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Amphi-PIC J-aggregates are promising luminescent systems for biomedical imaging; however, 
their interaction with blood components remains insufficiently understood. In this work, we sys-
tematically investigated the spectral and cellular behavior of amphi-PIC J-aggregates in aque-
ous solutions containing erythrocytes, leukocytes, and buffer using absorption and luminescence 
spectroscopy, flow cytometry, and confocal laser scanning microscopy. The spectroscopic data re-
vealed only minor variations in spectral positions, Stokes shifts, band widths, and luminescence 
lifetimes between different media, indicating that the observed effects are primarily governed 
by dye concentration and aggregation stability rather than specific interactions with blood cells. 
Flow cytometry measurements confirmed minimal cellular uptake, while revealing occasional 
weak luminescence signals likely associated with residual aggregates adsorbed on cell surfaces. 
Confocal microscopy further demonstrated the absence of significant colocalization between J-ag-
gregates and blood cells, while revealing partial agglomeration of aggregates in buffer and, to a 
lesser extent, in erythrocyte-containing solutions. Overall, the results indicate that amphi-PIC 
J-aggregates remain largely stable in blood-like environments and exhibit negligible interaction 
with blood cells, supporting their potential as luminescent probes for vascular imaging.
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J-агрегати амфіфільного ціанінового барвника як перспективні люмінесцентні 
зонди для візуалізації судин. С.С. Гранкіна, В.Ю. Прокопюк, І.І. Гранкіна, І.А. Боровой, 
С.Л. Єфімова, О.В. Сорокін

J-агрегати amphi-PIC є перспективними люмінесцентними системами для біомедичної 
візуалізації, проте їхня взаємодія з компонентами крові залишається недостатньо вивченою. 
У даній роботі систематично досліджено спектральні та клітинні властивості J-агрегатів  
amphi-PIC у водних розчинах, що містили еритроцити, лейкоцити та буфер, із використанням 
спектроскопії поглинання та люмінесценції, проточної цитометрії та конфокальної лазерної 
сканувальної мікроскопії. Спектроскопічні дані виявили лише незначні зміни положення 
спектральних смуг, стоксових зсувів, ширини смуг і часів життя люмінесценції в різних 
середовищах, що свідчить про те, що спостережувані ефекти переважно визначаються 
концентрацією барвника та стабільністю агрегатів, а не специфічною взаємодією з клітинами 
крові. Вимірювання методом проточної цитометрії підтвердили мінімальне поглинання 
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1. Introduction
Cyanine dyes are well known as effective lu-

minescent probes for a wide range of biomedi-
cal applications [1]. In particular, they exhibit 
relatively narrow spectral bands spanning a 
broad region from the blue to the near-infra-
red (NIR), depending on their molecular struc-
ture. They also possess high molar extinction 
coefficients and luminescence quantum yields, 
which are strongly influenced by interactions 
with surrounding species [2–5]. In solution, the 
quantum yield is typically low due to efficient 
cis–trans isomerization; however, it can increase 
significantly upon interaction with specific en-
vironments, such as biological systems [2–5].  
Another prominent feature of cyanine dyes is 
their ability to form highly ordered, luminescent 
assemblies known as J-aggregates [2–5].

A high degree of structural order in one- or 
two-dimensional molecular aggregates pro-
motes the delocalization of electronic excita-
tions across multiple molecules, leading to 
the formation of Frenkel excitons [6–10]. The  
extent of this delocalization, commonly  
referred to as the exciton coherence length, is 
limited by static disorder within the aggregate. 
Cyanine dye aggregates were first reported in-
dependently by E. Jelley and G. Scheibe and 
are now widely known as J-aggregates, named 
after Jelley [6–10]. The optical properties of 
these aggregates depend strongly on molecular 
packing. In particular, the excitonic absorption 
band may shift to lower energies (bathochromic 
shift, J-band) or higher energies (hypsochromic 
shift, H-band) relative to the monomeric transi-
tion [6–10]. The J-band arises from a head-to-
tail arrangement of molecules, corresponds to 
the lowest-energy excitonic state, and is typi-
cally associated with intense, near-resonant 
luminescence [6–10]. In contrast, the H-band 
originates from a head-to-head configuration, 
represents the high-energy excitonic state, and 
is generally non-emissive [6–10]. 

The optical response of J-aggregates is gov-
erned by excitonic effects that are highly sen-
sitive to their supramolecular organization 

[6–10]. As a consequence, these systems exhibit 
a range of distinctive spectral features, includ-
ing an exceptionally narrow J-band (with its 
linewidth determined by the exciton coherence 
length), pronounced shifts of the excitonic ab-
sorption, near-resonant emission, enhanced 
nonlinear optical response (e.g., large third-or-
der susceptibility), exciton superradiance, and 
very high oscillator strength [6–10]. Owing to 
these properties, J-aggregates have found ap-
plications in diverse areas such as photonics, 
optoelectronics, photographic materials, and 
biological imaging [6–10]. In recent years, 
particular attention has been devoted to ex-
ploiting their strong bathochromic shifts for 
the development of luminescent probes operat-
ing in the NIR region [11–17]. Notably, certain  
J-aggregates demonstrate efficient absorp-
tion and emission not only in the NIR-I window  
(700–900 nm) but also in the NIR-II region  
(1000–1500 nm), where light penetration in biolog-
ical tissues is significantly enhanced [11,13,16].

