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Abstract: We developed new benzofurazan (NBD) labeled probes for fluorocarbon surfactant systems. The
fluorescence behavior depended on the solubilization site of the fluorescent probes in the surfactant
aggregates. The NBD-labeled probes suffered virtually complete reduction in the presence of Na,S,0, owing
to the solubilization at the surface of 2-hydroxy-1,1,2,3,3-pentahydroperfluoroundecyldiethylammonium
bromide (FCgDAB) aggregates. On the other hand, N-(3-sulfopropyl)acridinium (SPA) in FCgDAB
aggregates showed residual fluorescence in spite of NaBH, addition. The large vesicles of FCsDAB were
confirmed by DLS measurements. These facts suggest that SPA is solubilized in an inner water phase of the
vesicles. The NBD labeled fluorescence probe is quite effective for the study of the aggregation behavior of

fluorocarbon surfactants.
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1 INTRODUCTION

The fluorescence probe method has been useful for esti-
mating the physicochemical properties of surfactant
micelles, such as critical micelle concentration (CMC), the
degree of micellar ionization, micellar micropolarity, and
micellar microviscosity’™. We found that halide-sensitive
6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ) fluorescence
probe method was effective for the simultaneous determi-
nation of CMC and the degree of micellar ionization by flu-
orescence quenching behavior?. Pyrene fluorescence probe
method has been widely used to estimate CMC and micel-
lar micropolarity™”. However, we previously reported that
the I,/I; ratio of pyrene was not changed by the micelle
formation of cationic fluorocarbon surfactant because fluo-
rocarbon chain has a low solubilization power toward
pyrene®”. A suitable fluorescent probe is required for esti-
mating the micellar micropolarity of fluorosurfactants.
Over the past a few decades, NBD fluorescence-labeled
phospholipids have been developed to evaluated the prop-
erties of vesicles in order to gain the insight into the phos-
pholipid vesicles''?. NBD-labeled lipids have been used to
estimate the aggregation behavior of vesicles. In addition,
the NBD fluorescent probe has unique property that it
becomes nonfluorescent in the presence of Na,S,0,, the
reducing agent; this property enables us to provide the

information of solubilization site of the probe molecule in
vesicles.

The solubilization of fluorescent probes in micelles has
been investigated by several methods'®*?. We confirmed
that the gel filtration method was also useful to reveal the
partition of fluorescent probes between the bulk and micel-
lar phases”. The hydrophilic SPQ tend to partition in bulk
phase without being trapped in micelles, whereas the
hydrophobic pyrene is almost completely solubilized in
tetradecyltrimethylammonium chloride (TTAC) micelles.
We also confirmed that the fluorescence of SPQ was
remarkably reduced by the hydrogenation with NaBH,.
The solubilization site of SPQ probes in micelles could be
investigated from the variation in fluorescence intensities
by the hydrogenation.

In this paper, the aggregation behavior of FCiDAB was
investigated by the characteristic fluorescence of new
amphiphilic NBD labeled probes, in comparison with N-
dodecyl-N-methylephedrinium bromide (DMEB). The solu-
bilization site of NBD labeled probes in surfactant aggre-
gates was examined by the reduction of fluorophore using
Na,S,0,, in comparison with SPA reduced by NaBH,. The
solubilization of probes was also examined by gel filtration
method. The size of FCgDAB aggregates was examined by
the measurements of dynamic light scattering.
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2 EXPERIMENTAL
2.1 Materials
2-Hydroxy-1,1,2,3,3-pentahydroperfluoroundecyl diethy-
lammonium bromide (FCsDAB) was prepared as reported
previously®. N-Dodecyl-N-methylephedrinium bromide
(DMEB, Aldrich) and N-(3-sulfopropyl)acridinium (SPA,
Molecular Probes, Inc.) and pyrene (Aldrich) were used as
received.

The surfactant was labeled with 4-chloro-7-nitrobenzo-2-
oxa-1,3-diazol (NBD-Cl, Wako Pure Chem. Co.) by the incu-
bation at 40°C in micellar aqueous solution, that is, the
solution of 0.25 mM NBD-CI in 10 mM surfactant was
stirred for 4 days. The absorption band around 468 nm
appeared with the introduction of NBD into hydroxyl
groups of FCsDAB. The NBD labeled probes were con-
firmed by HPLC analysis using TSKgel ODS-100V column
(TOSOH Co.) with the elution of methanol/0.4 M NaCl
aqueous solution (85/15, v/v).

