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Some approaches to the fluorophore-tagging of nano-scale objects using fluorescence
resonance energy transfer (FRET) between several dyes encapsulated in nanoparticles have
been reported. Sodium dodecyl sulfate micelles have been used as a model system of
nanoparticles. Using tandem dyes with different FRET efficiency, fluorophore-tagging
with FRET-mediated emission shifted up to 8000 cm™! or tags with multiple colors under
one single wavelength excitation can be created. The requirements to tandem dyes for
FRET applications have been analyzed. It has been revealed that to obtain the effective
FRET in nano-scale volume, such properties of the dyes as hydrophobicity, topology and
electronic density distribution should also be taken into consideration.

IIpencraBieHbl HEKOTOPHIE MOAXOABLI K (DIYOPECIEHTHOMY MEUEHHI0 HAHOPA3MEPHBIX 00'b-
€KTOB, OCHOBAHHBIE HA WCIIOJb30BAHUMU SBJEHHUS 0€3bI3JIYyUYATEJIbHOI0 II€PEHOCA 9HEePruu
asnekTporHoro Bo30y:xaeuus (FRET) mexay HecKoabkuMu QuryopodopaMu, MOMEI[EeHHLIMU B
HAHOUACTUILYy. B KauecTBe MOMENbHOI CHCTEMBbI HAHOUYACTHUI[ MCIIOJIb30BAINCH MUIIEJIBI LOIe-
nuicyabpara Harpusi. [lokaszano, 4To MCIIOJb3ys TaHAeMHbIE (GIyopodopsl ¢ pasHoil a(ek-
TuBHOCThI0O FRET Mo:KHO co3maBaTh (PyOpeciieHTHBIE METKM C aHOMAJbHO OOJBIINM CHIBH-
rOM M3JIyYeHHs IO OTHOIIEHHIO K moruorreHuio (4o 8000 cm 1) mam moayduars MeTKH, KOTO-
pele OyayT wuUMeThb HECKOJBbKO IIOJOC JIIOMUHECIEHIIMH I[IPA OJHOM BO3OYKICHWU.
IIpoananusupoBausl TpeboBaHus K BBIOOPY TaHmeMHBIX (uaryopodopos. Ilokasamo, uro mpu
co3gaHnu KoMmIio3uiuii B HaHooObeme ¢ apdextuBubiMm FRET, Kpome ocHOBHBIX TpeboBaHUIA,
IPeIbABAAEMbIX K TAHAeMHBIM (uyopodopamM, HEOOXOAMMO YUHUTHIBATH TaKHe CBOMCTBA MO-

© 2011 — STC "Institute for Single Crystals”

JIeKYJ, KaK MUAPOMOOHOCTD, TOIIOJOTHS W PACIPEeNeIeHre dJIEeKTPOHHON ILJIOTHOCTHU.

1. Introduction

Fluorescence techniques are widely used
research tools in chemistry, physics, biology
and medical diagnostics [1, 2]. The methods
are very sensitive and enable studying the
excited state of molecules, photochemical
reactions, dynamics of fast molecular proc-
esses, structure and properties of complex
chemical and biological objects [1, 2]. Fluo-
rescent labels represent one of the most
widely developing fields in biology and
medicine with enormous applications [3, 4].
Traditionally, the family of fluorescent la-
bels includes organic dyes, fluorescent pro-
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teins, and lanthanide chelates, which are
still popular due to such advantages as ex-
istence of standard protocols for their
usage, relative cheapness and availability
[3, 4]. Recently, significant advances have
led to a large variety of labeling reagents
based on nanomaterials, such as quantum
dots, magnetic nanoparticles, lanthanide
doped-compounds, fluorophore-tagged latex/
silica nanoparticles, fluorophore-labeled poly-
meric nanospheres etc. [3, 5, 6]. Strong in-
terest in such objects is dictated also by the
fact that nanoparticles have the potential to
revolutionize the diagnosis and treatment of
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many diseases, for example cancer and in-
fectious diseases [6]. However, nanoparticle
application in biological research and medi-
cal diagnostics requires visualization of
their localization in bioobjects (cells, tissue,
etc.) that can be provided with fluorophore-
tagging.

In this paper, we report some approach
to the fluorophore-tagging of nano-scale ob-
jects. To avoid such essential limitation of
conventional organic dyes as a short Stokes
shift, we apply fluorescence resonance en-
ergy transfer (FRET) phenomenon between
several dyes incorporated in a nano-scale
volume of a surfactant micelle used as sim-
ple nanoparticles. The requirements to tan-
dem dyes for FRET applications are ana-
lyzed.