A key limitation in the in vivo application of 
NIR-emitting J-aggregates arises from their in-
jection into the bloodstream (e.g., via intravenous 
injection into the tail vein) [11–17]. Upon circu-
lation, interactions with natural blood proteins, 
particularly serum albumin, can destabilize the 
aggregates, leading to their dissociation and sub-
sequent binding of individual cyanine molecules 
to albumins [15,18,19]. Recently, we have dem-
onstrated that a particular cyanine dye, an am-
phiphilic derivative of pseudoisocyanine (amphi-
PIC), is capable of forming stable J-aggregates in 
the presence of bovine serum albumin (BSA) in 
aqueous buffer solutions, as well as in complex 
biological media, including whole blood [20,21].

In this article, we report on the interaction 
of amphi-PIC J-aggregates with blood cells. Us-
ing flow cytometry and scanning laser micros-
copy, we show that these aggregates exhibit 
minimal interaction with cell membranes and 
do not significantly penetrate cells. These find-
ings indicate that amphi-PIC J-aggregates are 
stable in blood and exhibit minimal cellular in-
teraction, highlighting their promise as lumi-
nescent probes for vascular imaging.

агрегатів клітинами, водночас виявивши поодинокі слабкі люмінесцентні сигнали, імовірно 
пов’язані із залишковими агрегатами, адсорбованими на поверхні клітин. Конфокальна 
мікроскопія також продемонструвала відсутність суттєвої колокалізації між J-агрегатами та 
клітинами крові, водночас виявивши часткову агломерацію агрегатів у буфері та, меншою 
мірою, у розчинах з еритроцитами. Загалом, отримані результати свідчать, що J-агрегати 
amphi-PIC залишаються переважно стабільними у кровоподібних середовищах і практично 
не взаємодіють із клітинами крові, що підтверджує їхній потенціал як люмінесцентних 
зондів для візуалізації судин.
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2. Experimental
The amphi-PIC dye (1-methyl-1′-octadecyl-

2,2′-cyanine perchlorate, Fig. 1) was obtained 
from the dye collection of Dr. I. A. Borovoy 
(Institute for Scintillation Materials, NAS of 
Ukraine). Its purity was verified by thin-layer 
chromatography. A stock solution (5 × 10–3 M) 
was prepared in dimethyl sulfoxide (DMSO). 
To obtain erythrocytes, blood samples were col-
lected from a clinically healthy female WAG rat 
aged 5–6 months into sterile K2EDTA Vacu-
tainer tubes (Guangzhou, China). Leukocytes 
were isolated from the spleen of the same ani-
mals using a standard cell dissociation meth-
od. To obtain samples, appropriate volumes of 
biological fluids were added to aliquots of the 
amphi-PIC stock solution to achieve a 200-fold 
dilution. As a reference, a Tris–HCl buffer so-
lution (0.1 M, pH 7.4) containing NaCl (0.1 M) 
was used instead of biological fluids. Under 
these conditions, the final dye concentration 
was 2.5 × 10–5 M, and the DMSO content was 
0.5% in all samples, including both biological 
fluids and buffer. After at least 30 min of in-
cubation of the dye with the biological media 
under ambient conditions, the samples were 
washed with Ringer’s solution after incubation. 
For this purpose, an appropriate volume of 
Ringer’s solution was added to the samples, fol-
lowed by centrifugation at 1500 rpm for 3 min. 
The supernatant was then removed, and the 
sample pellet was resuspended in fresh buffer. 

Luminescence spectra were recorded using a 
Lumina spectrofluorimeter (Thermo Scientific, 
USA). Absorption spectra were obtained using 
an optical microscope operated in transmitted-
light mode. In this configuration, the light from 
the microscope halogen lamp was transmitted 
through the sample (or through a bare glass 
substrate for reference measurements) and col-
lected with a 10×/0.50 NA objective. A minia-
ture fiber-optic spectrometer (USB4000, Ocean 
Optics, USA) was coupled to the microscope 
eyepiece using a custom-made adapter and 
used for absorption measurements. This setup 
provides high-quality spectra even for very thin 
samples.

Luminescence lifetimes were measured us-
ing a FluoTime 200 system (PicoQuant, Germa-
ny) equipped with a 531 nm picosecond pulsed 
laser diode head. The instrument response 
function (IRF) of the setup had a full width 
at half maximum (FWHM) of approximately 
100 ps. The IRF was recorded at the excitation 
wavelength using a dilute Ludox® solution. Lu-

minescence decay curves were analyzed using 
the FluoFit software package.