2.2 Measurements
2.2.1 Fluorescence measurements

The aqueous solution of 5.0 X 107 M SPA was made up in
doubly distilled water. The fluorescence intensities were
measured at 485 nm after the excitation at 417 nm using a
Hitachi F-2000 spectrophotometer. The fluorescence inten-
sity in water without quencher (Z,) was used as a standard.
The fluorescence spectra of 1.0 X 107 M pyrene were mea-
sured in the range from 350 nm to 450 nm after the excita-
tion at 335 nm using a Hitachi F-3010 spectrometer. The
ratio of first and third peaks has a value of 1.88 in water.
The fluorescence intensities of 1.0 X 10° M FCsNBD and
DMENBD aqueous solutions were measured at 540 nm
after the excitation at 468 nm using a Hitachi F-2000 spec-
trophotometer.

The hydrogenation of 5.0 X 10" M SPA was performed in
a quartz cell by the addition of 5 uL of 0.1 M NaBH, aque-
ous solution™?. The reduction of 1.0 X 10° M FCsNBD was
achieved by the addition of 10 uL of 1 M Na,S,0, aqueous
solution. The fluorescence spectra were recorded by using
a Perkin-Elmer LS-55 spectrophotometer. All experiments
were performed at 25C.
2.2.2 Gelfiltration

Sephadex G-25, a cross-linked dextran gel, was swelled
in distilled water. The gel was packed into XK-16/20 col-
umn at the gel height 12 cm (Pharmacia Fine Chem.). The
void volume of the column was checked by using Blue Dex-
tran 2000 (Pharmacia Fine Chem.). The column was equili-
brated with 107 M SPA aqueous solution without surfac-
tant at 25°C. Then 20 mL of surfactant solution containing
107 M SPA was eluted with 107 M SPA eluate at a flow
rate of 24 mL/h. The fluorescence intensity of SPA was
monitored by a TOSHO FS-8020 fluorescence detector.
The elution of surfactant was detected by a HORIBA DS-
12 conductivity meter using a flowcell.
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2.2.3 DLS measurements

Dynamic light scattering apparatus (Malvern HPP-5001)
was used to determine the size of surfactant aggregates at
25°C. Samples were repeatedly filtered through a mem-
brane filter with 1 um pores as pretreatment of measure-
ments.

3 RESULTS AND DISCUSSION
3.1 Fluorescence probe methods

The fluorescence intensity ratio of the first (Z,) and third
(Iy) vibronic peaks of pyrene has been used for the determi-
nation of CMC and micellar micropolarity”. Figure 1 shows
the variation of pyrene fluorescence intensity ratios (/1)
with the surfactant concentration. The decrease in the
1,/1; values is ascribed to the solubilization of pyrene into
the micelles. The considerable decrease in the I,/I; value
from 1.88 to 1.35 was observed with the formation of
DMEB micelles, suggesting the micellar micropolarity sim-
ilar to the polarity of methanol (Z;/I;=1.30 in methanol).
The inflection point in Fig. 1 was estimated to be 3.9 mM,
which is consistent with the CMC (3.9 mM) of DMEB
reported by S. Roy et al®.

In contrast, no inflection point was observed for
FC4DAB because the location of pyrene would be close to
the micelle surface owing to the low affinity of pyrene for
fluorocarbon chain. The values of I,/I; were virtually iden-
tical to that of water even at the concentration above the
CMC of FCsDAB?. Thus CMC and micellar micropolarity
of FC¢DAB cannot be determined by using pyrene fluores-
cence intensity ratios. A suitable fluorescent probe is
required for the evaluation of micellar micropolarity of
FCsDAB.
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Fig. 1 Pyrene Fluorescence Ratios I;/I; vs. Surfactant

