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Depth-Dependent Solvent Relaxation in Reverse Micelles: A Fluorescence Approach
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We report here depth-dependent solvent relaxation effects in the reverse micellar assembly using the deeply
embedded probe NBD-cholesterol, a fluorescent cholesterol analogue in which the 7-nitrobenz-2-oxa-1,3-
diazol-4-yl (NBD) group is covalently attached to the flexible acyl chain of cholesterol. Because of its deeper
location, the NBD group of NBD-cholesterol is capable of reporting solvation dynamics in the deeper regions
of the organized molecular assembly in which it is incorporated. NBD-cholesterol exhibits red edge excitation
shift (REES) when incorporated into reverse micelles formed by sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) in isooctane with varying [water]/[surfactant] molar rata,). Interestingly, the extent of REES increases

with increasingw, implying that the overall motional restriction experienced by the reorienting solvent
molecules is increased with increasing hydration. This is in contrast to the behavior of interfacially localized
probes. In addition, our results show that with increasigghe NBD group of NBD-cholesterol experiences
increased polarity as evidenced by the decrease in fluorescence lifetime and other fluorescence parameters
such as fluorescence intensity. NBD-cholesterol could prove to be a useful probe for monitoring depth-
dependent dynamics in organized molecular assemblies.

Introduction degrees of hydration. A wide range of physicochemical proper-
ties of the micellar water such as micropolarity, dielectric
constant, microviscosity, water activity, freezing point, proton-
transfer efficiency, and the hydrogen-bonding potential of the
aqueous inner core can be experimentally varied with
yproviding a unique and versatile reaction medium.

The double chain anionic surfactant AOT (sodium bis(2-
Iethylhexyl) sulfosuccinate) has been extensively used to form
reverse micelles in nonpolar solvents. One of the advantages
for using AOT is that reverse micelles formed by AOT can
solubilize a large quantity of water in a nonpolar solvent. In
addition, reverse micelles formed by AOT retain a spherical

Amphiphilic surfactants self-assemble to form reverse (or
inverted) micelles in nonpolar solvents in which the polar
headgroups of the surfactant monomers cluster to form a
micellar core and are directed toward the center of the assembl
and the hydrophobic tails extend outward into the bulk organic
phasel? Reverse micelles are relatively simple yet versatile
systems and represent a unique type of self-organized molecula
assembly. They provide an attractive model system for bio-
membranes since they mimic several important and essential
features of biological membranes although lacking much of the
complexity associated with them. The general principles un- i : -
derIyFi)ng tk)lle formation of reverse micelleg are con?lmonpto other shape over a wide range wf. As a rgsult of this, the r?glus of
related assemblies such as micelles, bilayers, liposomes, ancihe entrapped water POO' can be I|nearI¥ relateggo®
membraned:6 The highly structured yet heterogeneous water Fluorescen(_:e techmques ha_ve been Wldely_used to charac'ger-
molecules in reverse micelles represent interesting models forize reverse micellar organization and dynamics because of its
water molecules present in biological systems such as mem-intrinsic sensitivity, suitable time resolutlor_l, minimal perturl_:)a-
branes, which are more difficult to analyze experimentally. The tion, and noninvasive natuté:® Reverse micelles offer certain
phys|cal and Chemlca| propertles Of the entrapped water are|nherent.advantages n f|u0l‘escence Studl(_ES SInC(_E they are Sma”
markedly different from the properties of bulk water but similar and optically transparent, have well-defined sizes, and are
in several aspects to those of biological interfacial water as found relatively scatter-free. They are highly cooperative, organized
in membranes or protein interfaces? The interfacial water is ~ Molecular assemblies of amphiphilic surfactants, and are
crucial for the induction of secondary structure in peptides and dynamic in nature. A direct consequence of such organized
proteins when bound to surfaces such as membranes or micelle§ystems is the restriction imposed on the dynamics and mobility
as well as for variation of their local internal motion. Both Of their constituent structural units. We have previously shown
experimentdl? and theoretical approaches have shown that that the microenvironment of_ molecules_ bound to such organized
the key structural parameter of reverse micelles is the [water]/ @sSemblies can be conveniently monitored using wavelength-
[surfactant] molar ratiows), which determines the micellar size ~ Selective fluorescence as a novel t8ok” Wavelength-selective
as well as the unique physicochemical properties of the fluorescencg comprises a set of approache§ based on the red
entrapped water. Reverse micelles therefore represent a type ofdge effect in fluorescence spectroscopy which can be used to
organized molecular assembly that offers the unique advantagedirectly monitor the environment and dynamics around a
of monitoring dynamics of embedded molecules with varying fluorophore in an organized molecular assentbiy! A shift

in the wavelength of maximum fluorescence emission toward

* Address correspondence to this author. Telephor@1-40-2719-2578;  higher wavelengths, caused by a shift in the excitation wave-
fax: +91-40-2716-0311; e-mail: amit@ccmb.res.in. length toward the red edge of absorption band, is termed red
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H fliH3 of solvent relaxation changes with change in probe location in
H,C~C—(CH,);CH—N—CH, reverse micelles, as shown earlier in membranes using anthroyl-
oxy fatty acid probed! This is supported by fluorescence
P polarization and lifetime data and the variation of these
parameters with excitation wavelength.

