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Aim. To study possibile application of C2, C9, C18 and JC-1 carbocyanine fluorescent dyes for cell culture
characterization. Methods. Morphological methods, fluorescence-activated cell sorting (FACS) analysis,
luminescent microscopy were used. Results. The studied carbocyanine probes were shown to be preserved
in dividing cells for at least 4 duplications. It was found that carbocyanine probe JC-1 did not transit from
cell to cell under combined culturing of labeled and non-labeled cells. Conclusions. The paper covers the
use of carbocyanine fluorescent probes for long-term culturing of cell lines. Probes C9 and JC-1 were
optimal for the proliferative culture observation, allowing to trace mitochondrial functional state.
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Introduction. Investigations of the cell cultures func-
tioning require informative express methods. One of
them is the labeling of different cell components with
luminescent probes. It is evident that an agent
introduced into a cell should be non-toxic and affect
minimally the vital cell processes. Long-term stay of a
fluorescent label inside a cell is also desirable. The
dyes with the abovementioned properties may be used
for diagnostics of the cell culture state under various
physical and chemical influences. A next prospect is
the coding of biological samples, e. g. during their sto-
rage in cryobanks or when transporting them.

In addition, the cytological and histological studies
for tracing the fate of transplanted cell in a recipient’s
organism require the use of long-living probes, provi-

O Institute of Molecular Biology and Genetics NAS of Ukraine, 2009

484

ding the information on the processes occurring in cells
and tissues during their vital activity.

We have synthesized and investigated the carbo-
cyanine dyes differing in their hydrophilic-hyd-
rophobic features. As it has been reported [1] the
staining with these dyes was performed prior to investi-
gating and there are only single papers on culturing cell
lines with integrated dyes [2, 3]. The research was ai-
med at comparative characterization of the behavior of
syn- thesized by us probes in proliferating cell cultures.

The study comprised the examining of localization
of probes in a cell, duration of their storage and inves-
tigation of the possibility of free intercellular transition
of the probes during combined culturing of two cell
lines.

Materials and Methods. Fluorescent probes C2
(3,3'-diethyloxacarbocyanine bromide), C9 (3,3-dide-
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cyloxacarbocyanine bromide), C18 (3,3'-dioctadecyl-
oxacarbocyanine bromide) and JC-1 (5,5',6,6'-tetra-
chlor-1,1',3,3'-tetraethyl-benzoimidazolylcarbocyani-
ne iodide) were synthesized at the Institute of Scin-
tillation Materials of the State Scientific Institution
«Institute for Single Crystals» NAS of Ukraine. When
staining the cell we used solutions of probes with con-
centration from 0.1 nM to 100 nM.

The behavior of probes has been studied in the cells
of human fibroblast (HF) diploid line and in the cells of
porcine embryo kidney (SPEV). The cells were cultu-
red in Dulbecco’s modified Eagle’s Medium (DMEM)
(Sigma) with adding 10 % fetal calf serum (FCS)
(HyClone) [4]. The number of viable cells was counted
on staining with trypan blue supravital dye. The probes
were integrated into the cell monolayer and cell sus-
pension, obtained enzymatically with following wash-
ing-out with Hank’s solution. The cells in suspended
state were incubated with probes for 15 min, afterwards
a non-bound dye was washed-out by adding Hank’s
solution into suspension in 9:1 ratio and centrifuged at
1,000 rot/min.

Afterwards the stained with fluorescent dyes cells
were cultured at 37 °C and 5 % CO, [5]. The distri-
bution of dye in cells was assessed using inverted
fluorescent microscope Olympus 1X71 with digital
camera Olympus C-5060, the excitation band was 450-
490 nm. Probe toxicity was tested by morphology and
proliferative activity of probe-labeled cells within in
vitro experiments.