Concentration.
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4-Chloro-7-nitrobenzo-2-oxa-1,3-diazol (NBD-CI) has
been used for detecting small quantities of amines and
amino acids'®'”, NBD-CI is non-fluorescent compound,
while NBD labeled derivatives gave strong fluorescence
resulting from the reaction of NBD-Cl and amino groups.
The reaction was reported to occur at neutral pH even at
room temperature. We aimed to label FCsDAB and DMEB
molecules with NBD-CI at the hydroxyl group of the sur-
factants. The fluorescent NBD labeled probes would be
useful for evaluating the microenvironment of surfactant
aggregates; they have an advantage that the location in the
aggregates probed by these molecules is rather specified,
because the probe molecules themselves are also surfac-
tants. The chemical structures of NBD labeled surfactant
are shown in Scheme 1. The distinct absorption peak
appeared at 468 nm as a result of the introduction of NBD-
Cl to FCsDAB and DMEB surfactants, as shown in Fig. 2.
FCsNBD and DMENBD in aqueous solution gave a broad
fluorescence emission peak centered at 540 nm by the exci-
tation at 468 nm. Figure 3 shows NBD fluorescence inten-
sity ratios (I/1,) at 468 nm plotted against the surfactant
concentration. The fluorescence intensity in water, I,, was
used as a standard. The fluorescence intensities increased
with increasing surfactant concentration without spectral
shifts. The abrupt increase in fluorescence intensity may
be due to the solubilization of NBD-labeled probes into the
micelles. The CMC of the surfactants can be determined
from the inflection points in the fluorescence intensity vs.
concentration plots, as indicated by the arrows in Fig. 3.
The CMC values thus obtained for FCsDAB and DMEB

CgF17CH2(|;HCH2NH+(CzH5)2 Br
o)

/N\
° FCNBD

NO,

C12H25N+(CH3)2CH(CH3)(|:H Br
(0]

N
DMENBD (\K[N’
NO,

Scheme 1 Chemical Structures of O-(4-(7-nitoro-
benzofurazan))-(2-oxy-1,1,2,3,3-pentahy-
droperfluoro-undecyldiethylammonium
Bromide (FCgNBD) and N-dodecyl-N-(O-(4-
(7-nitoro-benzofurazan))-(2-oxy-1-methyl-
2phenylethyl))-N,N-dimethyammonium
Bromide (DMENBD).

were 1.8 and 3.9 mM, respectively. The fluorescence inten-
sity became almost constant at higher concentrations
above CMC. The I/1, values above CMC gave remarkable
difference between FCsDAB and DMEB. The difference
could be ascribed to the solubilization site of the probes.
The solubilization site of NBD group would be located at
FC3DAB micellar surface since the fluorocarbon chain is
repulsive to organics such as NBD group. In any event,
FCsNBD probe is useful to determine the CMC of FC;DAB.

3.2 Determination of CMC using various fluorescent
probes
The solubility of SPA in water is 7 X 10° M*®, which is
about 10,000 times larger than that of pyrene (6.7 X 107
M)*. Thus SPA will tend to partition in aqueous bulk
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Fig. 2 Absorption and Emission Spectra of NBD
Derivatives in Aqueous Solution.
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phase, whereas pyrene is solubilized into micellar phase.
The SPA fluorescence is quenched by halide ions in aque-
ous solutions®™?’. The halide sensitive fluorescence probe,
SPA, provides a direct approach for measurement of bro-
mide concentrations dissociated from the surfactant.
When quenching occurs by the collision between SPA and
bromide ions, the variation of fluorescence intensity are
related to the concentration of bromide ions by the Stern-
Volmer equation.

I,/I=1+ Kgy [Br]

where I, and I are the fluorescence intensities in the
absence and presence of quencher, respectively, and Kgy is
the Stern-Volmer constant. The fluorescence of SPA was
quenched with a linear Stern-Volmer relation for sodium
bromide system as shown in Fig. 4. The Kgy value of 345
M for sodium bromide system gave excellent agreement
with those of surfactants below CMC. The Stern-Volmer
plot gave a distinct break at the CMC owing to the binding
of bromide counterion toward the micelles. The CMC val-
ues for FC;sDAB and DMEB were obtained as 1.8 and 4.3
mM, respectively. The degree of micellar counterion disso-
ciation, o, was taken as the ratio of the values of Kgy above
and below the CMC. The CMC values determined by SPA,
Pyrene and NBD-labeled probes were summarized in Table
1. The CMC values of FCsDAB are in fair agreement with
the experimental values determined by the conductivity
(1.9 mM from our experimental data) and SPQ fluorescence
quenching method (1.85 mM)®. The o value of DMEB (0.28)
was much larger than 0.18 of dodecyltrimethylammonium
bromide micelle owing to the bulky ephedrine group'®. The
1/1, value for FCgNBD in methanol was in accordance with
that for DMENBD in ethanol according to our experimen-
tal data (I/I, = 12 for both cases), while in micellar sys-
tems, the I/1, = 6 for FCsDAB was considerably lower than
1/1, = 15 for DMEB. The significant difference for these
NBD labeled probes would be ascribed to the difference in
the solubilization site of NBD groups in micelles. NBD
group of DMENBD would be buried in DMEB micellar
core, while NBD group of FCsNBD would be present at the
micellar surface avoiding the contact with fluorocarbon
chains.