Luminescence images were acquired using 
the confocal laser scanning microscope ZEISS 
LSM 900 for Materials (Carl Zeiss, Germany). 
The images were acquired in laser scanning 
mode using a 20× objective (NA = 0.7) and two 
excitation lasers: 405 nm (for reflected light) 
and 561 nm (for excitation of J-aggregate lu-
minescence). Emission was recorded in two  
spectral ranges (channels): 400–565 nm and 
565–700 nm. Image analysis was performed us-
ing ZEISS ZEN (v3.6, Carl Zeiss, Germany).

The interaction of erythrocytes and leuko-
cytes with J-aggregates was analyzed by flow 
cytometry. Luminescence intensity was record-
ed using the BD FACSCanto II Cell Analyzer 
(BD Biosciences, USA) with excitation at 488 
nm and emission at 585 nm (PE channel). The 
acquired data were processed using FlowJo 
(v10, BD Biosciences, USA). Cells were dis-
criminated from debris and cell aggregates by 
applying appropriate gating strategies.

3. Results and discussion
The amphi-PIC dye exhibits unique J-aggre-

gation behavior primarily due to its extended 
(octadecyl) hydrophobic chain (Fig. 1). Because 
this tail prevents the dye from dissolving in 
pure water, it must first be processed into a 
stock solution using polar solvents such as 
DMSO or DMF [22,23]. Once dissolved, howev-
er, J-aggregation can be easily triggered by in-
troducing water, specifically at concentrations 
of 50% or higher. Interestingly, increasing the 
water ratio improves the optical quality of the 
aggregates, resulting in a more refined J-band 
and enhanced luminescence [22,23].  

When bovine serum albumin (BSA) is intro-
duced into the buffer at a concentration slightly 
higher than that of the amphi-PIC dye, the re-
sulting J-aggregates exhibit notably improved 
spectroscopic characteristics [20]. In particu-
lar, the J-band becomes narrower, indicating 

Fig. 1. Molecular structure of amphi-PIC dye.
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an increased exciton coherence length, while 
the luminescence quantum yield, lifetime, 
photostability, and overall stability are all en-
hanced [20]. It was also observed that the aver-
age size of the aggregate species in the pres-
ence of BSA is significantly smaller compared 
to that of J-aggregates formed in its absence 
[20]. This behavior was attributed to the forma-
tion of complexes between BSA and amphi-PIC 
J-aggregates, which likely suppresses their 
tendency to agglomerate, a process commonly 
encountered for J-aggregates [20].

Further, the photostability of amphi-PIC J-
aggregates in biological media, as well as their 
effects on cellular functions, were investigated 
in vitro [21]. It was found that biological fluids 
of varying composition enhance both the lu-
minescence intensity and photostability of the 
aggregates, supporting their potential use in 
bio-related applications [21]. At elevated con-
centrations, the aggregates exhibit pronounced 
acute toxicity, leading to cell death within ap-
proximately one hour. In contrast, at lower 
concentrations, they show minimal toxicity and 
satisfactory biocompatibility, making them 
more suitable for biological use [21]. The con-
tribution of the solvent (DMSO) to overall tox-
icity is comparatively minor. Among the tested 
cellular responses, proliferative activity proved 
to be the most sensitive to the presence of  
aggregates, whereas pinocytosis was the least 
affected [21]. Overall, amphi-PIC J-aggregates 
appeared promising for biomedical applications 
at concentrations of the dye below 10–4 M and 
of DMSO below 1% [21]. 

One potential application of such systems, 
namely J-aggregates of amphi-PIC or structur-
ally related NIR cyanine dyes, is vascular im-
aging [11–17,24], owing to their demonstrated 
stability in blood. However, it remains unclear 
whether amphi-PIC J-aggregates interact with 
blood cells or other cellular components, as is 
known for JC-1 J-aggregates, which are widely 
used as luminescent probes for mitochondria 
[9,25–27]. Such interactions could significantly 
alter their behavior in vivo, leading to rapid 
cellular uptake and clearance rather than re-
tention within the extracellular (plasma) com-
partment. Therefore, the present study aims 
to examine the interactions between amphi-
PIC J-aggregates and blood cells, specifically 
erythrocytes and leukocytes.

As the first step, we compared the spectral 
properties of amphi-PIC J-aggregates in aque-
ous solutions containing erythrocytes, leuko-

cytes, and buffer (Fig. 2). It is known that the 
interaction of J-aggregates with various species 
can alter their structure, thereby influencing 
their spectral properties [6–10]. 

For example, amphi-PIC J-aggregates inter-
acting with CeO2 nanoparticles formed twisted 
face-to-face and oblique head-to-tail struc-
tures, depending on the nanoparticle concen-
tration [28]. This process was accompanied by 
the growth of an H-band with a maximum at  
λ = 496 nm [28]. 