HO Experimental Section

Figure 1. Chemical structure of NBD-cholesterol. Materials. AOT was purchased from Sigma Chemical Co.

edge excitation shift (REESJ-33 This effect is mostly observed ~ (St. Louis. MO). NBD-cholesterol was from Avanti Polar Lipids
with polar fluorophores in motionally restricted environments (Alabaster, AL). 2-, 6-, and 12-(9-anthroyloxy)stearic acid (2-,
such as viscous solutions or condensed phases where the dipoldt- and 12-AS) were from Molecular Probes (Eugene, OR).
relaxation time for the solvent shell around a fluorophore is Water was purified through a Millipore (Bedford, MA) Milli-Q
comparable to or longer than its fluorescence lifet?éS system and used throughout. The isooctane used was of
REES arises because of slow rates of solvent relaxation SPectroscopic grade. The purity of AOT was confirmed by good
(reorientation) around an excited state fluorophore, which is a@greement of its UV absorption spectrum with previously
dependent on the motional restriction imposed on the solvent reported spectrurhThe purity of NBD-cholesterol was checked
molecules in the immediate vicinity of the fluorophore. Utilizing Py thin-layer chromatography on silica gel precoated plates
this approach, it becomes possible to probe the mobility (Sigma) in chIoroform/methanol/water (65:35:4, viviv) an.d was
parameters of the environment itself (which is represented by Pure when detected by its color or fluoresceff@oncentration
the relaxing solvent molecules) using the fluorophore merely Of stock solutions of NBD-cholesterol in methanol were
as a reporter group. This makes the use of REES in particulareStimated using the molar absorption coefficientdf 22 000
and the wavelength-selective fluorescence approach in generaM ™+ ¢m™* at 484 nn¥%® Concentrations of stock solutions of
very useful since hydration plays a crucial modulatory role in 2= 6-, and 12-AS in methanol were estimated as described
the formation and maintenance of organized molecular as- earlier?*
semblies such as micelles, membranes, and folded proteins in Preparation of Reverse MicellesReverse micelles of AOT
aqueous solution®, containing NBD-cholesterol (or 2-, 6-, or 12-AS) were prepared
NBD (7-nitrobenz-2-oxa-1,3-diazol-4-yl)-labeled lipids are Without the addition of any cosolvent as described eatier.
widely used as fluorescent analogues of native lipids in bio- Briefly, NBD-cholesterol (or the AS probe) in methanol (12
logical and model membranes and membramémetic systems nmol) was dried under a stream of nitrogen while being warmed
to study a variety of process&We have recently reported  gently (~35°C). After further drying under a high vacuum for
that the fluorescent lipid prolé-(7-nitrobenz-2-oxa-1,3-diazol- ~ at least 4 h, 1.5 mL of 50 mM AOT in isooctane was added,
4-yl)-1,2-dipalmitoylsn-glycero-3-phosphoethan olamine (NBD- ~ and samples were vortexed for 3 min. The samples were kept
PE), in which the NBD group is covalently attached to the in the dark for an hour with intermittent vortexing (10 s of
headgroup of phosphatidylethanolamine, when incorporated in vortexing at intervals of 10 min) to incorporate the fluorescent
reverse micelles of AOT, exhibits hydration-dependent REES probe into the reverse micelles and to obtain optically clear

and the extent of REES decreases with increagintp In this

dispersions. Appropriate amounts of water were subsequently

paper, we report the observation of red edge excitation shift of added to make reverse micellar dispersions of different [water]/

25-[N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-methyllamino]-27-

norcholesterol (NBD-cholesterol) when incorporated into AOT
reverse micelles. In contrast to NBD-PE, the NBD group in
NBD-cholesterol is covalently attached to the flexible acyl chain
of the cholesterol molecule (see Figure 1). The NBD group of
this molecule is localized in the hydrocarbon region of the
membran&-4! and membranemimetic media such as mi-

celles?? Because of its deeper location, the NBD group of NBD-

[surfactant] molar ratios wWy). The optical density of the
fluorescent samples at the excitation wavelength was low
(generally <0.18) in all cases. Background samples were
prepared the same way except that fluorophore was not added
to them. All experiments were done at 2G.