3.3 Gelfiltration and DLS
Gel filtration of surfactant aqueous solution was exam-

ined to evaluate the solubilization of probes in micelles.
The gel filtration method can separate the monomers
and/or probes in the bulk water phase from micellar solu-
tions>*?. The hydrophilic 6-methoxy-N-(3-sulfopropyl)
quinorinium (SPQ) was completely separated from the
cationic micelles, while the hydrophobic pyrene eluted
together with micelles”. Thus the elution behavior will
depend on the solubilization mode of probes in micelles.
When the Sephadex G-25 column for gel filtration was
equilibrated with the enough volumes of micellar solution,
the monomers in the bulk water phase can be separated
from micellar solution in tail region because the micelles
are eluated in preference to monomers. This tail analysis
method was examined for FCsDAB solution in the presence
of SPA or FCsNBD probes. Figure 5 shows the elution pro-
files of surfactant and probes in 10 mM FCgDAB aqueous
solution. The electric conductivity curve shows that the
micellar region corresponds to the elution volume of 7 mL
to 12 mL, whereas the monomer region corresponds to the
elution volume of 12 mL to 17 mL. The SPA fluorescence
intensity remained constant at I = 65, while it decreased to
I =40 associated with the elution of micelles. The SPA flu-
orescence intensity for the monomer region increased
slightly to give I = 43. The SPA fluorescence intensities
can be used to determine the concentration of free bromide
ions in equilibrium with surfactants after gel filtration.
These experiments gave the fluorescence intensity ratios
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Fig. 4 Stern-Volmer Plots for Quenching
of SPA Fluorescence.

1.0

Table 1 Micellar Solution Properties Determined by Fluorescent Probes at 25C.

NBD pyrene SPA
Surfactant
CMC/mM 1/l CMC/mM I/l CMC/mM a
FC;DAB 1.8 6 1.90 1.8 0.19
DMEB 3.9 15 3.9 1.35 4.3 0.28
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Fig. 5 Elution Curves of 10 mM FC3DAB Containing
Fluorescence Probe Using Sephadex G-25.

of SPA for eluted solutions as shown in Fig. 6. The Stern-
Volmer plot gave a distinct break at the CMC owing to the
binding of bromide counterion to the micelles in the same
manner as Fig. 4. The CMC values obtained for FCsDAB
and DMEB were 2.1 and 4.2 mM, respectively. This figure
also indicated that the concentration of free bromide ion
being in equilibrium with eluted monomer was almost con-
stant at the concentration above the CMC.

As shown in Fig. 5, the abrupt increase in fluorescence
intensity of FC{NBD was observed in frontal region. This
elution would correspond to the large aggregates such as
vesicles containing FCsNBD probes. The coexistence of
larger aggregates with micelles in 10 mM FCiDAB was
suggested by the elution profiles of FCgNBD probe. The
diameter of FCsDAB aggregates was determined by using
dynamic light scattering as shown in Fig. 7. The spherical
micelles about 2 nm coexisted with large aggregates about
300 nm in 10 mM FC4gDAB. The coexistence of micelles and
the vesicles was detected for 2-hydroxy-1,1,2,3,3-pentahy-
droperfluoroundecyldiethyl ammonium chloride (FCsDAC)
aqueous solutions in the presence of NaCl??. FC;DAB
would be prone to self-assemble into the vesicles without
the addition of salt owing to the preferred binding of bro-
mide counterions for the surfactant aggregates.