The flow cytometry investigations were performed
with FACS Calibur cytofluorimeter (Becton-Dickin-
son, USA) using reagents of the same company. Prior
to the analysis the cells were suspended, washed-out
from nutritive medium and placed into isotonic solu-
tion. The cells were incubated with working concen-
trations of the probes within 15 min. The results ob-
tained by flow cytometry were analysed with Win MDI
v.2.8 software and presented as point graphs.

To find out whether the adherence of fluorescent
probes is potential-dependent, the proton translocator
carbonylcyanide p-trifluoromethoxyphenylhydrazone
(FCCP) was used [6]. FCCP at of 5 iVl concentration
was added to a proliferating cell culture after staining
with fluorescent probes. The luminescence changes in
cells were estimated by luminescent microscopy.

To induce apoptosis, 10 nM etoposide was intro-
duced into the medium for 24 h with subsequent dou-
ble washing-out.

To examine the possibility of transition of fluo-
rescent probes from stained cells into non-stained ones
a method of co-culturing was applied. In the first case
the cells of HF culture were stained and the SPEV were
not, in the other case — vice-versa. After staining, the
cells were plated together with non-stained ones into
one flask on a glass and cultured for 2-3 days at 37 °C
and 5 % CO,. Distribution of dye in the cells was
evaluated by luminescent microscopy.

For the assessment of survival duration of the fluo-
rescent probes in the proliferating culture stained with
fluorescent dyes, the cells were cultured under standard
conditions for 10 days. During this term the presence
and intensity of luminescence were examined.

Results. Carbocyanine dyes have been widely used
in fluorescent labeling of cells and tissues since the late
70 s. lodides and perchlorates have been used as coun-
ter-ions. The synthesized by us dyes C2, C9 and C18
differed in using Br-anions for this purpose. Herewith
the C2 dye is well soluble in water, and the probe C18
is poorly soluble, but due to its highly hydrophobic
behavior it integrates into membrane lipid areas. This
difference in hydrophilic-hydrophobic properties is
determined by the length of alkyl substituents at nitro-
gen atom of oxazole cycle. The dye C9 was synthesized
additionally as a probe with intermediate properties
due to the presence of alkyl «tails», consisting of 9 car-
bon atoms in the molecule. The JC-1 dye was obtained
by the method [7]. This dye exists in two forms: mono-
meric, fluorescing at 527 nm (green fluorescence) and
as J-aggregates with emission at 590 nm (orange fluo-
rescence) with 490 nm excitation wave length (Fig. 1).

The dyes C2, C9, C18 were synthesized according
to the methods [8]. The probes structures are shown on
the scheme.

Absorption and luminescence spectra of probes C2,
C9 and C18 measured in chloroform are identical
(within the measurement conditions) for all the dyes,
with fluorescence maximum at 515 nm (Fig. 2).

At the first stage of research the influence of carbo-
cyanine probes on the morphology and proliferative
activity was examined in vitro. During incubation of
the cells within the media with various content of fluo-

485



GONCHARUKE. I.ET AL.

100 - Jc1

Water-DMSO

80 -

D
o
L

Fluorescence, a. u.
N
o
L

20

0 T T T T T
400 500 600 700
Wave length, nm

Fig. 1. Fluorescence spectrum of JC-1 dye in dimethyl sulfoxide
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Fig. 2. Absorption and luminescence spectra of C2, C9, C18 dyes

rescence probes, the optimal dye concentrations were
found for the studied cultures. For the probe C2 it was
1nM, 10nM - forthe C9and JC-1, 100mM — for the
C18 dye. At optimal probe concentrations (and lower)
the morphology of human fibroblasts and SPEV cells
remained unchanged as compared to these indices for
not-labeled cells.

When increasing the concentration of probes in cell
suspensions, a reduction of cell viability was found. At
lower concentration of the dyes just a slight lumines-
cence of cell organelles was observed.