The molar ratio of fluorophore to surfactant was carefully
chosen to give an optimum signal-to-noise ratio with minimal
perturbation to the micellar organization and negligible inter-

cholesterol is capable of reporting solvation dynamics in the probe interactions. The final fluorophore concentration was
deeper regions of the organized molecular assembly in which 8 M while the concentration of AOT was 50 mM in all cases.

it is incorporated. This is important since unlike bulk solvents, This corresponds to a final molar ratio of fluorophore to
these compartmentalized molecular assemblies are anisotropisurfactant of 1:6250 (mol/mol). At such a low fluorophore to

in nature and therefore display differential solvent relaxation surfactant molar ratio, not more than one probe molecule would
rates in different regions of the assembly. In an earlier work, be present per reverse micelle on an average, which rules out
we used the spatial localization of NBD-cholesterol in the any probe aggregation effects, especially keeping in mind the
membrane bilayer to monitor water penetration in the deeper aggregation number of AOT of£50—300 in the range of,
hydrocarbon region of the membratfe. between 5 and 2%

Reverse micelles represent a type of organized molecular Steady-State Fluorescence MeasurementSteady-state
assembly which offer the unique advantage of monitoring fluorescence measurements were performed with a Hitachi
dynamics of molecules with varying states of hydration. F-4010 spectrofluorometer using 1 cm path length quartz
Application of the wavelength-selective fluorescence approach cuvettes. Excitation and emission slits with a nominal band-
to reverse micellar systems is therefore particularly appealing pass of 5 nm were used for all measurements. Background
since REES is capable of monitoring the dynamics of the solvent intensities of samples in which the fluorophore was omitted were
molecules surrounding the fluorophore. We report here, that negligible in most cases and were subtracted from each sample
unlike the shallow interfacial probe NBD-PE, REES of NBD- spectrum to cancel out any contribution due to the solvent
cholesterol in AOT reverse micelles increases with increasing Raman peak and other scattering artifacts. The spectral shifts
hydration {(v,) of the reverse micelle. This implies that the rate obtained with different sets of samples were identical in most
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cases. In other cases, the values were wittiimm of the ones
reported. Fluorescence polarization measurements were per- g %8 T
formed using a Hitachi polarization accessory. Polarization = °
values were calculated from the equatf8n: S 524
=
X 0
lw — Glyy g 520
P=——ou— Q)
IVV + G'|VH %
5 516
. e Q L LJ
wherelyy andlyy are the measured fluorescence intensities = i . . 0
(after appropriate background subtraction) with the excitation 2o . . . .
polarizer vertically oriented and emission polarizer vertically . s 0 .5 2

and horizontally oriented, respectively.is the grating correc-
tion factor and is the ratio of the efficiencies of the detection W, ([H,0J[AOT))

system for vertically and horizontally polarized light and is equal Figure 2. Effect of increasing amounts of added water on the
to Ipv/lpn. All experiments were done with multiple sets of wavelength of maximum emission of NBD-cholestei®) @nd NBD-

6 475 nm for NBD-cholesterol and 465 nm for NBD-PE. The data for

.T' Resolved Fl M &l NBD-PE is plotted from Figure 2 and Table 1 of ref 15. The ratio of
Ime-resolve uorescence vieasurementsluorescence fluorophore (NBD-labeled lipid) to surfactant (AOT) was 1:6250 (mol/

lifetimes were calculated from time-resolved fluorescence mol) in both cases. See Experimental Section for other details.
intensity decays using a Photon Technology International

(London, Western Ontario, Canada) LS-100 luminescence Results

spectrophotometer in the time-correlated single-photon-counting

mode. This machine uses a thyratron-gated nanosecond flasth;rrl'e f{eglign;f Localil\z/lgtio”n O]; tkcl:ehNBDt grou(g:)bole}IBD-
lamp filled with nitrogen as the plasma gas (%71 in. of olesterol in keverse Micetles Is Lharacterized by Lnique

mercury vacuum) and is run at 20 kHz. Lamp profiles were Polarity Fea_tures.The quoresqence emission "?aXima_ of NBD.'
measured at the excitation wavelength using Ludox (colloidal cholesterol in AOT reverse m'ce"es as afun_ctlon of increasing
silica) as the scatterer. To optimize the signal-to-noise ratio, [Watgr]/[surfactant] molar rat|a((0).are shown in Figure 2. The
10 000 photon counts were collected in the peak channel. TheMaximum of fluorescence emission of NBD-cholesterol in the

excitation wavelength used was 465 nm and emission was sef€verse m'?f\lllBaE) eﬂv:rorgmeln_t IS 3t |513 T)m' Thef g_mllssml)n
at 513 nm. All experiments were performed using excitation maximum o ~cnolesterolin model membranes of dioleoy™-

and emission slits with a nominal band-pass of 10 nm or less. snglycero-3-phosphocholine (DOPC) has earlier been reported