However, in the presence of  blood cells, 
such an additional H-band wasn’t observed 
(Fig. 2a). All spectra appear very similar for 
both the samples containing blood cells and the 
buffer solution, with only minor differences ob-
served. Taking into account the washing pro-
cedure applied to the samples with blood cells, 
the dye concentration in these samples is lower 
than in the buffer solution; therefore, the ag-
gregation process may differ [23,29–31]. As a 
result, both spectra of the solutions containing 
blood cells exhibit a much more intense mono-
mer band at 535 nm, which is also slightly red-
shifted compared to the buffer solution, where 
the monomer band is located at 525 nm due to 
the solvatochromic effect (Fig. 2a). In addition, 
the J-band of amphi-PIC J-aggregates in the 
buffer solution is broader (∆νFWHM = 840 cm–1) 
than those (650 cm–1 for erythrocytes’ solution 
and 685 cm–1 for leukocytes’ solution) in the 
solutions containing blood cells (Fig. 2a). Such 
an effect is typically associated with a higher  
degree of disorder in the molecular chains of 
J-aggregates [6–10,32,33]. One possible reason 
for this may be the agglomeration of individual 
aggregates in the buffer, which should mani-
fest itself in the luminescence characteristics.

Similar to the absorption spectra, the lumi-
nescence spectra of amphi-PIC J-aggregates 
in the studied solutions exhibit only minor 
differences (Fig. 2b). The main difference is 
the position of the luminescence maxima and, 
consequently, the Stokes shifts, which are 
140 cm–1 for the solution containing leukocytes,  
210 cm–1 for the solution containing erythro-
cytes, and 250 cm–1 for the buffer solution  
(Fig. 2b). In addition, the luminescence band for 
the buffer solution is again broader (∆νFWHM =  
450 cm–1) than those observed for the so-
lutions containing blood cells (∆νFWHM =  
40 cm–1) (Fig. 2b).

Consistent with the luminescence spec-
tra, the luminescence decay curves are also 
very similar, with the longest average lifetime  
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(τav ~ 65 ps) observed for the solution contain-
ing leukocytes, a shorter lifetime (τav ~ 55 ps) 
for the solution containing erythrocytes, and 
the shortest lifetime (τav ~ 40 ps) for the buffer 
solution (Fig. 2c).

Summarizing the spectroscopic data, we can 
conclude that they primarily reflect the features 
of J-aggregation in solution rather than the in-
teraction of J-aggregates with specific species. 
Indeed, the spectra of amphi-PIC J-aggregates 
in the solutions containing blood cells are con-
sistent with the effect of dye concentration on 
the properties of J-aggregates. A decrease in 
concentration below the level required for sta-
ble aggregation initiates partial J-aggregate 
disassembly and increases disorder within the 
aggregates. Consequently, the spectra of am-
phi-PIC J-aggregates in the solution contain-

ing erythrocytes, where the washing procedure 
apparently results in a lower dye concentra-
tion, exhibit a slightly broader J-band, a larger 
Stokes shift, and a shorter luminescence life-
time compared to the solution containing leu-
kocytes (Fig. 2).

The J-aggregates in the buffer solution also 
exhibit a higher degree of disorder, but for a 
different reason. Earlier, we demonstrated 
the effective agglomeration of amphi-PIC J-
aggregates in the buffer solution, which was 
prevented by interactions with albumins [20]. 
It is known that such agglomeration leads to 
the formation of defect states at the interfaces 
between different aggregates and affects their 
molecular arrangement [22,34–38]. Therefore, 
the broader J-band and luminescence bands, 
the larger Stokes shift, and the shortest lu-

Fig. 2. Absorption (a) and luminescence (b, λexc = 530 nm) spectra, as well as luminescence decay curves 
(c, λexc = 531 nm) of amphi-PIC J-aggregates in aqueous solutions containing erythrocytes (curves 1), 
leukocytes (curves 2), and buffer (curves 3). Curve 4 in panel (c) represents the instrument response func-
tion (IRF). The absorption and luminescence spectra are normalized for clarity.
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minescence lifetime observed for amphi-PIC 
J-aggregates in the buffer solution (Fig. 2) can 
be attributed to aggregate agglomeration [22, 
34–38].

Spectroscopic analysis is an indirect method 
for studying the interaction of luminophores 
with biological species. Therefore, we employed 
flow cytometry and confocal microscopy to con-
firm the spectroscopic results.

Flow cytometry is a powerful laboratory 
technique used for the rapid analysis, count-
ing, and sorting of cells or particles as they 
flow in a fluid stream past a laser beam [39,40]. 
Flow cytometers use lasers as light sources to 
generate both scattered and luminescent light 
signals, which are detected by photodiodes or 
photomultiplier tubes [40]. Cell populations 
can then be analyzed and/or separated based 
on their luminescence or light-scattering char-
acteristics [40].

It was found that after interaction with the 
aggregates, the majority of erythrocytes and 
leukocytes remained unstained (Fig. 3). How-
ever, a small fraction of cells with different 
luminescence intensities was observed, which 
may indicate the presence of residual aggre-
gates adsorbed onto the cell surfaces.