Fig. 3, A (see inset) shows the HF cells labeled with
fluorescent probe C2. As the figure demonstrates, the
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Scheme. Structure of the probes

dye is localized in filamentary structures with the
length up to 60 nm, the structures are located in
cytoplasm evenly, non-stained nucleus is soundly
manifested. There was observed quite evident flash
inside the whole cell volume that testifies to the fact of
unstable binding of the probe with organelles. During
the staining of cell suspension with the probe C9 (Fig.
3, B, see inset) its distribution in the cell cultures was
analogous, however the con- tours of mitochondria
were distinct, the baseline light-striking was absent in
the visible field.

The cells of HF cultures stained with the C18 dye
are presented in Fig. 3, C (see inset). The distribution of
this dye in fibroblast cells differs from that for the C2
and C9 probes. The luminescence was of dotty cha-
racter, the staining of mitochondria filamentary struc-
tures was absent.
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Fig. 6. Cytofluorimetric analysis of cells stained with fluorescent
probes: A - C2: FL1-H (X-axis) and FL2-H (Y-axis), R1 = 31.95 %,
R2 =51.89 %; B - C9: FL1-H and FL2-H, R1 =98.1 %; C - C18:
FL1-H and FL2-H, R1 =52.51 %, R2 = 28.91 %; D - JC-1: FL1-H
and FL2-H, R1=19.03 %, R2=79.72 %

When staining the cells with the probe JC-1, there
was revealed a picture morphologically similar to those
for the dyes C2 and C9, exept for the fact that lumines-
cence of the cell organelles was observed in the orange
area (Fig. 4, seeinset). There was observed green lumi-
nescence, associated with organelles, in cytoplasm.
This picture testifies to the presence of the dye in the
cells in form of J-aggregates.

The character of distribution of the dyes C2 and C9
in the SPEV culture cells differs from that in the HF
cells. Separated mitochondria, evenly distributed along
the whole SPEV cell, were stained (Fig. 5, A, see in-
set). Visually the SPEV cell chondriome did not differ
significantly from filamentary one of human fibro-
blasts (Fig. 5, A, B, see inset). As for the probe C18, its
localization in SPEV cells was similar to that in fib-
roblasts.

Information about the interaction of probes with
cells was also obtained by FACS method. The results
of flow cytometry of HF culture stained with the carbo-
cyanine probes are shown in Fig. 6. Each graph point
corresponds to a cell. The cell coordinates are the inten-
sities of fluorescence at the 520 + 15 nm (FL1-H) and
580 £ 20 nm (FL2-H) fluorescence channels. R1 and

R2 are cell regions, limited by the parameter of fluo-
rescent intensity at the channels.

Cell fluorescence of HF culture stained with the
probe C2 as well as that of the culture stained with the
probe C9 is in a green fluorescence area, region (I =
=530 nm) (Fig. 6, A, B).

Fluorescence of the probe C18 in contrast to the
C2 and C9 probes is in the area of red fluorescence (I =
=670 + 20 nm) and the cells are distributed into two
groups (Fig. 6, C).

Flow cytometry analysis of the HF cell culture
stained with the probe JC-1 has shown that the fluores-
cence intheorange region (I =585+ 20 nm) is inhe-
rent for the case under study, moreover the cells are
distributed into two groups (Fig. 6, D). In this area J-
aggregates, formed on mitochondria with a high trans-
membrane potential, are luminescent. We induced apo-
ptosis in these cells using etoposide. In this case the
shift of fluorescence into green area was observed.

Thus, in fibroblasts the dyes were localized in fi-
lamentary structures located along the whole cell, si-
milar to the system of fibroblast mitochondria—chond-
riome described in the paper [9]. The JC-1 probe is a
well-known mitochondrial dye [10]. Its specific bin-
ding was proved using FCCP proton translocator. At
the potential alteration, orange luminescence changed
to green one as a result of the dye transition from poly-
meric to monomeric form.

When analogous manipulation was performed with
the cells of HF cultures, stained with other presumably
potential-dependent dyes, their release into the cell
cytoplasm and into environment was established in all
cases, as well as luminescent quenching as a result of
changing a chondriome membrane.