3.4 Quenching of fluorescence probes by the reduction

We aimed to confirm the presence of vesicles, i.e., inner
aqueous phases, by using the change in SPA fluorescence
spectra caused by hydrogenation. The NaBH, reduction of
6-methoxy-N-(3-sulfopropyl)quinorinium (SPQ) probes has
been reported as a method to judge whether the inner
aqueous phase is present or not'**’. The SPQ dissolved in
micellar aqueous solution underwent instantaneous reduc-

5
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Fig. 6 Stern-Volmer Plots for Quenching of SPA
Fluorescence. (circles): Eluted Monomer
Solution, (triangles): Eluted Micelle Solution.
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Fig. 7 Diameters of Surfactant Aggregates in
10 mM FC3DAB Aqueous Solution.

tion with the addition of NaBH,, while SPQ in vesicles was
hardly reduced owing to the solubilization into an inner
aqueous phase®. We confirmed that the hydrogenated SPA
by NaBH, gave a remarkable decrease in fluorescence
intensity in aqueous solution. The addition of hydrogen to
the 9th position of acridine backbone by using NaBH, aque-
ous solution was reported®. Significant decrease in fluo-
rescence intensity suggested that the hydrogenated SPA is
non-fluorescent. Figure 8 shows the fluorescence spectral
change of 107 M SPA in aqueous solutions by the addition
of NaBH,. The SPA probe was instantly reduced by NaBH,
in aqueous solution, resulting in the significant decrease of
fluorescence. However, the considerable fluorescence
intensity of SPA remained when NaBH, was added to 10
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Fig. 8 Spectral Changes in SPA Fluorescence by Addition
of NaBH, in Aqueous Solutions.
Solid lines indicate SPA fluorescence in water and
10mM FCgDAB aqueous solutions, respectively.
Dotted line indicates hydrogenated SPA in water
after the addition of NaBH,. Dot-dashed line
indicates fluorescence spectra in 10 mM FC3sDAB
aqueous solutions after the addition of NaBH,.

NaBH,
Scheme 2 Schematic Model for Fluorescence Quenching
of SPA and NBD Labeled Probes Caused by
the Reduction in FC;DAB Vesicle Systems.

mM FCsDAB systems. This suggests the existence of the
inner aqueous phase containing SPA. That is to say, the
remained fluorescence intensity would be attributed to the
SPA dissolved in the inner aqueous phase of vesicles as
shown in Scheme 2.

The reduction of NBD labeled probes has been reported
as a method to judge the solubilization site of probe
molecules between inner and outer leaflets of the phospho-
lipid vesicle membranes. It has been reported that the
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Fig. 9 Effect of Na,S,0, Addition on FCsNBD
Fluorescence Spectra in FCyzDAB Aqueous
Solutions Batched off by the Gel Filtration.

nitro group of the NBD probe was reduced to an amino
group by the addition of Na,S,0,'". The solubilization site
of FCsNBD probes in FCsDAB aggregates was also exam-
ined by the reduction behavior of NBD fluorescence with
the addition of Na,S,0,. That is, the variation in FCsNBD
fluorescence spectra would be used to evaluate the solubi-
lization site of the probe in FCsDAB aggregates. Figure 9
shows the fluorescence spectral change of 107 M FCsNBD
in FCsDAB solutions by the addition of Na,S,0,. The fluo-
rescence intensity of FCsNBD for FC;DAB vesicles was
larger than that of micelles batched off by the gel filtration,
but it significantly decreased by the addition of Na,S,0, as
well as micelles. This suggests that FCsNBD probes would
be located at the surface of FCgDAB vesicles.

4 CONCLUSION

We developed the new NBD labeled fluorescence probes
in order to estimate the aqueous solution properties of flu-
orosurfactants. It was demonstrated that FCgNBD is a
quite effective probe to the CMC determination for
FC¢DAB in contrast to pyrene. The fluorescent NBD
labeled probes would be suitable for evaluating the
microenvironment of fluorocarbon aggregates, since due to
their characteristic structure that a fluorophore is
attached to the fluorocarbon surfactants, the perturbation
caused by the addition of the probes would be suppressed
at low level, and also, the location probed in the aggregates
can be rather specified.
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