranostics, understood as the integration of 

diagnostics and therapy within a single system. Due to the pres-

ence of numerous reactive functional groups, polysaccharides 

can be relatively easily modified by conjugation with nanopar-

ticles, therapeutic agents, and medical imaging probes, while 

maintaining high biocompatibility and biodegradability [66]. 

Particular interest has been focused on nanostructured poly-

saccharide systems, including those based on chitosan and hyal-

uronic acid, which exhibit potential for precise drug delivery and 

real-time monitoring of their distribution.

In the context of nanomedicine, polysaccharides are also used 

as biocompatible coatings for nanoparticles, including magnetic 

metal oxide nanoparticles, imparting additional functionalities 

such as controlled interaction with the biological environment 

and responsiveness to environmental stimuli [69]. The applica-

tion of polysaccharides in such systems has been demonstrat-

ed, among others, in cancer therapy, where they may enhance 

selective nanoparticle accumulation within tumors and reduce 

adverse effects, finding use in nanothermotherapy and molec-

ular imaging techniques [70]. Polysaccharides have also been 

applied in cardiovascular diagnostics; for example, fucoidans 

capable of binding P-selectin have been used as imaging probes 

in SPECT and MRI techniques [71].

Owing to their high biocompatibility and susceptibility to 

chemical modification, polysaccharides also serve as carriers for 

contrast agents in medical imaging. A  well-studied example is 

chitosan, which in the form of nanoparticles has been applied 

in magnetic resonance imaging and computed tomography, 

enabling precise delivery of contrast agents to selected tissues 

and improving diagnostic sensitivity. Importantly, modified chi-

tosan-based systems may combine diagnostic and therapeutic 

functions, fitting into the concept of precision medicine [72,73].

An important experimental observation of this work was the 

detection of singlet oxygen emission with a distinct maximum 

in the 1260–1270 nm range, characteristic of ¹O₂ phosphores-

cence [74]. These observations confirm that ICG embedded in 

a saccharide-based matrix retains its ability to generate reactive 

oxygen species. The literature indicates that the quantum yield 

of singlet oxygen production by ICG is lower than that of clas-

sical photosensitizers, such as porphyrins or phthalocyanines 

[6,73], but may be enhanced through structural stabilization of 

the dye or reduction of its photodegradation [6,75]. In the pres-

ent work, the results indicate preservation of photochemical ac-

tivity within a controlled immobilized environment rather than 

enhancement relative to other systems.

Importantly, in the present study singlet oxygen generation 

was assessed qualitatively through direct detection of its char-

acteristic near-infrared phosphorescence rather than quantita-

tively via determination of absolute quantum yield. While this 

approach provides unequivocal evidence of ¹O₂ formation, quan-

titative comparison with reference photosensitizers will require 

additional measurements under standardized conditions.

The calculated quantum yield is consistent with literature 

data indicating that indocyanine green exhibits relatively low 

singlet oxygen generation efficiency in pure aqueous environ-

ments, typically around ΦΔ ≈ 0.01. In contrast, methylene blue 

shows significantly higher efficiency (ΦΔ ≈ 0.52), which validates 

its suitability as a reference standard.

The reduced singlet oxygen generation efficiency of ICG in 

water can be attributed to several photophysical factors: ag-

gregation of ICG molecules in aqueous media, which reduces 

intersystem crossing efficiency, increased nonradiative decay 

pathways, short triplet state lifetime in polar solvents. Addi-

tionally, ICG can undergo photooxidative self-degradation upon 

interaction with generated singlet oxygen, which may further 

influence observed kinetics. Despite the relatively low quantum 

yield, the results confirm that ICG remains capable of produc-

ing singlet oxygen under the studied conditions. These findings 

support its use as a photosensitizer, particularly in systems de-

signed to reduce aggregation or enhance photostability, such as 

immobilized or matrix-based configurations.

In light of these observations, the investigated thin-film sac-

charide-based system should primarily be regarded as a model 

platform for studying immobilized ICG under surface-confined 
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irradiation conditions using indocyanine green. Preservation of 

absorption and fluorescence properties, as well as the ability to 

generate singlet oxygen, suggests that such matrices meet key 

requirements for materials used in localized PDT, where con-

trolled contact of the photosensitizer with tissue and limited 

diffusion are crucial. The literature reports the effectiveness of 

surface-based PDT in various clinical areas, such as reduction of 

bacterial biofilms in the oral cavity using ICG activated by LED 

light [76], topical photodynamic treatment of skin lesions [77], 

and laser-assisted PDT for the treatment of onychomycosis [78]. 