o . ) -
The sample and the scatterer were alternated after every S%by us to be 522 nri The relatively blue shifted emission

acquisition to ensure compensation for shape and timing drifts maximum in reverse micelles indicates the nonpolar nature of

occurring during the period of data collection. This arrangement Fhe site of localization of the NBD group of NBD-cholesterol

also prevents any prolonged exposure of the sample to theln the reverse micellar assembly. We have earlier shown that
excitation beam thereby avoiding any possible photodamage tofor er?]lgl-labelehd I'p'dns] w:;:g:prcl)rate?hln an c:trig?‘nlzfe(tjhmolic]:iula}r n
the fluorophore. The data stored in a multichannel analyzer was 35S€Mbly S;th ?\ISBDe anes, id € positio I(I)' d'e f. ssfo

routinely transferred to an IBM PC for analysis. Fluorescence maximum of the group provides an overall Indication o

. > . S 5
intensity decay curves so obtained were deconvoluted with theme EOIQHQ]( of t|:1e envml)nt_men_tt in Wh'cth I ;sdptlﬁcf}%ﬁ On_ .
instrument response function and analyzed as a sum of € basis of such a correfation, it was estimated that an emission

exponential terms: maximum of 513 nm nguI.d porrespond to an enwro_nmental
dielectric constant of-4,2° similar to what has been estimated
as the dielectric constant experienced in reverse mictlles.

(1) = Zaiexp(—t/ti) @ Interestingly, Figure 2 shows that the emission maximum of
NBD-cholesterol remains invariant over a large rangengf
whereF(t) is the fluorescence intensity at timeand o is a (from 0 to 20). . o _
preexponential factor representing the fractional contribution to !N Sharp contrast to the invariance of the emission maximum
the time-resolved decay of the component with a lifetingich of NBD-cholesterol over a large range uk, the emission

that Sjo; = 1. The decay parameters were recovered using a Maximum of NBD-PE in AOT reverse micelles displays a
nonlinear least squares iterative fitting procedure based on theProgressive red shift of 13 nm (from 515 to 528 nm) over the
Marquardt algorithn#4 The program also includes statistical and S&me range ofv,. In NBD-PE, the NBD group is covalently
plotting subroutine packagé&The goodness of the fit of agiven ~ attached to the headgroup of a phosphatidylethanolamine
set of observed data and the chosen function was evaluated bynolecule and has earlier been shown to be localized in the

the reduced,? ratio, the weighted residuaté,and the auto- interfacial region in membrané&$3°4%-51 micelles!® and reverse
correlation function of the weighted residuélsA fit was micelles:® The lack of dependence of the emission maximum

considered acceptable when plots of the weighted residuals and®f NBD-cholesterol onw, indicates that the NBD moiety of

the autocorrelation function showed random deviation about zero NBD-cholesterol is located in a deep region of the reverse
with a minimumy?2 value not more than 1.5. Mean (average) micelle which is characterized by reduced water penetration.
lifetimes (#(Jfor biexponential decays of fluorescence were The above results bring out the important point that increasing

calculated from the decay times and preexponential factors usingVo IN @n organized anisotropic molecular assembly such as a
the following equatiorf3 reverse micelle does not necessarily imply uniform polarity shifts

in all regions of the reverse micelle. In other words, the change

T2+ g2 in polarity experienced in an anisotropic assembly will be
F=—t 272 (3) dependent on the position (location) of the incorporated probe.
04Ty + 0,7, To explore this issue further, we designed experiments using
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Figure 3. Effect of added water on the wavelength of maximum
emission of 2-, 6-, and 12-AS in AOT reverse micelles. The open bars
denote emission maximum recordedvat= 0 and the shaded bars
correspond taw, = 25. The hatched bars represent the difference in
emission maximum Aima) in these two cases. The excitation
wavelength used was 365 nm in all cases. The ratio of fluorophore
(AS probe) to surfactant (AOT) was 1:6250 (mol/mol) in all cases.
See Experimental Section for other details.

25 : : .
the well-known series of anthroyloxy fatty acid probes. The 500 515 530
anthroyloxy fatty acids in which an anthracene group is attached WAVELENGTH (nm)

by an ester linkage to various positions of an alkyl chain have

been extensively used as fluorescent probes of micellar and 100 (b)

bilayer structurél5253These anthroyloxy fatty acids are well

suited to probe such position-dependent effects since they locate
at a graded series of depths in the bilayer. In fact, it has been
shown that the depth of the anthroyloxy group in an organized .
assembly such as a bilayer is almost linearly related to the .

