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Abstract

Indocyanine green (ICG), when in free form in a liquid, can form stable nanoparticle structures or colloidal solution, while changing its spectroscopic
properties. In the work, the aggregation degree and the average size of nanoparticles depending on the concentration of a colloidal solution of
indocyanine green (ICG NPs) in the form of J-aggregates were investigated by various methods based on light scattering. The size of nanoparticles
is an important parameter from the point of view of clinical application, because the technique of intravenous administration of drugs, in order
to avoid microvascular thrombosis and embolism, provides dosage forms with inclusions of individual molecules or their clusters, not exceeding
500 nm diameter. In turn, small nanoparticles less than 30 nm lead to prolonged circulation of the drug in the body with an increased possibility of
permeation into cells of healthy tissue. In the course of studies, it was found that an increase in the concentration of ICG NPs in the solution leads
to an increase in the average size of spontaneously formed J-aggregates, which, in turn, leads to a decrease in the absorption coefficient in the
aggregates. Presumably, this phenomenon, i.e. the established nonlinear dependence of the J-aggregate absorption on its size, can be explained
by the formation of absorption centers on the J-aggregate surface in the form of mobile surface molecules. The threshold range of ICG molecule
concentration was determined, at which there is a transition from aggregation with an increase in size with a slow addition of ICG J-aggregate
molecules in height to a rapid addition in width.
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Pesiome

VHpoumaHuH 3eneHbin (ICG), HaxoAACh B pacTBOpPe, CocobeH 06pa3oBbIBaTb CTabubHbIE CTPYKTYPbl HAHOYACTHLL MY KOSTOWAHBI pacTBoOp,
V3MEHAA NPV 3TOM CBOU CMEKTPOCKOMMUYECKNe CBOWCTBA. B paboTe pasfimyHbiM/ MeTofamu, OCHOBaHHbIMU Ha CBETOpacceaHuu, bbiny nccne-
[l0BaHbl CTeneHb arperauumn 1 CpeaHUn pasMep HAHOYACTHL, B 3aBUCMOCTY OT KOHLIEHTPaLIMK KOSUTOWAHOIO pacTBOpa HaHOYaCTUL, MHAOLW-
aHuHa 3eneHoro (ICG NPs) B popme J-arperatoB. Pasmep HaHOYaCTUL, NPeACTaBAeT cO60M BaXHbIV MapameTp C TOYKM 3PEHVA KINMHNYECKOTO
NMPUMEHEHNS, Tak Kak TeXH/Ka BHYTPYBEHHOrO BBEAEHUA NpenapaTos, C LieNblo U3bexxaHna TpoMO030B MUKPOCOCYI0B 1 SMbonuK, npeayc-
MaTpUBaET NleKapcTBEHHbIE GOPMbI C BKITIOYEHVAMY, B BUAE OTAENbHBIX MOJIEKYT IV UX KNACTEPOB, He NpeBbILaowmmm B gnametpe 500 HM.
C Apyroi CTOPOHbI, HAHOYACTNLbI pa3mepomM MeHee 30 HM ANWUTENIbHO LIMPKYAMPYIOT B OpPraH/3Me 1 MOTyT NPOHMKaTb B KNETKW 340POBOA
TKaHW. B xofie nccnenoBaHuii, 6bi10 YCTaHOBIEHO, UTO yBennyeHue KoHueHTpauun ICG NPs B pacTBope BefieT K yBeNMUYEHWIo CpeAHero pas-
Mepa CMOHTaHHO pOpPMUPYeMbIX J-arperaToB, YTO B CBOIO ouepe/b BefleT K yMeHbLLeHWio KoaddurLmeHTa nornoLieHrs B arperatax. [Mpeanorno-
XKUTENIbHO, HENMHENHaA 3aBUCMOCTb MOTOLLEHNA J-arperaTa oT ero pasmepa, MoXeT O6biTb 06bACHEH GOPMUPOBaHNEM LIEHTPOB NOTOLEHNA
Ha MoBepXHOCTM J-arperaTta B BUAE NOABUXHbIX MOBEPXHOCTHbIX MONeKy . bbi onpeaeneH NoporoBsbii AranasoH KOHUeHTpaumn monekyn ICG,
NP1 KOTOPOM NPONCXOAUT MePexXof OT arperaLmi C yBeimyeHnem pasmepa ¢ MeAneHHbIM nprbasneHviem monekyn J-arperata ICG B BbICOTY, HO
C ObICTPBIM MPUGABIEHNEM B LUIVPYIHY.