2. Experimental section

Materials. The carbocyanine dyes 3,3'-
diethyloxacarbocyanine perchlorate (DiOC,),
3,3'-dioctadecyloxacarbocyanine perchlorate
(DiOC4g), benzopyran derivative 1-ben-
zopyran-2-one (Coumarine) and bis(1-oc-
tadecyl-3,3- dimethylindolin-2-ylidene)
squaraine (SQ-18) were obtained from the
dye collection of Dr.I.Borovoy (Institute for
Scintillation Materials NAS of Ukraine)
(Fig. 1). The purity of the dyes was control-
led by thin layer chromatography. The car-

bocyanine dyes 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine  perchlorate
(Dil), 1,1'-dioctadecyl-3,3,3’, 3'-tetra-

methylindodicarbocyanine perchlorate (DiD)
and 3,3'-dimethyl-a-naphthoxacarbocyanine
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iodide (JC-9) were purchased from Invitro-
gen and used without purification. Surfac-
tant sodium dodecyl sulfate (SDS) were pur-
chased from Sigma-Aldrich and used with-
out purification. Chloroform and ethanol
(Sigma-Aldrich) used to prepare stock solu-
tions of the dyes was a spectroscopic grade
product. To prepare aqueous solution of the
dyes with surfactant, doubly distilled water
was used.

Solution Preparation. The concentration
of the surfactant in the solutions was 1:1072 M
and was kept constant for all experiments.
The concentration of the dyes in the water-
micellar solutions were varied within the
1.1077-5-100%* M range. First, stock solu-
tions of each dye in chloroform of 1.1073
and 1-10~% M concentrations were prepared
(stock solutions of JC-9 were prepared in
ethanol). To prepare solutions for measure-
ments 3 mg of SDS were mixed in a flask
with the required amount of the dye stock
solution. After chloroform (ethanol) evapo-
ration the required amount of doubly dis-
tilled water was added. The solutions were
heated to 80°C to ensure the uniform distri-
bution of the components and then cooled to
room temperature.

Spectroscopic Measurements. Visible ab-
sorption spectra were recorded using mi-
crospectrometer USB4000 (Ocean Optics,
USA) supplied with an incandescent lamp.
Solutions were placed in a quartz cuvette of
2 mm optical path length. Luminescence
spectra were taken with a spectrofluorime-
ter on the base of two grating monochroma-
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tors MDR-23 and a xenon lamp. One of the
monochromators was used to select a re-
quired wavelength (FWHM ~ 0.5 nm), the
other one was used for the luminescence
collection.

3. Results and Discussion

All the dyes used in the experiment (Fig. 1)
possess the significant hydrophobisity (ex-
cept of DIOC, with short alkyl tails) and are
poorly soluble in water. However, each of
these dyes demonstrates a tendency to be
incorporated into the SDS micelles in water-
micellar solutions. In our previous works
the interaction of carbocyanine dyes DiOC,,
Dil and DD with the SDS micelles were
studied [7—10]. The abrupt changes in both
absorption and luminescent spectra of the
dyes (in particular, a significant intensity
growth and a maxima red shift) were ob-
served, when the SDS micelles are formed
in aqueous solutions containing the dyes [7—
10]. The same results are observed for the
other dyes used: Coumarine, JC-9 and Sg-18
(data not presented).

To obtain FRET compositions in a nano-
scale volume of surfactant micelles, one
should incorporate at least two different
dye molecules (electronic excitation energy
donor and acceptor, respectively) into the
micelle [1]. Thus, important questions are
(i) how many dye molecules could be solu-
bilized in one SDS micelle? and (ii) what are
the requirements to the dyes to be incorpo-
rated into nano-scale volume?

We can estimate the approximate num-
ber of dye molecules (n) incorporated into a
single micelle using the relation [11]:

Ca )
c .’

mic

n =

where C; is the dye concentration in the
solution, C,,;. is the SDS micelle concentra-
tion that can be calculated as [11]

mic Nagg ’

c

were Cgpg is the surfactant concentration
(1-1072 M), CMC is the critical micelle con-
centration (CMC of the SDS in the presence
of the dyes is 81073 M [12]), N,,, is the
surfactant aggregation number (Ngge = 64
for SDS micelles [13]).

So, in the studied solutions, the SDS
micelle concentration C,,;, = 8-1073 M.
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Fig. 2. DiOC,g4 (1), DiOC, (2), Dil (3) and DiD
(4) luminescence intensity change as a func-
tion of the dye concentration in a water-
micellar solution. [SDS] = 1.10"2 M; [Dyes]
varies from 1.1077 M to 5-107% M.