FLUORESCENCE INTENSITY (ARBITRARY UNITS)

80

number of carbon atoms between it and the carboxyl gPéup. o
Figure 3 shows the effect of added watew,)( on the
wavelength of maximum emission of the AS probes in AOT 40 +
reverse micelles. As the figure shows, the fluorescence emission ; ; ; ; ; :
maximum of the shallow interfacial probe 2-AS is extremely o & 10 1B 20 2

sensitive to a change in, from 0 to 25 which is accompanied
by & red shift of the emission maximum by 15 nm (see hatched Figure 4. Effect of increasing amounts of added water on (a)

bar in the figure). The sensitivity of the emission maX|mum. (_)f fluorescence emission spectra and (b) fluorescence intensity of NBD-
the anthroyloxy probes, however, reduces as the position cholesterol in AOT reverse micelles. Fluorescence emission spectra
(location) of the fluorophore (the anthroyloxy group) increases are shown in (a) as a function of [water]/[surfactant] molar ratig) (
from the water pool. Thus, the red shift in emission maximum in order of decreasing intensity correspondingso= 0 (---), 2 (-++),

of 6- and 12-AS upon changing, from 0 to 25 is reduced to 4 (-*-). 15(-- - -), and 25 ). Fluorescence intensity was monitored

6 and 2 nm, respectively. The sensitivity of the emission a;] 513 nm ahnd is plotted a; adf““CtiO” ‘f"g.i” (b?j Theddata points
: own are the means standard errors of five independent measure-
maximum to added water therefore appears to be dependent Orinents. The excitation wavelength used was 475 nm. The ratio of

the position of the fluorophore in the reverse micelle and f,rophore (NBD-cholesterol) to surfactant (AOT) was 1:6250 (mol/
decreases with increasing distance of the fluorophore from the mol) in all cases. See Experimental Section for other details.

water pool, that is, 2-AS> 6-AS > 12-AS. On the basis of
this result and the invariance of the emission maximum of NBD- Interestingly, Figure 4a also shows that with increasigghe
cholesterol tow, (see Figure 2), the NBD group of NBD- reduction in fluorescence intensity is accompanied by spectral
cholesterol would be expected to be localized in the deeper broadening. Such spectral broadening may be due to increased
region of the reverse micelle. Further results show that this heterogeneity of the NBD solvation shell with increasing
region of localization is characterized by rates of solvent hydration of the reverse micelle, a situation encountered when
relaxation that are different from what is experienced at the the rate of solvent reorientation in the excited state is comparable
interfacial region (see later). to the fluorescence lifetime.

The fluorescence emission spectra and intensity of NBD-  Red Edge Excitation Shift of NBD-Cholesterol in Reverse
cholesterol incorporated in AOT reverse micelles as a function Micelles of Varying Hydration. The shifts in the maxima of
of w, are shown in Figure 4. Figure 4a shows that while there fluorescence emissiéhof NBD-cholesterol in AOT reverse
is no shift in the fluorescence emission maximum (as seen in micelles as a function of excitation wavelength are shown in
Figure 2), the peak fluorescence intensity shows a progressiveFigure 5a. As the excitation wavelength is changed from 475
reduction with increasingi,. The decrease in peak fluorescence to 510 nm the emission maxima of NBD-cholesterol bound to
intensity is~52% whenw, is increased from 0 to 25 (see Figure AOT reverse micelles of varying, display shifts toward longer
4b). The quantum yield of NBD fluorescence depends on the wavelengths in all cases. The emission maxima are shifted from
polarity of the medium in which the probe is located and is 513 to 519 nm (fom, = 0), 513 to 520 nmw, = 2), 514 to
reduced in polar environmerft$>°The decrease in fluorescence 522 nm (v, = 4), and 513 to 524w, = 25), which correspond
intensity may be attributed to the increased polarity around the to REES of 6-11 nm in these cases. It is possible that there
NBD group with increasing water content of the reverse micelle. could be further red shift when NBD-cholesterol is excited

W, ([H,0J[AOT])
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Figure 5. (a) Effect of changing excitation wavelength on the Figure 6. (a) Effect of increasing hydration on the fluorescence
wavelength of maximum emission of NBD-cholesterol in AOT reverse polarization of NBD-cholesterol in AOT reverse micelles. Polarization
micelles corresponding ta, = 0 (@), 2 (O), 4 (@), and 25 ¢). (b) values were recorded at 513 nm and the excitation wavelength used
Effect of increasing amounts of water on the magnitude of REES of was 475 nm. (b) Fluorescence polarization of NBD-cholesterol in AOT
NBD-cholesterol in AOT reverse micelles. REES data obtained as in reverse micelles correspondingug = 0 (@), 2 (O), 10 @), and 25
(a) is plotted as a function of [water]/[surfactant] molar ratig)( All (v) as a function of excitation wavelength. The emission wavelength
other conditions are as in Figure 4. See Experimental Section for otherwas 513 nm in all cases. The data points shown are the means
details. standard errors of at least three independent measurements. All other
o . . conditions are as in Figure 4. See Experimental Section for other details.
beyond 510 nm. We found it difficult to work in this wavelength