KnioueBble cnoBa: pacceaHve Mu, JuHamMmrnyeckoe paccesHune CBeTa, MHAOLMAHWUH 3eNeHbll, KONNMOWAHbIA pacTBOp, J-arperathbl, MHAMKaTpUCa
paccesAHws, CTeMNeHb arperaLuu.
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Introduction [3]. In this case, the dipole moments of the electronic

The fluorescent dye ICG is the only drug with an
absorption peakinthe nearinfraredrange (NIR),approved
for clinical application in most countries of the world [1].
The ICG aqueous solution consists of monomers and
H-type dimers with two absorption peaks at 780 and 715
nm, respectively (Fig.1a). ICG is able to form J-aggregates
under certain temperature conditions, representing a
stable colloid with aggregated nanoparticles (ICG NPs)
at high concentrations [2-4]. ICG J- aggregates have an
absorptionand fluorescence peaksinthe NIRrange (0,75-
1,4 um) within the biological transparency window [5],
which is promising for fluorescent diagnostics [1, 6]. The
formation of J-aggregates occurs due to hydrophobic,
non-covalent m-m interactions between ICG molecules

transitions of individual molecules are practically aligned
parallel to the line connecting their centers through the
«head to tail» arrangement (Fig.1b) [3].

The J-aggregates in the ICG NPs colloidal solution
have strong changes in spectroscopic properties, such as
a narrow J-band in the absorption spectrum and its sharp
shift of about 100 nm into NIR. Also, the fluorescence
maximum of J-aggregates in a ICG NPs colloidal solution
coincides with their absorption peak and demonstrates
a behavior close to resonance, at which point, it has a
small Stokes shift and insensitivity to the environment
[7]. Our studies of ICG NPs colloidal solution have shown
their promise for diagnostics of malignant neoplasms,
as they increase the circulation of ICG monomers and
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a — cneKTtpbl nornouweHus ICG;

b — cxemaTnyecKas unnocTpaums o6pasoBaHus CTPYKTyp J-arperaTos.

Fig. 1.
a — absorption spectra of ICG;
b — schematic illustration of J-aggregate formation.
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H-aggregates from 30 min to 2 days [8, 9]. Moreover,
when ICG NPs interact with the environment of plasma
proteins after intravenous injection, the nanoparticles
demonstrate their stability, which can improve
fluorescence diagnostics by increasing the circulation of
the ICG monomer in the blood system, which makes it
possible to predict the pathways of metastasis [10]. Based
on experimental data, the determination of the optical
characteristic changes of the ICG NPs colloidal solution in
the tumor microenvironment remains relevant. In study
[11], it was suggested that the nonlinearity of optical
characteristics arises due to a decrease in the specific
surface of aggregates. However, no assumption was
made about the geometric alignment of the J-aggregate
nanostructures and the presence of changes (inflection
points) in the graphs of the absorption dependence on
the concentration.

Materials and methods

The molecular form of ICG, consisting of a diluted
polycrystalline powder Pulsion® (Pulsion Medical
Systems, Germany), was heated in water to 65°C, and
then kept at this temperature for 20 hours to form ICG
NPs in accordance with the previously published method
[12]. After the formation of J-aggregates, the solution
was filtered through syringe filters with 0.40 um diameter
pores to remove large aggregates. A sample with 0.25 uM
concentration was selected to study the spectroscopic
properties of the ICG NPs colloidal solution. Polylatex
calibration spheres with 110 nm diameter were used as a
reference sample.