To answer the first question and find
N max> the changes in luminescence intensi-
ties of several dyes in water-micellar solu-
tions were analyzed depending on a dye con-
centration (Fig. 2). For all dyes investi-
gated, the changes are revealed to be of the
same character. Within the 1.1077-3.1075 M
concentration range, the dye luminescence
intensity increases gradually (Fig. 2). In
this concentration range, all dye molecules
are solubilized into the SDS micelles. As
follows from Eq. 1, one SDS micelle solu-
bilizes no more than one dye molecule. In
the 8-1075-1.107% M concentration range,
the concentration growth causes only a
slight increase in the luminescence intensity
(Fig. 2). According to Eq.1, at these concen-
trations several dye molecules can be incor-
porated into one SDS micelle. When the dye
concentration is more than 1.107%4 M, the
luminescence concentration quenching is ob-
served that is accompanied with the red
shift of the luminescence maxima [1, 14].
So, the dye concentration of 1.107%4 M is
considered to be the critical amount of the
dye that can be solubilized by the micelles
at a given amount of the SDS. At this con-
centration, according to Eq.l n,,, =4. In
other words, the "solubilizing capacity” of
the SDS micelle is equal to 4 dye molecules.

To observe FRET between pair of dyes
(donor and acceptor) they must meet some
primary requirements [1]:

(i) donor and acceptor must be in close
proximity (<10 nm);
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Fig. 3. Overlap of the absorption and emis-
sion spectra of the dyes used in the FRET
compositions: Coumarine (dash-dotted lines),
DiO (strait lines), Dil (dotted lines) and DiD
(dashed lines).

(ii) absorption spectrum of the acceptor
must overlap fluorescence emission spec-
trum of the donor;

(iii) donor and acceptor transition dipole
orientations must be in a favorable mutual
orientation (for optimal energy transfer);

(iv) sufficient quantum yield of both the
donor and the acceptor.

Carbocyanine dyes DIOC,g and Dil (Fig. 1a,b)
seem to be a perspective tandem dyes for
FRET in SDS micelles [4]. The overlap of
donor (DiOC,g) luminescence spectrum and
acceptor (Dil) absorption spectrum is quite
effective (Fig. 3). As the SDS micelle di-
ameter is about 5 nm [15, 16], the forced
concentration of the dyes in the micelle
nano-volume provides the necessary dis-
tance between the molecules that is one of
the primary condition for FRET [1].

The luminescence was excited at 440 nm
(short-wavelength edge of the DiOC,g ab-
sorption band). At this wavelength Dil lumi-
nescence is practically not excited. In all
the measurements donor concentration was
3-1075 M (equal to the micelles concentra-
tion). Concentration of the acceptor was
varied in a wide range (1.1077-1.10"% M).
The most effective energy transfer between
hydrophobic dyes DIOC,g and Dil have been
observed when the acceptor and donor con-
centrations were equal (Fig. 4, curve I). In
this case each SDS micelle solubilizes one
donor and one acceptor molecule. This com-
position gives a "Stokes shift" about
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Fig. 4. Luminescence spectra of water-micellar
solutions of: I — DiOC,g/Dil mix composition;
2 — DIiOC,/Dil composition; 3 — DiOC,¢/Dil/DiD
composition. [SDS] = 1-1072 M, [Dyes] = 3-107° M;
Aoxe = 400 nm.

5250 cm™! (Fig. 4, curve 1). The FRET effi-
ciency (E) calculated as [1]:

I
E=1-24 (3)
Ip

where Iy, and Iy, are the donor luminescence
intensities in the presence and the absence of
the acceptor, respectively, is 93 %.