It can be seen that the luminescence inten-
sity of the stained sample appears lower than 
the autofluorescence of the unstained control 
(Fig. 3). At first glance, such a result may seem 
paradoxical; however, this effect is well docu-
mented in flow cytometry [39,40]. If the concen-
tration of J-aggregates within the cells or in the 

surrounding medium is sufficiently high, they 
may act as an optical filter, absorbing a signifi-
cant portion of the incident laser light before it 
excites cellular autofluorescence, and/or reab-
sorbing the emitted autofluorescence.

As amphi-PIC J-aggregates can be detected 
by luminescence microscopy [22], their interac-
tion with blood cells can be directly visualized 
using confocal laser scanning microscopy. For 
this purpose, two excitation wavelengths and 
corresponding detection channels were em-
ployed: a blue laser (λexc = 405 nm) with de-
tection in the 400–565 nm range was used to 
obtain reflected-light images showing blood 
cells (Figs. 4 and 5, images a); and a red laser 
(λexc  =  561 nm) with detection in the 565–700 
nm range was used to excite J-aggregate emis-
sion and record their luminescence images 
(Figs. 4 and 5, images b).

Erythrocytes are visible in the reflected-
light image (Fig. 4a) as small dark round spots 
with diameters of 6–8 μm, consistent with lit-
erature data. As amphi-PIC J-aggregates are 
much smaller than 1 μm, they cannot be re-
solved by optical microscopy and are observed 
only via their luminescence signal (Fig. 4b). 
Interestingly, despite the low dye concentra-
tion and the presence of natural proteins in 
the blood-cell-containing solutions, pronounced 
agglomeration of J-aggregates is observed as 
large, irregularly shaped spots (Fig. 4b). This 
observation supports the previously suggested 
increased disorder within the J-aggregates in 

Fig. 3. Representative histograms of the cells: a) erythrocytes; b) leukocytes. Blue — intact cells; red 
— cells after interaction with the J-aggregates.
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the erythrocyte-containing solution and pro-
vides additional insight into this effect.

Possible explanations include the influence 
of the Ringer’s solution used during washing 
or the presence of potential agglomeration 
centers such as erythrocytes. However, in the 
image recorded using both detection channels 
(Fig. 4a), it is evident that individual J-aggre-
gates and their agglomerates do not predomi-
nantly colocalize with erythrocytes. Therefore, 
the most plausible explanation for J-aggregate 
agglomeration is the overly intensive washing 
procedure, which likely leads to a significant 

decrease in dye concentration and a substantial 
fraction of residual washing solution.

In the case of the leukocyte-containing solu-
tion, amphi-PIC J-aggregates appear as well-
separated small spots, indicating substantially 
reduced agglomeration (Fig. 5b), in agreement 
with the spectroscopic data. Similar to the 
erythrocyte case, in the image recorded using 
both detection channels, there is no evidence 
of colocalization between J-aggregates and leu-
kocytes, which appear as light, round-shaped 
objects with diameters of 7–10 μm (Fig. 5a),  
except for a small fraction of cells and their ag-
gregates. This minor population is also reflected 

Fig. 4. Confocal microscopy images of amphi-PIC J-aggregates in a solution containing erythrocytes: (a) 
image recorded using both detection channels; (b) image recorded in the 565–700 nm detection range. The 
color of the J-aggregate luminescence is false-colored and used for clarity.

Fig. 5. Confocal microscopy images of amphi-PIC J-aggregates in a solution containing leukocytes: (a)  
image recorded using both detection channels; (b) image recorded in the 565–700 nm detection range. The 
color of the J-aggregate luminescence is false-colored and used for clarity.
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as a weak tail in the flow cytometry histograms 
(Fig. 3). It should be noted that a small number 
of erythrocytes are present in the image of the 
leukocyte-containing solution (Fig. 5a), which 
is a typical outcome due to the difficulty of com-
pletely separating leukocytes from erythrocytes 
in blood samples.

In summary, the obtained results indicate 
negligible interaction between amphi-PIC  
J-aggregates and blood cells, as confirmed by 
spectroscopic, flow cytometry, and confocal mi-
croscopy data. It should be noted that, accord-
ing to our unpublished results, amphi-PIC J-
aggregates also show minimal interaction with 
living L929 cells but can stain them after cell 
death. These findings suggest that amphi-PIC 
J-aggregates are stable in blood and exhibit 
limited cellular interaction, highlighting their 
potential as luminescent probes for vascular 
imaging.

4. Conclusions
The combined spectroscopic, flow cytometry, 

and confocal microscopy data consistently dem-
onstrate that amphi-PIC J-aggregates exhibit 
negligible direct interaction with erythrocytes 
and leukocytes. The observed variations in 
optical properties are primarily attributed to 
changes in dye concentration and aggregate 
stability rather than specific biochemical inter-
actions with cellular components.