Fluorescence excitation spectra and fluorescence
spectral maps were obtained via the Jobin-Yvon
NanolLog-4 system (Horiba, Japan). An InGaAs charge-
coupled device with 800-1600 nm operating optical
range was used as a detector. A xenon lamp (operating
range 300-900 nm) with a dual monochromator and 2
nm spectral resolution was used as an excitation source.

Resonant fluorescence registration experiments of
ICG NPs colloidal solution were carried out by excitation
of the different wavelengths in the 880-915 nm range via
Chameleon Ultra Il titanium-sapphire laser (Coherent,
USA) with 80 MHz frequency and a 140 fs pulse length.
For these studies, an installation with a spectrometer and
continuous-wave laser was assembled (Fig. 2).

Laser radiation in the 880-915 nm wavelength
range with a 1 nm step, passes through a focon into
fiber-optic bundle, then through a vertically oriented
linear polarizer onto the sample. The scattered laser
radiation from the sample passes at 90° angle through a
horizontally oriented linear polarizer and an optical fiber
into a spectrometer. The crossed polarizer configuration
makes possible to exclude the direct laser radiation.
880/10 nm narrow-band filter was also installed in front
of the sample to suppress laser radiation (Fig. 2).

For obtaining the scattering indicatrix of the ICG NPs
colloidal solution, an installation was assembled on a
rotating platform with a receiving optical fiber and fixed
optical bundle for delivering laser radiation (Fig. 3). 920
nm wavelength was chosen as laser radiation, for the
reason that ICG NPs has no absorbing properties at the
wavelength.
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Filter 880/10 nm

Obpasey,
Sample

Monapwuaatop
Polarizer

Monapusatop
Polarizer

CnekTpomeTp
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Puc. 2. Cxema yCTaHOBKM Ansl onpeaeieHns CNeKTPocKonuyecknx cBoncts J-arperatos ICG NPs u Kanu6poBo4yHbIX chep meTogom pac-

CesiHUA cBeTa.

Fig. 2. Installation scheme for determination of spectroscopic properties of ICG NPs J-aggregates and calibration spheres by light

scattering method.
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MHAMKaTPUChI paccesiHUA U3/y4YeHusi, NPoLIeaLlero Yepes
KonnouaHbi pacteop ICG NPs u o6pasua, cogeprkaiiero
Kanu6poBouHble chepbl.

Fig. 3. Experimental installation for determining the
scattering indicatrix of radiation passed through the
colloidal solution of ICG NPs and the sample containing
calibration spheres.

The experimental results were approximated by
Henyey-Greenstein function to calculate the anisotropy

factor: | g2
p(cos@) = 5 32 (1)
2(1+g —2g*cos9)
where p - phase scattering function, 8 - deflection
angle of scattered light, g - anisotropy factor.
In the decomposition of the Henyey-Greenstein

function by Legendre polynomials, the anisotropy factor
is related to the expansion coefficients through the

relation: :
sato ¥, =(2i+1)g, 2)

The elongation of the scattering indicatrix is
determined by this parameter.

To study the aggregate size and the aggregation
degree of ICG molecules at different concentrations of
ICG NPs colloidal solution, a multi-angle dynamic light
scattering analyzer Photocor Complex (Photocor, Russia)
was used. A He-Ne laser with 632.8 nm wavelength was
used as an excitation source. 15° and 145° angles were
selected to measure the power of the scattered signal on
the samples of ICG NPs colloidal solution (Fig. 4).

The aggregation degree B demonstrates the
ranking index of ICG molecules in a aggregate and is
determined by comparing the scattering efficiency
with the calculations of Mie scattering. The aggregation
degree can be represented in the forms:

ﬂm:Nm/Nag’ (3)

where N - numerical density of ICG molecules, N, -
numerical density of J-aggregates, and

S.N
[gm:M, (4)

Clag

where fag - the proportionality factor, also called
J-aggregate absorption strength, Sag— absorption
cross section of aggregate, a, — average size of
aggregate.