In this context, the present results should be interpreted as 

demonstrating the photophysical feasibility of immobilized ICG 

systems rather than as evidence of selective tumor targeting or 

in vivo therapeutic efficacy.

Moreover, owing to their biocompatibility, non-toxicity, and 

ability to form thin films, high-molecular-weight polysaccha-

rides represent an attractive platform for photomedical ap-

plications. Our results indicate that simple saccharide-based 

surfaces formed from a mixture of sucrose and corn syrup are 

sufficiently stable to maintain the functional properties of ICG, 

opening the way for further studies on their use in therapeutic 

systems and optical imaging methods.

Conclusions

The present study demonstrates that thin-film saccharide-based 

matrices constitute an effective and reproducible stabilizing en-

vironment for indocyanine green. Specifically, the investigated 

system exhibited a stable absorption maximum at approximate-

ly 790 nm and a  near-infrared fluorescence maximum around 

830 nm, confirming preservation of the characteristic optical 

response of the dye after immobilization. This work establishes 

a  simplified surface-confined reference model demonstrating 

that indocyanine green immobilized in thin saccharide-based 

films retains its fluorescence properties and ability to generate 

singlet oxygen. Immobilization of the dye within simple saccha-

ride-based films preserved its characteristic absorption and 

fluorescence properties while preventing aggregation-related 

spectral degradation. Most importantly, the unequivocal de-

tection of singlet oxygen emission in the 1260–1270 nm range 

confirms that the photosensitizing activity of ICG is retained af-

ter immobilization, highlighting the functional integrity of the 

ICG–saccharide-based system.

These results provide direct experimental evidence that sur-

face-confined saccharide-based matrices can maintain both 

the photophysical stability and photochemical functionality of 

indocyanine green in the solid state. The applied thin-film con-

figuration enables controlled dye immobilization, uniform op-

tical excitation, and efficient oxygen diffusion, which together 

support reliable assessment of singlet oxygen generation under 

defined experimental conditions. In contrast to solution-based 

systems, the applied thin-film configuration enables controlled 

dye immobilization, uniform optical excitation, and efficient 

oxygen access, which are critical parameters for reliable assess-

ment of singlet oxygen generation.

From a  broader perspective, these findings indicate that 

thin-film saccharide-based structures represent a useful refer-

ence platform for studying photophysical processes relevant to 

photomedical applications. The combination of biocompatibil-

ity, optical accessibility, and preserved photochemical activity 

makes such systems particularly attractive for surface-based 

photodynamic approaches, optical sensing, and fluores-

cence-guided diagnostic strategies. Importantly, the present 

work addresses the fundamental photophysical feasibility of 

immobilized ICG systems rather than selective biological target-

ing or in vivo therapeutic performance.

Importantly, the goal of this study was not to demonstrate 

in vivo applicability, but to establish a controlled model system 

for mechanistic investigation. The results should therefore be 

interpreted within the limitations of the applied model system. 

The saccharide-based matrix used in this study represents a sim-

plified, protein-free environment and does not reproduce the 

complex binding interactions encountered by ICG in biological 

fluids. Consequently, the relevance of the present results to in 

vivo conditions remains uncertain, and the observations may 

primarily reflect the behavior of ICG within the artificial model 

system investigated in this work.

Future studies may include systematic concentration-depen-

dent investigations, optimization of matrix composition, film 

thickness, hydration level, and irradiation parameters to further 

enhance photostability and singlet oxygen generation efficiency. 

Quantitative determination of singlet oxygen quantum yield us-

ing established reference photosensitizers under identical exper-

imental conditions will be essential to enable direct comparison 

with classical PDT agents. Additionally, extending this approach 

to more complex saccharide-based or hybrid matrices incorpo-

rating biologically relevant components, as well as integration of 

thin-film ICG systems into device-oriented or surface-coated ar-

chitectures, may facilitate their future application in photomedi-

cal materials and localized photodynamic technologies.
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