range because of low signal-to-noise ratio and scattering artifacts[water]/[surfactant] molar ratio which determines the relative
that sometimes remained even after background subtraction.proportions of these three types of water pools. The trapped
Such dependence of the emission maximum on the excitationwater pool is characterized by the fact that this population of
wavelength is characteristic of the red edge excitation shift. The water molecules does not hydrogen bond to other water
observation of REES for NBD-cholesterol incorporated in AOT molecule&!'and is most likely to solvate probe molecules such
reverse micelles implies that the NBD group is located in a as NBD-cholesterol that are deeper in the acyl chain region of
motionally restricted environment. Unlike the NBD group of the reverse micelle.
NBD-PE which is located at the reverse micellar interftice, The magnitude of REES obtained as a functiomgis shown
the NBD group in NBD-cholesterol is located in the deep acyl in Figure 5b. Interestingly, the extent of REES increases with
chain region of the reverse micelle (see above). Observation ofincreasing water-to-surfactant ratio. Thus, REES increases from
REES for a fluorophore in this region therefore suggests that 6 to 11 nm wherw, is increased from 0 to 25. This indicates
this region of the reverse micelle can offer restriction to the that addition of water to the reverse micellar system leads to
rotation of solvent dipoles around the excited-state fluorophore. an increase in the overall motional restriction experienced by
These results assume significance in the context of recent reportshe reorienting solvent molecules in the region of localization
of slow (~nanoseconds) water relaxation in reverse micé&llés. of the NBD group. This is surprising since water relaxation rates
It is known that the dynamics of liquids in confined spaces in reverse micelles have been shown to become faster with an
is different from that of their bulk counterpal®$%and this increase inn,.52 This increase in reorientation rate is reflected
constitutes one of the main reasons for the popularity that reversein reduced REES for probes at the reverse micellar inteY{&ée
micelles enjoy as a model system in studies of water dynamics.and water poot? In contrast to these reports, our results show
The highly structured yet heterogeneous water molecules in an increase in the motional restriction experienced by reorienting
reverse micelles represent interesting models for water moleculessolvent molecules around NBD-cholesterol with increased water-
present in biological systems such as membranes which are moréo-surfactant molar ratio. This difference could possibly be due
difficult to analyze experimentally. The properties of water in to the deeper location of the NBD group in the reverse micellar
reverse micelles of AOT at lowy, values are rather different  assembly implying that the rate of solvent relaxation (reorienta-
from those of bulk watef-® Even at higher water contenig tion) varies with probe location. We have earlier shown such
= 50), the apparent microviscosity is-6 times greater than  depth-dependent solvent relaxation in NBD-labeled lipid présbes
that of free aqueous solutiofsThree types of water populations  and anthroyloxy fatty acid prob&sbound to membranes.
(pools) coexist in reverse micelles. These are bound water, Fluorescence Polarization and Lifetime of NBD-Choles-
trapped water, and free watet>’ The crucial parameter is the  terol with Varying Hydration and Wavelength. The steady-



12156 J. Phys. Chem. B, Vol. 108, No. 32, 2004 Kelkar and Chattopadhyay

1.0 TABLE 1: Lifetimes of NBD-cholesterol in AOT Reverse
Micelles as a Function ofw, 2
[water]/[surfactant]
0.8 molar ratid (W) o 71 (NS) o2 72 (NS) Va
0 0.56 6.05 0.44 3.68 1.13
2 0.39 6.03 0.61 3.42 1.16
0.6 4 0.65 5.15 0.35 2.53 1.18
ARB 10 0.38 5.57 0.62 3.11 1.08
INT 15 0.45 5.31 0.55 2.77 1.12
0.4 20 0.38 5.52 0.62 2.94 1.34
: 25 0.34 5.77 0.66 3.10 1.36
2 The excitation wavelength was 465 nm; emission was monitored
0.2 at 513 nmP The ratio of NBD-cholesterol to AOT was 1:6250 (mol/
mol).
z
0.0f- . : - : : o 0.7
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Figure 7. Time-resolved fluorescence intensity decay of NBD- g : . . : . L 0.3
cholesterol in AOT reverse micellesws = 10. Excitation wavelength =

0 5 10 15 20 25

was at 465 nm and emission was monitored at 513 nm. The sharp peak

on the left is the lamp profile. The relatively broad peak on the right W, ([H,OJ/[AOT])

is the decay profile, fitted to a biexponential function. The two lower Figyre 8. Effect of increasing amounts of water on mean fluorescence

plots show the weighted residuals and the autocorrelation function of jifetime (O) of NBD-cholesterol in AOT reverse micelles. The excitation

the weighted residuals. All other conditions are as in Figure 4. See wavelength used was 465 nm and emission wavelength was set at 513