Differential cross-sections of Mie scattering at
different angles of light scattering on the sample were
calculated to obtain the values of the aggregation
degree of ICG molecules. These values were then used
to calculate the average size of aggregates at different
concentrations. A detailed description of the experiment

ICG NPs

Nazep

Puc. 4. Cxema 3KcnepumeHTa U3MeEpEHUs
pa3mMepa YacTuL, MeTo40oM paccesiHus Mu.
Fig. 4. Experimental scheme of measuring the
particle size by the Mie scattering method.
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design and the theoretical derivation of the formulas are
presented in work [11].

ICG NPs colloidal solution was examined by scanning
electron microscopy (SEM) to study the morphological
structure of J-aggregates. Before the study, samples of ICG
NPs colloidal solution were frozen at 77 K (by immersion
in liquid nitrogen). This method of samples temperature
lowering was necessary to avoid aggregates sticking
together and/or rearranging self-assembly. The pre-frozen
sample was placed on the Peltier table (thermoelectric
cooling) and placed in the chamber of the electron
microscope EVO LS10 (Zeiss, Germany). The surface of
the Peltier table was stabilized at 253 K temperature, the
pressure in the chamber was 70 Pa. The Peltier table was
heated from 77 Kto 253 Kiin order to ensure the invariance
of the component structure of ICG NPs samples. To avoid
water screening, the surface of the ICG NPs sample droplets
were subjected to preliminary electron beam effects until
the structured image appeared. Observations were carried
out in low vacuum mode at an 21 kV accelerating voltage
and a current on the sample of 30 pA via a backscattered
electron detector using a working segment of 13-13.5
mm. 1024x768 px images were recorded with 7.7 nm/px
hardware resolution.

Results

The sample was irradiated with 650, 700, 750 and
800 nm laser radiation to obtain fluorescence spectra for
study the spectroscopic properties of ICG NPs colloidal
solution with 0.25-uM concentration (Fig. 5a).

During the exposion to a sample of ICG NPs colloidal
solution by laser radiation with wavelengths of 750 and

800 nm, an intense fluorescence peak corresponding to
ICG NPs J-aggregates was observed. When the sample is
excited with 650 and 700 nm wavelengths, in addition
to fluorescence of J-aggregates, a small fluorescence
peak corresponding to ICG monomers is observed
at 815 nm. It was noted that with an increase of laser
radiation wavelength, a shift of the fluorescence peak
to the short-wavelength region is observed, at the same
time the dependence of the fluorescence peak and the
wavelength is linear.

Fig. 5b shows the dependence of the fluorescent
signal intensity (displayed in color) on the excitation
wavelength for ICG NPs colloidal solution. The maximum
fluorescence intensity of ICG NPs J-aggregates is observed
with laser radiation with wavelengths in the range of 775-
800 nm. There is also a fluorescence shift in of ICG NPs
J-aggregates to the short-wave region with an increase
in the wavelength of laser radiation (for clarification, a
vertical dashed line at 900 nm wavelength is drawn).

In the course of the work, the J-aggregates fluorescence
signal of ICG NPs colloidal solution under resonant
excitation was also studied. A sample with a ICG NPs
colloidal solution with a 0.25 pM concentration was
irradiated with different wavelengths in 880-915 nm
range. Polylatex calibration spheres with 110 nm diameter
were used as a reference sample to obtain the instrument
response function of the assembled system and assess
polarizer system imperfections. The spectra of scattered
laser radiation on samples of ICG NPs colloidal solution
and calibration spheres in 880-915 nm wavelength range
with 1 nm adjustment tuning step were obtained (Fig.6).
The dependences of the intensity maxima of radiation
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Fig. 5.

a - fluorescence spectra of J-aggregates of ICG NPs colloidal solution at 650, 700, 750 and 800 nm excitation;
b - spectral map of normalized fluorescence emission intensities at different wavelengths.
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scattered on samples of ICG NPs colloidal solution and
calibration spheres were obtained for visual observation of
changes in the intensity of scattered laser radiation (Fig.7a).