It was found that the dye hydrophobicity
plays an important role in FRET efficiency
within a micelle nano-scale volume. When
we try to use DIOC, dye as an excitation
energy donor, we did not obtain the effec-
tive energy transfer from DiOC, to Dil dye:
the donor luminescence is half quenched,
whereas the acceptor luminescence is not in-
tensive, as compared to the case of the
DiOC,¢/Dil pair (Fig. 4, curve 2). The FRET
efficiency calculated for this pair using
Eg.3 is 63 %. Let us note that DiOC, dif-
fers from DiOC,g only in the length of the
hydrocarbon radicals, i.e. hydrophobicity
(Fig. 1a). The dyes have the same lumines-
cence spectra profile (Fig. 3), so the overlap
integral for DiOC,g/Dil and DIiOC,/Dil pairs
are the same. In our previous work we ana-
lyzed the effect of dye DiOC, hydrophobic-
ity on the dye-to-micelle binding efficiency
[10]. It was revealed that hydrophobic dye
DiOC,g exhibits 12 times higher dye-to-
micelle binding ability than the less hydro-
phobic dye DIiOC, [10]. In DiOC,, molecules
hydrocarbon tails act as "anchors”™ holding
the dyes in SDS micelles in such a way that
the hydrocarbon tails anchor in the micelle
hydrocarbon core, while the chromophore
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Fig. 5. Influence of the dye topology and electronic density distribution on the FRET efficiency of
FRET compositions in SDS micelles. [SDS]= 1-10"2 M, [Dyes] = 3-107® M. a) Composition with
Coumarine: I — Coumarine/DiOC,g; 2 — Coumarine/DiOC,4/Dil; 3 — Coumarine/DiOC,g4/Dil/DiD.
Xoxe = 400 nm. b) Compositions with JC-9 and Sg-18: 1 — DiOC,4/Dil/DiD; 2 — DiOC,4/JC-9/DiD;

3 — DIOC,¢/Dil/Sq-18. %,,, = 440 nm.

group is localized in the micelle headgroup
region [4]. The shorter the tail, the weaker
the hydrophobic forces holding the dye
within the micelles, and the electrostatic re-
pulsion between the positively charged
donor and acceptor dye molecules can result
in increasing the distance between the dyes
that is principal for FRET [1]. However, the
absence of a shift of the absorption and
luminescence maxima indicates that the dye
molecule is localized in the micellar region
(Fig. 4, curve 2). Thus, dye hydrophobicity
plays important role in the effectiveness of
the FRET in surfactant micelles and should
be taken into consideration.

To increase a "Stokes shift”, we have
created two-stage cascade FRET composition
between three dyes solubilized within the
SDS micelle. For this purpose, the second
excitation energy acceptor DiD has been se-
lected (Fig. 1c¢). This dye also belongs to the
carbocyanine family and possesses the same
hydrophobicity as DiOC;g and Dil dyes [4].
Fig. 4, curve 3 represents the luminescence
spectrum of the DiOC,g/Dil/DiD composition.
In this composition, at the fist stage the
excitation energy (440 nm) is transferred
from the donor DIiOCyg to the ac-
ceptor/donor Dil and then to the second ac-
ceptor DiD. As a result, almost complete
quenching of the DIiOC,g and Dil lumines-
cence and sensitizing of DIiD luminescence
are observed (Fig. 4, curve 3). This compo-
sition gives the "Stokes shift” about
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8000 cm™! with the FRET efficiency of
98 % calculated for the first donor DiOC,g.

We tried to create three-stage cascade
FRET composition using four dyes molecules
solubilized in nano-scale volume. The dye
from the coumarine family (Fig. 1f) was used
as an energy donor for DIOC;g in the FRET
composition: Coumarine/DiOC,g/Dil/DiD. The
coumarine dye meets all the requirements
for FRET (high quantum vyields, effective
spectral overlap with acceptor DIOC4g (Fig. 3)
and high hydrophobicity). The luminescence
of this solution was excited at A, =
400 nm. At this excitation, the lumines-
cence of three other dyes (DiOC4g, Dil and
DiD) is negligible. In this composition, fluo-
rescence resonance energy transfer and, as a
result, sensitized DiD luminescence are ob-
served (Fig. ba, curve 3). However, we did
not achieve the complete quenching of the
donor (coumarine) luminescence. In this
composition the FRET efficiency in the first
stage is 48 % . Such feature is also observed
in Coumarine/DiOC,g and Coumarine/DiOC,g4/Dil
compositions (Fig. 5a) and therefore can not
be associated with the dye steric effects
within the micelle nano-volume. The reason-
able explanation of this observation seems
to be the difference in molecular topology
of coumarine and other dyes. Such a differ-
ence can lead to the different relative orien-
tation of the dye chromophores in the
micelles. According to the Ferster theory of
resonance energy transfer, the relative ori-
entation of interacting dipoles has a consid-
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erable influence on the FRET efficiency [1].
Moreover, the difference in topology can
cause a difference in the electronic density
distribution within a molecule that also af-
fects the FRET efficiency.

To confirm these assumptions, the fol-
lowing compositions were created and com-
pared with the DiOC,g/Dil/DiD one:

1) the DiOC44/JC-9/DID composition. The
JC-9 molecular structure is similar to the
DiOC,, dyes, but JC-9 is characterized by
more extended m-electron system at the ex-
pense of two additional benzene rings (Fig.
la, d). Absorption and emission spectra of
JC-9 reveal an effective overlap with lumi-
nescence spectrum of DiIOC,4 and absorption
spectrum of DiD, respectively (data not pre-
sented). So, JC-1 can be used as energy ac-
ceptor/donor in two-stage cascade FRET
composition.