In buffer solution, more pronounced spec-
tral broadening and shortened lumines-
cence lifetimes are associated with aggregate  
agglomeration, likely facilitated by the absence 
of stabilizing interactions with serum proteins. 
In contrast, in blood-cell-containing media, the 
presence of proteins and reduced effective dye 
concentration suppresses agglomeration and 
leads to more ordered J-aggregate structures.

Flow cytometry confirms minimal cellular 
association, with only minor subpopulations of 
luminescent events likely arising from residual 
aggregates. Confocal microscopy supports these 
findings, showing no significant colocalization 
between aggregates and blood cells.

Overall, amphi-PIC J-aggregates demon-
strate good stability in biologically relevant 
environments and minimal cellular affinity, 
which makes them promising candidates for 
applications in vascular and blood-related lu-
minescence imaging.

Acknowledgments
Oleksandr Sorokin, on behalf of the Insti-

tute for Scintillation Materials of the NAS of 
Ukraine, expresses sincere gratitude to Carl 
Zeiss AG for the generous donation of the con-
focal laser scanning microscope ZEISS LSM 
900 for Materials. The authors also thank the 
Ukrainian Armed Forces for making this re-
search in Kharkiv possible.

References
  1.	 A.P. Demchenko, Introduction to Fluorescence 

Sensing, Third, Springer International Publish-
ing, Cham, 2020. https://doi.org/10.1007/978-3-
030-60155-3.

  2.	 A. Mishra, R.K. Behera, P.K. Behera, B.K. 
Mishra, G.B. Behera, Cyanines during the 
1990s: a review, Chem. Rev. 100 (2000) 1973–
2011. https://doi.org/10.1021/cr990402t.

  3.	 H. Mustroph, Cyanine dyes, Physical Sci-
ences Reviews 5 (2020) 20190145. https://doi.
org/10.1515/psr-2019-0145.

  4.	 G.S. Gopika, P.M.H. Prasad, A.G. Lekshmi, 
S. Lekshmypriya, S. Sreesaila, C. Arunima, 
M.S. Kumar, A. Anil, A. Sreekumar, Z.S. Pil-
lai, Chemistry of cyanine dyes-A review, Mater. 
Today Proc. 46 (2021) 3102–3108. https://doi.
org/10.1016/j.matpr.2021.02.622.

  5.	 H.A. Shindy, Fundamentals in the chemistry 
of cyanine dyes: A review, Dyes and Pigments 
145 (2017) 505–513. https://doi.org/10.1016/
j.dyepig.2017.06.029.

  6.	 T. Kobayashi, ed., J-Aggregates, World Scientific, 
Singapore, 1996. https://doi.org/10.1142/3168.

  7.	 T. Kobayashi, ed., J-Aggregates, Volume 2, 
World Scientific, Singapore, 2012. https://doi.
org/10.1142/8226.

  8.	 F. Würthner, T.E. Kaiser, C.R. Saha-Möller, J-
Aggregates: From Serendipitous Discovery to 
Supramolecular Engineering of Functional Dye 
Materials, Angew. Chem. Int. Ed. 50 (2011) 3376–
3410. https://doi.org/10.1002/anie.201002307.

  9.	 J.L. Bricks, Y.L. Slominskii, I.D. Panas, A.P. 
Demchenko, Fluorescent J-aggregates of cya-
nine dyes: basic research and applications re-
view, Methods Appl. Fluoresc. 6 (2017) 012001. 
https://doi.org/10.1088/2050-6120/aa8d0d.

10.	 O.V. Sorokin, I.I. Bespalova, S.L. Yefimova, Flu-
orescence properties of cyanine dyes molecular 
aggregates in nanostructured media: A review, 
Functional Materials 32 (2025) 323–347. https://
doi.org/10.15407/fm32.03.323.

11.	 P. Sun, Q. Wu, X. Sun, H. Miao, W. Deng, W. 
Zhang, Q. Fan, W. Huang, J-Aggregate squara-
ine nanoparticles with bright NIR-II fluores-



186	 Functional Materials,  33,  2,  2026

S.S. Hrankina et al. / Amphiphilic cyanine dye ...

cence for imaging guided photothermal therapy, 
Chemical Communications 54 (2018) 13395–
13398. https://doi.org/10.1039/C8CC08096H.

12.	 D. Miranda, H. Huang, H. Kang, Y. Zhan, D. 
Wang, Y. Zhou, J. Geng, H.I. Kilian, W. Stiles, 
A. Razi, J. Ortega, J. Xia, H.S. Choi, J.F. Lovell, 
Highly-Soluble Cyanine J-aggregates Entrapped 
by Liposomes for In Vivo Optical Imaging around 
930 nm, Theranostics 9 (2019) 381–390. https://
doi.org/10.7150/thno.28376.