The decrease of the laser light scattered by the
sample is observed with an increase of the laser radiation
wavelength (Fig. 7a). The intensity maxima ratio of
the scattered laser radiation from ICG NPs sample to a
calibration sphere sample was obtained for evaluation

of the spectroscopic properties of the ICG NPs colloidal
solution (Fig. 7b). This dependence demonstrates the
ability of ICG NPs colloidal solution to absorb in 893-896
nm range. Fig. 8 shows the ratio of the intensity maxima
values of the scattered laser signal on ICG NPs colloidal
solution to the calibration sphere sample, which shows
the absorption caused by J-aggregates. To confirm this
effect, absorption spectra were obtained via a two-
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Fig. 7.

0oro U3nyyeHus, npowegwero Yyepes oépasew ICG NPs kK kanu6po-

a — intensity maxima of the radiation scattered by ICG NPs and calibration spheres depending on the laser radiation wavelength;
b — the ratio of the intensity maxima of the laser radiation scattered by ICG NPs sample to the calibration sphere sample.
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beam spectrophotometer and a spectrometer when
light passes through the sample to the lumen from a
broadband source through ICG NPs colloidal solution
and calibration spheres at 180°angle (Fig. 8).

According to the data obtained by two different
methods, the J-aggregate maximum absorption of
the ICG NPs colloidal solution is observed at 893 nm
wavelength (Fig. 8).

To suppress the intensity of the laser radiation signal,
a 880/10 nm cleaning narrowband filter was installed
in front of the sample. Also, the spectra of the laser
signal scattered on the samples were obtained with the
configuration of the installation at 90° angle (Fig. 9).

Fig. 10a shows that a decrease in the maximum
intensities of the scattered laser signal occurs with an
increase in the wavelength of the laser radiation, while
after 892 nm a low signal of scattered radiation is observed,
which indicates the absorption of the laser signal by a
narrow-band filter. The ratio of the intensity maxima of the
scattered laser signal in Fig. 10b shows a decrease in the
dependence values due to the absorption of J-aggregates
of the ICG NPs colloidal solution and subsequent absorption
by a narrowband filter of 880/10 nm.

The absorption spectra of J-aggregates when heating
ICG NPs colloidal solution to a temperature of 65°C were
used to plot a graph on a double logarithmic scale in order
to estimate the aggregate number of nanoparticles [12].
From this dependence, based on the law of mass action:

Kz% )

m

G, =C,+nC,, (6)

¢, -C,=nC,, =nKC, (7)
lgnC,,, =lgnK+nlgC, (8)

where n - the monomer number forming the aggregate,
K - proportionality coefficient, C, - total concentration
of fluorescent dye, C_- concentration of monomer ICG,
C, — J-aggregate concentration. According to these
equations, an aggregate number of ICG molecules was
obtained equal to 4, which demonstrate spectroscopic
properties corresponding to ICG NPs J-aggregates
(Fig. 11). This result is confirmed by studies of the
concentration dependences of the spectroscopic effect
in work [13], assuming thermodynamic equilibrium
between two ICG states: a monomer solution and
J-aggregates. The aggregate number of molecules for
H-aggregates of ICG is 2.

For obtaining a scattering indicatrix of light
transmitted through samples of ICG NPs colloidal
solution and calibration spheres, the installation shown
in Fig. 3 was assembled with 920 nm wavelength. The
data of the angular dependence of light scattering
characterize the scattering properties of the object by
their appearance, which allows comparing the shape
and size of J-aggregates of ICG NPs colloidal solution
with calibration spheres. Polar diagrams of the intensity
dependence of scattered laser light on the rotation angle
of the receiving fiber were obtained (Fig. 12).