Experimental Section for other details. nm. Mean fluorescence lifetimes were calculated from Table 1 using
At ; ; eq 3. All other conditions are as in Figure 4. See Experimental Section

state pola_rlzatlo.n of NBD-choIesterol n AOT. reverse mmglles focl other details. The apparent rotatio?]al correlation gr@so( NBD-

as a function O_f Increasing amounts of water |s'sholwn in Figure cholesterol in AOT reverse micelles are also shown. The apparent

6a. As shown in the figure, fluorescence polarization of NBD- rotational correlation times are calculated using eq 4 (see text for

cholesterol decreases with increasmgvhich implies that there  details).

is a decrease in rotational restriction experienced by the NBD

group with increasing hydration (assuming that the change in cholesterol bound to AOT reverse micelles since it is independ-

fluorescence lifetime is not significant; see later). Fluorescence ent of the number of exponentials used to fit the time-resolved

polarization depends on the excitation wavelength in viscous fluorescence decay. The mean fluorescence lifetimes of NBD-

solutions or otherwise motionally restricted me#fi&igure 6b  cholesterol in AOT reverse micelles were calculated using eq

shows the fluorescence polarization of NBD-cholesterol in AOT 3 and are plotted as a functionwf in Figure 8. The increased

reverse micelles of various, plotted as a function of excitation ~ polarity around the NBD group of NBD-cholesterol in AOT

wavelength. The considerable increase in fluorescence polariza+everse micelles with increasinvg, is reflected in the decrease

tion in all cases as the excitation wavelength is shifted toward in the mean lifetime of NBD-cholesterol with increase in the

the red edge reinforces our earlier conclusion that the NBD reverse micellar water content. Interestingly, the fluorescence

group is in a motionally restricted environment in the reverse lifetime decreases sharply when small amounts of water are

micelle. added (up tow, = 10), followed by a plateau whew, is
Since fluorescence lifetime serves a sensitive indicator of the increased up to 25. . o
local environment around a given fluorophrand is sensitive To ensure that the observed change in steady-state polarization

to excited-state interactions, differential extents of solvent of NBD-cholesterol as a function of,, (see Figure 6a) is not
relaxations around a given fluorophore could be expected to due to any change in lifetime with increasing (Figure 8),
give rise to differences in its lifetime. In addition, it is well the apparent (average) rotational correlation times for NBD-
known that fluorescence lifetime of the NBD group is sensitive cholesterol in AOT reverse micelles with increasing were

to the environment in which it is placed and is reduced in the calculated using Perrin’s equatiéh:

presence of wateéx.5%66 A typical decay profile of NBD-

cholesterol in AOT reverse micelles with its biexponential fitting _ [0 (4)

and the various statistical parameters used to check the goodness € or,—r

of the fit is shown in Figure 7. The fluorescence lifetimes of

NBD-cholesterol in AOT reverse micelles obtained as a function wherer, is the limiting anisotropy of NBDy is the steady-

of w, are shown in Table 1. As seen from the table, all state anisotropy (derived from the polarization values using
fluorescence decays could be fitted well with a biexponential = 2P/(3 — P)), and [20is the mean fluorescence lifetime as
function. We chose to use the mean fluorescence lifetime as ancalculated from eq 3. Although Perrin’s equation is not strictly
important parameter for describing the behavior of NBD- applicable to this system, it is assumed that this equation will

[o]



Solvent Relaxation in Reverse Micelles J. Phys. Chem. B, Vol. 108, No. 32, 20042157

TABLE 2: Lifetimes of NBD-Cholesterol as a Function of slow solvent reorientation around the excited-state fluorop#fore.
Excitation Wavelength? The extent of decrease in mean fluorescence lifetime with
excitation excitation wavelength is more pronounced at higher values of
wavelength (nm)  ay 71 (ns) o2 72 (nSs) Va W, which also corresponds to increased REES (see Figure 5b).
(@w,=0
465 0.56 6.05 0.44 3.68 1.13 Discussion
475 0.73 5.46 0.27 2.55 1.35
485 0.36 6.08 0.64 3.56 1.37 Reverse micellar systems represent attractive models for
490 0.56 5.30 0.44 2.43 1.30 biomembranes since they mimic several important and essential
495 057 492 043 18 123  features of biological membranes although lacking much of the
(b)wo =2 complexity associated with them. In particular, reverse micelles
465 039 603 061 342 116  offer the unique advantage of monitoring the dynamics of bound
j;g 8'21 gg% g'gg gég 128 molecules with varying degrees of hydration by varying the
490 0.46 5.00 0.54 2.40 116 [water]/[surfactant] molar ration), which is difficult to achieve
495 0.49 4.20 0.51 1.53 1.44 with complex systems such as membranes. We have earlier
(©)Wo = 25 report(_ad using the interfacially located NBD-PE f[hat wa_lvelength-
465 0.34 5.77 0.66 3.10 1.36 selective fluorescence in general, and REES in particular, can
475 0.59 4.73 0.41 2.03 1.30 be used as a sensitive tool to probe the changing dynamic
485 0.37 5.04 0.63 2.01 1.29 hydration profile at the reverse micellar interfacial regién.
490 0.24 4.46 0.76 1.16 1.41