A potential of application of the carbocyanine pro-
bes for tracing the fate of some cells during long-term
culturing was studied. To investigate a possibility of
spontaneous dye transfer from cell to cell in prolifera-
ting culture the SPEV and HF cultures were co-cultu-
red. A significant difference in the morphology of fib-
roblast chondriome and kidney cells allowed us to per-
form the experiment, which we called «in vitro trans-
plantation».

It has been shown that during co-culturing the
C2-stained SPEV and non-stained HF cells, the dye
transfer from stained into non-stained cells takes place.
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Fig. 7 (see inset) shows bright luminescence of both
SPEV cells and fibroblasts for typical chondriome.

The same situation was observed during staining
the HF cells with the probe C2. The brightly lumines-
cent stained fibroblasts were seen against the back-
ground of non-stained SPEV cells. The luminescent
pig’s kidney cells can be also found around them.
When using the probe C9 at co-culturing stained and
non-stained cells the similar results were obtained.

Combined culturing of fibroblast cells labeled with
the JC-1 probe with non-stained SPEV cells has de-
monstrated that there was no transition of the dye from
labeled into non-labeled cells, which enables the moni-
toring of a certain cell line (Fig. 8, A, see inset).

We also have found that at the combined culturing
of JC-1 labeled SPEV and non-stained fibroblasts no
transition of the dye into non-labeled cells was obser-
ved (Fig. 8, B, see inset).

In addition, the duration of survival of the fluores-
cent probes in proliferating culture was studied. It has
been established that luminescence of probes in cells
persisted during the whole period of culture growing
till the next re-plating (4-5 days) and longer (10—
16 days). The luminescence intensity of dyes had a
fading character, decreasing along with the cell fis-
sion. Carbocyanine probes persisted in fissionable cells
throughout 4-8 doublings. In this case localization of
the dyes did not change, and luminescence slightly
decreased.

Discussion. The studied probes of carbocyanine
series were synthesized as analogues of the well-kno-
wn probes. In the papers [11, 12] when investigating an
effect of counterion of the cyanine dyes on photophy-
sical properties, the authors observed the quantum
yield decrease for iodides, if compared with chlorides
or bromides. This is a so-called «heavy atom» effect.
Therefore, we synthesized and used mainly bromides.

We studied the properties of probes C2, C9, C18,
which are the members of alkyl family, differing by the
lengths of alkyl chains to reveal the similarity and
distinction between the functional characteristics and
peculiarities of interaction with the cell cultures. It
should be noted that the number of alkyl groups and the
level of hydrophobicity affect the character of a dye
interactions with intracellular structures [13]. It has
been reported [14-16] that, when using carbocyanine
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probes for labeling cells, localization of probes in cells
depends on the applied concentration of dye and the
length of alkyl chains.

At low concentrations (below 10 niM) the probe is
located on the mitochondria membranes, at high
concentrations it reflects the state of endoplasm reti-
culum. According to the Invitrogen-Molecular Probes’
data, the carbocyanine probes with short alkyl chains
(C1-C6) at low dye concentration of 0.5 nM stain the
cell mitochondria, while at concentrations of 5-50 niv
the staining of the sarcoplasmic reticulum is observed.
At the dye concentration used in our experiments the
C18 dye seems to stain the lipid sites of endoplasm
reticulum whereas the C2 and C9 dyes give the in-
formation on the state of mitochondria. It has been
shown that the probe C18 is the most lipophilic, has
different from the other probes of this type localization
in a cell and is characterized by heterogeneous binding
character.