The obtained data of polar diagrams of the light
scattering indicatrix transmitted through a colloidal
solution and calibration spheres are shown in Fig. 12,
and demonstrate the change in the intensity of scattered
light from the scattering angle. The scattering indicatrix
of the light transmitted through the calibration spheres

0,20

1,6 Al — ICG NPs

/ —— |CG NPs/spheres ratio

ICG NPs/sphere ratio, r.u.
o
™

Otvowenwme ICG NPs/cheprl, oTH.eq,

0,15 Puc. 8. OTHOLLEHHUE CMEeKTPOB

nponycKkaHusa ceeTa Yyepes
KonnouaHbin pacteop ICG NPs 1 yepes
Kanu6poBo4Hble chepbl, NOJyYEHHbIX
NP1 NOMOLLM LUIUPOKOMOJIOCHOTO
WCTOYHUKA CBETa U BOJIOKOHHOIO
cneKTpoMeTpa (CUHSIA IMHUSA), CNEKTP
NoriowWweHUs KONNOMAHOIo pacTeopa
ICG NPs, nony4eHHbI Npy nomMoLu
ABYXJly4eBoOro cnektpoporomeTpa
(KpacHas nuHus).

Fig. 8. The ratio of the light transmission
| spectra through the ICG NPs colloidal
solution and the calibration spheres

<
=
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I I
800 as0 900 950
OnuHa BonHbI, HM
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0.00 obtained via a broadband light source
i and a fiber spectrometer (blue line),
the absorption spectrum of the ICG NPs
colloidal solution obtained via a two-
beam spectrophotometer (red line).
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have a more elongated shape, which shows a cosine  the g-factor according to the Henyey-Greenstein formula
close to the one unit of the scattering angle compared  with 920 nm wavelength for the ICG NPs colloidal solution
to the ICG NPs colloidal solution. The calculated value of ~ was 0.76, while for calibration spheres it was 0.86.
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Fig. 10.

a — intensity maxima of scattered laser radiation on samples of ICG NPs and the calibration spheres depending on the laser radiation
wavelength;

b - the intensity maxim ratio of scattered laser radiation on the sample of ICG NPs and the calibration spheres.
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For estimation the average size and aggregation
degree of the J-aggregates of ICG NPs colloidal solution
at different concentrations, the scattered light intensities
on nanoparticles at 15° and 145° angles were measured
by the Mie scattering method. On the basis of these data,
the differential cross-sections of the Mie scattering are
calculated as presented in study [11]. The experimentally
obtained differential cross-sections of Mie scattering at 6
= 15° and © = 145° allowed us to determine the average
aggregation degree and the averagessize of the J-aggregates
of ICG NPs colloidal solution, respectively (Fig. 13a).

Theaggregationdegree of nanoparticlesincreasesfrom
1.25x10° for 2-uM to 2.38x10° for 0.5 mM concentration
of ICG NPs colloidal solution. Absorption spectra of ICG
NPs colloidal solution were obtained from which the
absorption coefficient of J-aggregates was calculated. Fig.
10b shows how the absorption coefficient of J-aggregates
decreases with increasing concentrations, while the

above and below by non—covalent n-it stacking, while
after 75 pM, they increase in width by growing sideways
and/or forming other ICG NPs J-aggregates.

Images of J-aggregates of ICG NPs colloidal
solution were obtained by SEM method to study the
morphological structure (Fig. 14).

Microscopic images show the position of ICG NPs
J-aggregates in the form of large sheet-like conglomerates
and in the form of flakes consisting of granular material,
and with a wide size distribution. The J-aggregates of the
ICG NPs colloidal solution are a tightly packed network
of long rod-shaped conglomerates in the obtained
images. Based on the obtained images, it is impossible
to determine individual J-aggregates from beginning
to end and the intersection points between individual
aggregates, at the same time the J-aggregates are slightly
curved. The formation of a network is the cause of the
strong viscoelasticity observed in solutions. According