13.	 C. Sun, B. Li, M. Zhao, S. Wang, Z. Lei, L. Lu, H. 
Zhang, L. Feng, C. Dou, D. Yin, H. Xu, Y. Cheng, 
F. Zhang, J -Aggregates of Cyanine Dye for NIR-
II in Vivo Dynamic Vascular Imaging beyond 
1500 nm, J. Am. Chem. Soc. 141 (2019) 19221–
19225. https://doi.org/10.1021/jacs.9b10043.

14.	 C.-A. Shen, F. Würthner, NIR-emitting squara-
ine J-aggregate nanosheets, Chemical Com-
munications 56 (2020) 9878–9881. https://doi.
org/10.1039/D0CC03686B.

15.	 S. Xu, H.-W. Liu, S.-Y. Huan, L. Yuan, X.-B. 
Zhang, Recent progress in utilizing near-infra-
red J-aggregates for imaging and cancer ther-
apy, Mater. Chem. Front. 5 (2021) 1076–1089. 
https://doi.org/10.1039/D0QM00557F.

16.	 K. Li, X. Duan, Z. Jiang, D. Ding, Y. Chen, G.-Q. 
Zhang, Z. Liu, J-aggregates of meso-2.2.paracy-
clophanyl-BODIPY dye for NIR-II imaging, Nat. 
Commun. 12 (2021) 2376. https://doi.org/10.1038/
s41467-021-22686-z.

17.	 W. Chen, C.-A. Cheng, E.D. Cosco, S. Ramak-
rishnan, J.G.P. Lingg, O.T. Bruns, J.I. Zink, 
E.M. Sletten, Shortwave Infrared Imaging with 
J-Aggregates Stabilized in Hollow Mesoporous 
Silica Nanoparticles, J. Am. Chem. Soc. 141 
(2019) 12475–12480. https://doi.org/10.1021/
jacs.9b05195.

18.	 P.R. Patlolla, N. Desai, S. Gupta, B. Datta, In-
teraction of a dimeric carbocyanine dye aggre-
gate with bovine serum albumin in non-aggre-
gated and aggregated forms, Spectrochim. Acta 
A Mol. Biomol. Spectrosc. 209 (2019) 256–263. 
https://doi.org/10.1016/j.saa.2018.10.048.

19.	 Y. Zhang, H. Du, Y. Tang, G. Xu, W. Yan, Spec-
troscopic investigation on the interaction of 
J-aggregate with human serum albumin, Bio-
phys. Chem. 128 (2007) 197–203. https://doi.
org/10.1016/j.bpc.2007.04.002.

20.	 I.I. Grankina, I.A. Borovoy, S.I. Petrushenko, S.S. 
Hrankina, V.P. Semynozhenko, S.L. Yefimova, 
A. V. Sorokin, Fluorescent properties of amphi-
PIC J-aggregates in the complexes with bovine 
serum albumin, J. Mol. Liq. 368 (2022) 120755. 
https://doi.org/10.1016/j.molliq.2022.120755.

21.	 A. Sorokin, V. Prokopiuk, I. Grankina, I. Bo-
rovoy, A. Tkachenko, S. Yefimova, Amphi-PIC 
J-Aggregate - Protein Complexes: Stability in 
Blood and Toxicity to Cell Cultures, in: 2022 
IEEE 12th International Conference Nano-
materials: Applications & Properties (NAP), 
IEEE, 2022: pp. 1–5. https://doi.org/10.1109/
NAP55339.2022.9934581.

22.	 Yu.V. Malyukin, A.V. Sorokin, S.L. Yefimova, 
A.N. Lebedenko, Photo-induced reorganization 
of molecular packing of amphi-PIC J-aggregates 
(single J-aggregate spectroscopy), J. Lumin. 
112 (2005) 429–433. https://doi.org/10.1016/
j.jlumin.2004.09.082.

23.	 A.V. Sorokin, I.I. Filimonova, R.S. Grynyov, G.Y. 
Guralchuk, S.L. Yefimova, Y.V. Malyukin, Con-
trol of exciton migration efficiency in disordered 
J-aggregates, Journal of Physical Chemistry C 
114 (2010) 1299–1305. https://doi.org/10.1021/
jp906665j.

24.	 J. Heo, D.P. Murale, H.Y. Yoon, V. Arun, S. Choi, 
E. Kim, J. Lee, S. Kim, Recent trends in molecu-
lar aggregates: An exploration of biomedicine, 
Aggregate 3 (2022). https://doi.org/10.1002/
agt2.159.

25.	 M. Reers, T.W. Smith, L.B. Chen, J-Aggregate 
Formation of a Carbocyanine as a Quantitative 
Fluorescent Indicator of Membrane Potential, 
Biochemistry (1991). https://doi.org/10.1021/
bi00232a015.

26.	 S.T. Smiley, M. Reers, C. Mottola-Hartshorn, 
M. Lin, A. Chen, T.W. Smith, G.D. Steele, L.B. 
Chen, Intracellular heterogeneity in mitochon-
drial membrane potentials revealed by a J-ag-
gregate-forming lipophilic cation JC-1, Pro-
ceedings of the National Academy of Sciences 
88 (1991) 3671–3675. https://doi.org/10.1073/
pnas.88.9.3671.