The ability of a fluorophore incorporated in a reverse micellar
assembly to exhibit red edge effects will depend on several
2 Emission wavelength 513 nm. factors such as its polarity, as well as the effective polarity of
its immediate environment, and its fluorescence characteristics
(e.g., lifetime). Since all these properties of a probe are a
function of its location in the reverse micelle, the extent of REES
would depend on its location in the reverse micelle. The choice
of a suitable probe is of considerable importance in wavelength-
selective fluorescence studies of organized molecular as-
5 ° semblies'’?1.22NBD-labeled probes are appropriate for such
studies since the dipole moment of the NBD group changes by
~4 D upon excitatior¥/ an important criterion for a fluorophore
to exhibit REES effectd®31Further, the NBD group possesses
some of the most desirable properties for serving as an excellent
probe for spectroscopic applicatiotfst! It is very weakly

' . ' fluorescent in water and upon transfer to hydrophobic media,

470 480 490 it fluoresces brightly in the visible range and shows a large
EXCITATION WAVELENGTH (nm) degree of environmental sensitivity>45567.6This large degree
Figure 9. Mean fluorescence lifetime of NBD-cholesterol in AOT  Of environmental sensitivity of NBD fluorescence can prove to
reverse micelles correspondingwg = 0 (@), 2 (O), and 25 ¢) as a be very useful in probing different types of reverse micellar
function of excitation wavelength. Emission wavelength was kept organizations formed under various conditions of [water]/
constant at _513 nm. Mean ﬂuoresceng:t_a lifetimes were cglculated from [surfactant] molar ratio. For example, the observation that NBD
Table_2 using eq 3. All other COhFthIOI’]S are as in Figure 4. See lifetimes are shortened in the presence of WA could
Experimental Section for other details. - : : .

prove to be an effective tool in exploring water dynamics in
apply to a first approximation, especially because we have usedreverse micelles with varying degrees of [water]/[surfactant]
mean fluorescence lifetimes for the analysis of multiple molar ratio.
component lifetimes. The values of the apparent rotational We have previously shown, using NBD and anthroyloxy-
correlation times, calculated this way using a valuer obf labeled membrane probes, that depth-dependent solvent relax-
0.35425 are shown in Figure 8. The overall change in rotational ation, as monitored by the wavelength-selective fluorescence
correlation times of NBD-cholesterol with increasivwg shows approach, can be used as a “dipstick” in membr&hé&4n this
that the observed change in polarization values (Figure 6a) werepaper, we have reported depth-dependent solvent relaxation
not due to any lifetime-induced artifacts and reinforces our effects in the reverse micellar assembly, using the deeply
earlier conclusion that there is a decrease in rotational restrictionembedded probe NBD-cholesterol. The use of this probe has
experienced by the NBD group with increasing hydration. allowed us to obtain a solvent relaxation profile of reverse

Table 2 shows the lifetimes of NBD-cholesterol in reverse micelles at different extents of hydration. Our results show that
micelles of AOT as a function of excitation wavelength, keeping with increasing hydration, the NBD group of NBD-cholesterol
the emission wavelength constant at 513 nm. All fluorescence experiences increased polarity as evidenced by the decrease in
decays could be fitted well with a biexponential function. The fluorescence lifetime and other fluorescence parameters such
mean fluorescence lifetimes were calculated using eq 3 and areas fluorescence intensity. Surprisingly, the extent of REES of
plotted as a function of excitation wavelength in Figure 9. As NBD-cholesterol in reverse micelles increases with increasing
shown in this figure, there is a decrease in the mean lifetimes water-to-surfactant ratio implying that increasing leads to
of NBD-cholesterol (especially toward longer wavelengths) with an increase in the overall motional restriction experienced by
increasing excitation wavelength from 465 to 495 nm when the reorienting solvent molecules. We attribute this result to
incorporated in reverse micelles of a range of [water]/[surfactant] the deeper location of the NBD group in the reverse micellar
molar ratio (v,). Such a marked shortening of mean fluorescence assembly and conclude that the rate of solvent relaxation
lifetimes at the red edge of the absorption band is indicative of (reorientation) varies with probe location.

495 0.15 4.40 0.85 1.03 1.46

o

[$)]
T

w
T

MEAN FLUORESCENCE LIFETIME (ns)
I
T
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