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Amphiphilic cyanine dye J-aggregates
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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.

Keywords: cyanine dye, J-aggregate, luminescence, blood, erythrocyte, leukocyte

J-arperaru amgicinbHOro HiaHiHOBOro 0APBHUKA AK IIEPCIIEKTUBHI JIIOMiHECIeHTHI
3ouau aua Bisyasisanii cynun. C.C. [ pauxina, B.IO. Ilpoxoniok, I.1. I panukina, I.A. Boposoil,
C.JI. €pimosa, O.B. Coporin

J-arperatu amphi-PIC e mepcrekTUBHEMY JIIOMIHECIIEHTHUMY CHCTEMAMU JJIA 0l0MequIHOl
BigyaJisairii, mpoTe IXHs B3aeMO/IisI 3 KOMIIOHEHTaAMU KPOB1 3aJIUIITAETHCI HEJOCTATHHO BUBYEHOIO.
V nmanit pobOTI CHCTEMATHYHO JOCIIIKEHO CIIEKTPAJIbHI Ta KJIITHMHHI BJIACTUBOCTI J-arperaTiB
amphi-PIC y BogHUX posunHax, 110 MiCTHIIA epUTPOIIHTH, JedKormTH Ta 0ydep, 13 BUKOPUCTAHHSIM
CIIEKTPOCKOITI1 IIOTJIMHAHHS TA JIOMIHECIIEHITI], IIPOTOYHOI IUTOMETPIi Ta ROHCbORaJILHOl JIa3epHol
craHyBaJabHOI MiKpocKomi. CIeKTPOCKOIIYHI JTaHl BUSBUJIN JIUIE HE3HAYHI 3MIHU ITOJIOKEHHS
CIIEKTPAJIbHUX CMYT, CTOKCOBHX 3CYBIB, IIMPUHU CMYT 1 YACIB KUTTSA JIIOMIHECIIEHIN] B PI3HUX
CepesIOBUINAX, IO CBIIYUTHL TIPO Te, IO CHOCTepemyBam ederT IIePEeBasKHO BU3HAYAIOTHCH
ROHueHTpameIo OapBHIKA Ta CTAOLIBHICTIO aTperaris, a He cneund)lqﬁom BsaeMomeIo 3 KIIITUHAMUA
KpoBl. BumipoBaHHS MeTOIOM IIPOTOYHOI ITUTOMETPIi MiATBEPIUIN MiHIMAJIbHE IOTIMHAHHS
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arperariB KJIITHHAMH, BOJHOYAC BUSBUBIIIN IIO0IMHOKI CJTa0K1 JIIOMIHECIIEHTHI CUTHAJIN, IMOBIPHO
OB’A3aHl 13 3AJMINIKOBAMU arperaraMmu, ancopboBaHuMu Ha moBepxHi kaitnH. Komdoraabaa
MIKPOCKOITiS TAKOK IIPOIEMOHCTPYBAaJIa BIACYTHICTD CyTTEBOI KOJIOKAJII3alIlil Mik J-arperaramu Ta
KJIITHHAMU KPOBI, BOJHOYAC BUSBUBIIKA YACTKOBY arJioOMepalriio arperaris y 0ydepl Ta, MEHIIIO0
MipoIo, y PO3UMHAX 3 ePUTPOIMTAMH. 3arajioM, OTPUMAHI pPe3yJabTaTh CBIIYaTh, 110 J-arperatu
amphi-PIC sanummarmorsesa nepeBaskHO CTa0LIIBHUME Y KPOBOMOMIOHUX CEPEIOBUINAX 1 IIPAKTHYIHO
HEe B3aeMOJIIOTH 13 KJIITHHAMHU KPOBI, III0 MIATBEPIKYE IXHIA IIOTEHITAJI SK JIIOMIHECIIEHTHUX

30H/IIB JJIs Bi3yaJIi3allil CyIuH.

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
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[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
(7000900 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.
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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 x 103 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—HCI 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 X 107> M, and the DMSO content was
0.5% 1in 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 10x/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-
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Fig. 1. Molecular structure of amphi-PIC dye.

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 20X 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 Flowdo
(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
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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~ 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-
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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 CeO4 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
A =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 (Avpwy = 840 cm1)
than those (650 cm™! for erythrocytes’ solution
and 685 cm™! 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™! for the solution containing leukocytes,
210 cm! for the solution containing erythro-
cytes, and 250 cm™! for the buffer solution
(Fig. 2b).In addition, the luminescence band for
the buffer solution is again broader (Avpy gy =
450 cm™1) than those observed for the so-
lutions containing blood cells (Avpwpm =
40 ecm™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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Fig. 2. Absorption (a) and luminescence (b, 1., = 530 nm) spectra, as well as luminescence decay curves
(€, Aoye = 531 nm) of amphi-PIC J-aggregates in aqueous solutions containing erythrocytes (curves 1),
leukocytes (curves 2), and buffer (curves 3). Curve 4 1in panel (c) represents the instrument response func-
tion (IRF). The absorption and luminescence spectra are normalized for clarity.

(t,4y ~ 65 ps) observed for the solution contain-
ing leukocytes, a shorter lifetime (t,, ~ 55 ps)
for the solution containing erythrocytes, and
the shortest lifetime (t,,, ~ 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-
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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-
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Fig. 3. Representative histograms of the cells: a) erythrocytes; b) leukocytes. Blue — intact cells; red

— cells after interaction with the J-aggregates.

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
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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 (A,,. = 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
(Aege = 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 pum, consistent with lit-
erature data. As amphi-PIC J-aggregates are
much smaller than 1 pm, 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
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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.
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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.

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
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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 pm (Fig. 5a),
except for a small fraction of cells and their ag-
gregates. This minor population is also reflected
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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 L1929 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.
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