27.	 S. Salvioli, A. Ardizzoni, C. Franceschi, A. Cos-
sarizza, JC-1, but not DiOC 6 (3) or rhodamine 
123, is a reliable fluorescent probe to assess Δ 
Ψ changes in intact cells: implications for stud-
ies on mitochondrial functionality during apop-
tosis, FEBS Lett. 411 (1997) 77–82. https://doi.
org/10.1016/S0014-5793(97)00669-8.

28.	 S.L. Yefimova, G. V. Grygorova, V.K. Klochkov, 
I.A. Borovoy, A. V. Sorokin, Y. V. Malyukin, Mo-
lecular Arrangement in Cyanine Dye J-Aggre-
gates Formed on CeO 2 Nanoparticles, The Jour-
nal of Physical Chemistry C 122 (2018) 20996–
21003. https://doi.org/10.1021/acs.jpcc.8b06590.

29.	 I. Struganova, Dynamics of Formation of 1,1‘-
Diethyl-2,2‘-Cyanine Iodide J-Aggregates in So-
lution, J. Phys. Chem. A 104 (2000) 9670–9674. 
https://doi.org/10.1021/jp994190f.



Functional Materials,  33,  2,  2026	 187

S.S. Hrankina et al. / Amphiphilic cyanine dye ...

30.	 F. Haverkort, A. Stradomska, A.H. De Vries, J. 
Knoester, Investigating the structure of aggre-
gates of an amphiphilic cyanine dye with molec-
ular dynamics simulations, Journal of Physical 
Chemistry B 117 (2013) 5857–5867. https://doi.
org/10.1021/jp4005696.

31.	 F. Haverkort, A. Stradomska, A.H. de Vries, J. 
Knoester, First-Principles Calculation of the Op-
tical Properties of an Amphiphilic Cyanine Dye 
Aggregate, J. Phys. Chem. A 118 (2014) 1012–
1023. https://doi.org/10.1021/jp4112487.

32.	 J. Knoester, V.M. Agranovich, Frenkel and 
Charge-Transfer Excitons in Organic Solids, 
in: V.M. Agranovich, G.F. Bassani (Eds.), Thin 
Films and Nanostructures: Electronic Excita-
tions in Organic Based Nanostructures, Vol-
ume 31, 2003: pp. 1–96. https://doi.org/10.1016/
S1079-4050(03)31001-4.

33.	 T.L.C. Jansen, L.M. Günther, J. Knoester, J. 
Köhler, Electronically excited states in cylindri-
cal molecular aggregates: Exciton delocaliza-
tion, dynamics, and optical response, Chemical 
Physics Reviews 5 (2024) 041305. https://doi.
org/10.1063/5.0225327.

34.	 A.V. Sorokin, I.Yu. Ropakova, S.L. Yefimova, 
Yu.V. Malyukin, Influence of pseudoisocyanine 
J-aggregate agglomeration on the optical prop-
erties, Functional Materials 25 (2018) 088–092. 
https://doi.org/10.15407/fm25.01.088.

35.	 H. von Berlepsch, C. Böttcher, Network Super-
structure of Pseudoisocyanine J -Aggregates in 

Aqueous Sodium Chloride Solution Revealed 
by Cryo-Transmission Electron Microscopy, J. 
Phys. Chem. B 106 (2002) 3146–3150. https://
doi.org/10.1021/jp0143701.

36.	 H. Von Berlepsch, C. Bo, A. Ouart, C. Burger, 
S. Da, S. Kirstein, Supramolecular Structures of 
J-Aggregates of Carbocyanine Dyes in Solution, 
(2000). https://doi.org/10.1021/jp000220z.

37.	 A.N. Lebedenko, G.Ya. Guralchuk, A.V. Sorokin, 
S.L. Yeflmova, Y.V. Malyukin, Pseudoisocyanine 
J-aggregate to optical waveguiding crystallite 
transition: Microscopic and microspectroscopic 
exploration, Journal of Physical Chemistry B 
110 (2006) 17772–17775. https://doi.org/10.1021/
jp061965t.

38.	 H. Yao, S. Kitamura, K. Kimura, Morphology 
transformation of mesoscopic supramolecular J 
aggregates in solution, Phys. Chem. Chem. Phys. 
3 (2001) 4560–4565. https://doi.org/10.1039/
b105310h.

39.	 J. Picot, C.L. Guerin, C. Le Van Kim, C.M. 
Boulanger, Flow cytometry: retrospective, fun-
damentals and recent instrumentation, Cy-
totechnology 64 (2012) 109–130. https://doi.
org/10.1007/s10616-011-9415-0.

40.	 K.M. McKinnon, Flow Cytometry: An Overview, 
Curr. Protoc. Immunol. 120 (2018). https://doi.
org/10.1002/cpim.40.