OPUTUHAJIBHbBIE CTATbA

average size of J-aggregates increases, which varies from  to the obtained images, ICG NPs J-aggregates with 5-uM
144 nm for 2-uM to 175 nm for 0.5 mM concentration of  concentration are about 100-110 nm wide of the sheet-
ICG NPs colloidal solution. Presumably, until 75 pM, ICG  like aggregate and, presumably, more than 1 um in length
NPs J-aggregates grow vertically by adding ICG molecules  (Fig. 14a). With the concentration increase of the ICG
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a

Cc

Puc. 14. SEM n3o6paxeHus J-arperatoB ICG NPs ¢ KOHUeHTpauusamu:

a-5uM; b -0.1 MM;c - 0.5 MM.
Fig. 14. SEM images of ICG NPs J-aggregates with concentrations:
a-5uM;b-0.1mM; c-0.5mM.

NPs colloidal solution to 0.1 mM, the dimensions of the
aggregates increase to 120 £ 5 nm in width and 1050 +
15 nm in length (Fig. 14b). For higher concentrations than
0.5 mM, J-aggregates are large particles with a width up to
500 nm and a length up to 1 um (Fig. 14c).

Discussion

In this work, the spectroscopic properties of ICG NPs
colloidal solution, which mainly consists of J-aggregates
were considered. A shift of the fluorescence maximum of
ICG NPs J-aggregates to the short-wavelength range is
noted with anincrease in the wavelength of laser radiation.
The spectral map of fluorescence upon excitation with
different wavelengths of laser radiation demonstrates
the broadening of the emission spectrum of ICG NPs
J-aggregates with increasing fluorescence intensity.

During the study of scattered laser radiation on ICG
NPs colloidal solution passing through crossed linear
polarizers, a laser radiation signal was observed. The
resonant fluorescence of ICG NPs colloidal solution turned
out to be less intense compared to the scattered laser
radiation, and the quality of the polarizer and the analyzer
system did not allow to register a fluorescent signal.

Spectroscopic methods were used to obtain the
minimum number of ICG molecules lined up in the
brickwork of the ICG NPs J-aggregate, equal to 4, for the
bathochromic shift of the optical properties of ICG NPs
colloidal solution. When exposed to electromagnetic
radiation, the upper and lower molecules rise on one side,
breaking the bonds of interaction between the molecules
(Fig. 15). The proposed configuration of molecules in the
ICG NPs J-aggregate is potentially consistent with the data
obtained from the law of mass action (Eq. 5-8).

Scattered laser radiation was recorded on a
J-aggregates sample of ICG NPs colloidal solution by
transverse scanning with a receiving fiber at different
scattering angles to study the scattering indicatrix.
It was noted that the efficiency of the scattered laser

signal increases with decreasing scattering angle. The
scattering indicatrix of light passing through the ICG NPs
colloidal solution has an elongated forward shape, which
is confirmed by the anisotropy g-factor calculated using
the Henyey-Greenstein formula, equal to 0.76.

The aggregation degree and the average size
of J-aggregates were investigated with increasing
concentration of ICG NPs colloidal solution. The scattered
signal at an 15° angle provided information on the
average aggregation degree of the nanoparticles, while
the scatteredsignal atan 145°angle provided information
of the J-aggregates average size. A polydisperse size
distribution of aggregates was noted, with increasing
concentration increasing the J-aggregate size of ICG
NPs and their aggregation degree, while the absorption
coefficient decreases, which is consistent with theoretical
studies [15]. The decrease in the absorption coefficient of
J-aggregates is caused by a decrease in the total specific
surface of molecules with an increase in their size [16,
17]. ICG monomers are added mainly from above and
below the J-aggregate and slowly across up to a critical
colloidal solution concentration of 75 puM. After that,
J-aggregates begin to slowly build monomers in height
and contribute to the addition of ICG molecules on the
sides and/or form new J-aggregates.

In SEM images, ICG NPs J-aggregates are densely
packed molecules with a sheet-like morphology, which
is consistent with the brickwork packing model of ICG
molecules proposed by Kuhn et al [18]. At the same time,
with an increase in the concentration of the ICG NPs
colloidal solution, a change in the structural morphology
of the J-aggregate occurs, which is demonstrated by the
addition of ICG monomers to the surface of the aggregates.