One of the dyes frequently used for the assessment
of the state of mitochondria in cells is the JC-1 probe,
the potential-dependent dye, which specific molecule
interaction with mitochondria depends on the trans-
membrane potential, generated by functioning mito-
chondria. In the diagnostic set MitoPT (Immuno-
chemistry Technologies, USA) the probe JC-1 serves
as a marker of caspase-independent apoptosis due to
tracing the changes in functional state of mitochondria
in cells. Our studies of the synthesized probe JC-1 with
FACS method also testify to adequacy of this appro-
ach. After apoptosis induced by etoposide the shift of
cell luminescence from orange towards green area has
been demonstrated.

We have found that this probe may be successfully
applied for labeling human fibroblasts both at express
diagnostics of a cell state and at long-time stay in cells.
According to the FACS-analysis data, the fluorescence
in orange area is characteristic of the HF cell cultures,
stained with the investigated probe JC-1 that cor-
responds to the luminescence of the mitochondria with
high transmembrane potential. We have shown that the
probes C2 and C9 stain 100 % of cells in the studied
suspension, the stained cell organelles are luminescent
in green area. For the cells stained with the probe C18
the staining of all cells is observed. Their luminescence
is recorded in red area. Our results seem be a ground for
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the statement that the application of these probes as
potential-dependent ones is restricted.

The authors of [17] have studied the labeling of bo-
ne marrow cells with the probe of carbocyanine series
CM-Dil (chloromethyl-benzamidodialkylcarbocyani-
ne). CM-Dil is the Dil derivative, hydrophilic proper-
ties of which exceed those of DilC18(3) (1, 1'-dioc-
tadecyl-3,3,3',3'-tetramethylindocarbocyanine  perch-
lorate), that facilitates the preparation of staining solu-
tions for cell suspensions. In the paper [2] the fluores-
cent lipophilic probe CM-Dil was used for monitoring
the bone marrow mesenchymal stromal cells. It has
been shown that CM-Dil is not toxic and does not affect
the cell proliferation, and the intensity of fluorescence
reduces twice after each cell division. This probe
provided the tracing of cells minimum for 30 culturing
days. The dye PKH-26 (Sigma) (structurally identical
to DilC18(3)), which are also applied for cell labeling
in vivo and in vitro, may be preserved in cells for
21 days.

The carbocyanine probes C2, C9, C18 and JC-1,
obtained by us, at optimal concentrations are not toxic
for the studied cell lines, that is proved by unchanged
morphology and proliferative activity of the studied la-
beled cultures.

The probe, optimal for observation of proliferation
cultures, is the probe C9, which enables the tracing of
mitochondria functional state, due to tight binding and
providing distinct morphological picture of chon-
driome.

We have shown that the studied carbocyanine pro-
bes are preserved in dividing cells during at least four
duplications. It has been found that the carbocyanine
probe JC-1 does not transit from cell to cell at combi-
ned culturing of labeled and non-labeled cells and can
provide the information on a certain cell.

The probes C2, C9, C18 transit from cell to cell.
Spontaneous transcellular transition of the studied pro-
bes under modeled transplantation in vitro does not al-
low recommending investigated probes for tracing the
fate of transplanted cells in the recipient’s organism.
At the same time the long-term survival and invaria-
bility of the probe properties in cultured cells can be a
reason to recommend them for the long-term labeling
of biological objects when necessary (e. g. in low tem-

perature banks, the coding of cell samples during trans-
portation).
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O. I. FoHuapyk, I. A. bopogoii, O. B. Masnosuy, HO. B. MantokiH,
B. I. I'puwieHko

HoBocuHTe3oBaHi Kap6oLiiaHiHOBI P/IyOpecLEeHTHI 30HAN, TXHA
XapaKTepucT1Ka Ta NoBeAiHKa B MPOoNihepyoUunx KyabTypax