2) The DiOC,4/Dil/Sq-18 composition.
Squaraine dye Sqg-18 (Fig. le) is a m-electron
analog of DiD with a central aromatic four
membered ring system derived from squaric
acid. The central aromatic ring imparts ad-
ditional rigidity to the molecule. This frag-
ment is also highly electron deficient that is
why squaraine molecules are characterized
by a donor-acceptor-donor structure and
high hydrophobicity [17-19]. Sq-18 reveals
the good spectral overlap with Dil and is
suitable for FRET composition creation.

Luminescence spectra of the two compo-
sitions are presented in Fig. bb (A, =
440 nm). In both cases, two-stage cascade
FRET and sensitized DiD luminescence are
observed. However, in both cases, FRET is
not such effective as compared with the
DiOC¢/Dil/DiD composition (Fig. 4, curve 4).
In the DiOC,g/Dil/Sq-18 composition the
donor luminescence is completely quenched,
whereas the first acceptor luminescence is
rather intensive. In the DIiOC,4/JC-9/DID
composition, there is no complete quenching
neither donor nor first acceptor lumines-
cence (Fig. 5b). Thus, we can conclude that
the effectiveness of the FRET in cascade
compositions depends also on tandem dye
topology and electronic density distribution.
Using different combination of dyes with
different FRET efficiency, barcode tags can
be produced for multiplexed targeted FRET
under single wavelength excitation.

Conclusions

FRET has been demonstrated to be the
tool for fluorophore-tagging of nano-scale
particles. Sodium dodecyl sulfate (SDS)
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micelles have been used as a model system
of nanoparticles. It has been shown that to
create FRET composition in nano-scale vol-
ume, tandem dyes must meet not only pri-
mary FRET requirements but should have
similar molecular topology and electronic
density distribution. Using carefully se-
lected dye molecules with extra-high FRET
efficiency, the tags emission spectrum can
be turned so that only the longest-wave-
length dye will exhibit significant fluores-
cence at a short-wavelength excitation. This
feature will overcome the challenge of small
Stokes shift of many organic dyes. In our
case, the "Stokes shift” of about 8000 cm™!
has been achieved. On the other hand, using
dyes with different FRET efficiency, bar-
code tags can be produced for multiplexed
targeted FRET under single wavelength ex-
citation.
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Heaki migxoau Mo (pIyopecieHTHOTO MideHHS
Ta KOJAYBAaHHS HAHOPO3MipHUX 00’€KTIiB

A.C.JIeb€edv, C.JI.€pimosa, O.B.Copoxkin,
I.A.Bopoeéoii, IO.B.Manwkin

Hagegeno geaki migzxomu 10 (PIyoOpecHeHTHOIO MiueHHsI HAHOPO3MIpHMX O00’€KTiB, IO
3aCHOBAHI HA 3aCTOCYBAaHHI sABUINA OE3BUIIPOMIHIOBAJLHOIO IIePEHECEHHS eHepril eJeKTPOH-
woro 30ymxenna (FRET) mixk mexinbkoma dayopodopaMu, iIHKOPIIOPOBAHMMY Y HAHOYACTHH-
Ky. ¥ SKOCTi Momesi HAHOUYACTHHOK 3aCTOCOBAHO Mileau momeruicyiabdary Harpito. ITokasa-
HO, II[0, 3aCTOCOBYIOUM TaHAeMHi (quyopodopu 3 pisHoio epexrusBuictio FRET, moxkua cTBO-
proBaTtu (PIyOpPECIeHTHI MIiTKHM 3 aHOMAJbHO BEJIMKHUM 3CyBOM JIIOMiHECIeHIIiI BigHOCHO 10
norauuanHa (8000 cvl), ao orpumyBaTH MiTKM, IO MicTaTH AeKinbpKa cMyr moMiHecmeHIii
npu omHomy 30ym:kenui. ITpoananizoBano Bumoru n0 Bubopy ranmemHux (Quayopodopis. Ilo-
KasaHo, IO IPHU CTBOPEHHI Kommosuiiii y Hanoo6’emi 3 epextusuum FRET, Kpim romosuux
BUMOT 0 TaHAeMHUX (pyopodopiB, ciaisg BpaxoByBaTH TAKOXK TaKi BJIACTHUBOCTI MOJEKYJ, SIK
rizpodobHicTh, TOIIOJOriA TA PO3MOIiJ €J1eKTPOHHOI I'yCTUHH.
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