Based on the obtained data, a new model of the
structural arrangement of molecules in the ICG J-aggregate
under the action of laser radiation was proposed. The
angle between the transition dipoles and the molecular
axis of the aggregate determines whether the transition
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Puc. 15. CxemaTtuyeckoe M3o6paxkeHne aKTuBauuMu MOJIEKYN B
J-arperate ICG NPs npu Bo3geiCcTB1M Ia3€PHOro U3Ny4eHUs.

Fig. 15. Schematic representation of the activation of molecules
in the ICG NPs J-aggregate under the laser radiation.

Puc. 16. CTpyKTypHOE pacnoJioxeHue moneKkyn B J-arperarte ICG
NPs npu BO3eNCTBUM Na3ePHOro U3nyyeHus.

Fig. 16. Structural arrangement of molecules in the ICG NPs
J-aggregate under the laser radiation.

to lower or higher levels of the excited state is allowed. In
J- and H-type ICG aggregates, the excited state splits into
two nondegenerate states. The low energy state is formed
in the J-type ICG, which corresponds to codirectionally
oriented transition dipole moments, while the high state
contains transition dipoles with opposite orientations. In
J-aggregates, only transitions to the lower level of the split
excited state, which corresponds to the bathochromic
spectral shift, are possible. J-aggregates of ICG NPs
colloidal solution are arranged in monomolecular layers
of molecules, the long axes of which lie parallel to the
plane of the layer (Fig. 16). The shift of the absorption
peak to the long wavelength region of the J-aggregate is
due to the large lateral shift along the long molecular axis
between adjacent ICG monomers. The dipole moments
of the electronic transitions of individual molecules in
the aggregate are aligned parallel to the line connecting
their centers through the head-tail arrangement of the
monomers. When exposed to electromagnetic radiation
in this configuration, interactions occur with molecules
located on the surface of the J-aggregate, which rise,
breaking one interaction bond with the molecules of the
aggregate with a greatly increased dipole moment (Fig. 16).

Resonant excitation occurs on the surface molecules
of the J-aggregate. The narrow fluorescence spectrum
is justified by the simultaneous uplift of molecules on
the surface of the aggregate. As the concentration
increases, a quasi-two-dimensional superstructure of ICG
monomers occurs on the surface of the J-aggregate. The
decrease in the absorption coefficient with increasing
concentration is characterized by an increase in the
probability of molecules transition to an excited state
due to an increase in the number of molecules that make
up ICG NPs J-aggregate. At the same time, J-aggregates
are characterized by a wide size distribution, which varies

from small oligomer particles to sheet-like aggregates
hundreds of nanometers long.

Conclusion

This paper presents the optical characteristics of ICG
NPs colloidal solution, mainly consisting of J-aggregates.
The obtained scattering indicatrix and anisotropy
factor give an idea of the size of the ICG aggregate
shape. According to the obtained characteristics by Mie
scattering methods, a change in spectral characteristics
was noted with an increase in the concentration of ICG
NPs colloidal solution. The aggregation degree and the
average size of the J-aggregates of ICG NPs colloidal
solution increases with increasing concentration, while
the absorption coefficient decreases, which is associated
with a decrease in the specific surface area with an
increase in the size of the J-aggregates. The SEM study
showed a sheet-like morphology of J-aggregates with
subsequent attachment of ICG monomers to the surface
of the aggregate with increasing concentration. Based on
the obtained data, a behavior model of ICG monomers
that are part of the J-aggregate was formulated. The
upper and lower molecules located on the domain
are able to move from para-position to ortho-position,
demonstrating fluorescent properties with a greatly
increased oscillator strength, which is associated with
an increase in the radiation velocity. The use of ICG NPs
colloidal solution in clinical practice will improve the
efficiency of fluorescent diagnostics of tumor tissue, the
boundaries of its growth and the pathways of metastasis.
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