Pestome

MeTa. [locniguTyn MOXKAMBOCTI 3aCTOCYBaHHA KapboLiaHiHOBMX
nyopecueHTHMX 30HAIB C2, C9, C18 Ta JC-1 Ansd xapakTepucTu-
KW KynbTYp KNiTUH. MeToau. BukopucTaHo MophonorivHi MmeTo-
A1, MeTOf NPOTOYHOT unTodayopumeTpii (FACS-aHanis), nomi-
HecueHTHY Mikpockonito. PesynbTaTw. MokasaHo, Wwo gocnigxxe-
Hi KapbouiaHiHOBI 30HAM 30epiratoThCA B KNI TUHAX, WO 4iNATbCA,
NPOTANOM He MeHLL YOTMUPbLOX NOABOEHL. BCTAHOBNEHO, WO Kap-
6ouiaHiHOBMIA 30HA JC-1 He NepexoanTb i3 KNiTWUHM B KNI TUHY Npw
O[IHOYACHOMY KyNbTWBYBAHHI MiYEHUX | HEMIYEHWUX KNI TUH Pi3HUX
KynbTyp. BUCHOBKM. BCTaHOBNEHO, L0 3a3HaUeHI hyOpecLeHTHi
30HAM MO>KHa BUKOPUCTOBYBAT W NPUW JOBFOTPUBANOMY KYNbTUBY-
BaHHI KNI TUHHWX NiHiA. [N cnocTepe>KeHHA 3a nponidepyounmu
KybTypamu onTuMaNbHUM € 3aCTOoCyBaHHA 30HAIB C9 i JC-1, wo
[,03BONAE BiACNifKOBYBAT W PYHKLiOHaNbHUIA CTaH MiTOXOHAPIN.

KntoyoBi cnosa: thyopecueHuis, 30HAK, hibpobnacTw NoauHN,
KynbTypa KNiTUH.

E. W. ToHuapyk, W. A. bopoBoii, E. B. Masnosuy, KO. B. MantokuH,
B. W. puwieHko

HoBocuHTe3MpoBaHHbIe KapboLMaHNHOBbIE (TyopecLieHTHbIE
30Hbl, UX XapaKTepucTUKa W NoBeAeHVe B Nponudepupyrowmnx
KynbTypax

Pestome

Llenb. VccnegoBaTb BO3MOXKHOCTU NPUMEHEHUA Kap6oLUMaHUHO-
BbIX hnyopecLieHTHbIX 30HA0B C2, C9, C18 n JC-1 ansa xapakTe-
PUCTUKN KybTYpP KNeTOoK. MeTogbl. Micnonb3oBaHbl MOpgonoru-
yeckue MeTOogbl, MeTOZ NPOTOYHOR yuTodnyopumeTpumn (FACS-
aHanuns), NIoMUHecLieHTHaa MUKpockonus. PesynbTaThl. [Nokasa-
HO, YTO nccnefyemble KapboLMaHMHOBbLIE 30HbI COXPaHATCA B
[Lenanxca KneTkKax B TeuyeHWe He MeHee YeTbIpex YABOEHWIA.
YCTaHoBNEHO, YT O Kap6oLMaHNHOBLI 30HA JC-1 He nepexoanT u3
KNeTKU B KNETKY NPU COBMECTHOM Ky/bTUBMPOBAHUN MEYEHbLIX U
HeMeuYeHbIX KNeTOK pasHbiX KynbTyp. BbiBogbl. OnpegeneHo, 4To
yKasaHHble (hiyopecLeHTHble 30HAbl MOXXHO WUCMOMb30BaTb MpU
[ONTOBPEMEHHOM KYyNbTUBUPOBAHUN KNETOYHBIX NUHUA. [Ona Ha-
6ntoAeHus 3a NponnhepupyoLWMMmN KyabTypamu OnTUMaibHbIM AB-
naeTca npumeHeHne 3oHgos C9 wu JC-1, 4TO noO3BONAET
0TCNeXKMBaTb (PYHKLMOHANbHOE COCTOAHNE MUT OXOHAPWIA.

KntoueBble cnosa: (hiyopecueHyms, 30HAbI, (hmbpobnacTbl veno-
BeKa, KyNbTypa KneToK.
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