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In this paper, we report a detailed study of the fluorescence relaxation dynamics of a well-known fluorescent
DNA intercalator, acridine orange (AO), in reverse micelles (RM), micelles, and DNA using picosecond
resolved fluorescence spectroscopy. Solvation studies of AO in AOT reverse micelles (RM) containing water
indicate the locations of AO close to the interface and those in RM containing NaOH; there are two types of
AO—one in the nonpolar oil phase and the other at the interface. The bound water at the reverse micellar
interface is found to be much more rigid than that at the micellar interface of sodium dodecyl sulfate (SDS)
micelles. Dynamic light scattering (DLS) studies allow for the determination of the hydrodynamic radius and
the overall tumbling motion of the macromolecules. Wobbling-in-cone data analysis of the temporal
fluorescence anisotropy decay allows for determination of restriction on the motion of fluorophores attached
to the macromolecules. This model further applied to AO-intercalated genomic DNA and synthetic
oligonucleotides within their structural integrity (as confirmed through circular dichroism (CD) studies) shows
that AO experiences less restriction in genomic salmon sperm DNA compared with that in synthetic
oligonucleotides, and among the oligonucleotides, the ones with AT base pairs are much more rigid. This
study would invoke further research on the dynamical nature of AO in restricted environments.

Introduction talysis. They have been associated with the idea of a “Nano-
Cage” or “Micro-Reactor*1213 Aqueous RMs are generally
characterized by the hydration parametgrwhich is the ratio

of molar concentration of water to that of surfactant. RMs with
W values less than 20 are stable and monodisperse over a wide
range of temperaturédn liquid alkanes, AOT RMsWp = 0)

are completely associated and each micelle contains 23 mono-
mers. The structures of these RMs are slightly asymmetric and

The interactions of small molecules with normal and inverted
micelles have been a subject of very extensive stuelivicelles
are aggregates of surfactant (amphiphilic) molecules, which are
formed above a certain critical concentration of monomeric
surfactant molecules. These interactions include a wide range
of studies,viz., (1) solubilization of various types of solutes,

(2) sol_ute—mlcelle_ complex_atlon, (3) changes in micellar are of round cylindrical natur€. The structures of AOT RMs
properties due to incorporation of solute, and (4) the effects of . . i
have been extensively studied using several methods such as

micelles on the thermodynamics and kinetics of processes takinglH NMR, 14-16 |R 17-20 ESR (electron spin resonan@@photon

lace in these systems. Reverse micelles (RMs) are nanopools .
gf polar solven{ protected by a monoh(ayer )of surfactznt correlation spectroscop¥;?® SANS (small-angle neutron scat-

i 24,25 Hj i in@6.27 i
molecules a the periphery with pola head groups poining ST JBESRE SRS T PRI HERR
inward toward the polar solvent, and the hydrocarbon tails are . ’ P by

directed toward the nonpolar organic solvetfg.he chemical sively used to study the AOT RM system. Fluorescent probes

approach to biological problems through investigations of have bee_n _used_ to_ determine the ws;:sosny, binding site, rigidity,
models rests upon the ability of the chosen system to mimic 2nd Proximity within the water podk™=% Fluorescence has also

some functions of biological ensembles. RMs with water 2‘3;’_? Igfﬂed tlc(’) fggy Lheheﬁ:cne(tstaie dproton_dtranzfer '35”1? the
nanopools resemble the water pockets found in various bioag- (). which has atlracted considerable attention

gregates such as proteins, membranes, and mitochondria. Thudlue to its extensive role in biological and chemical phenomena.
these systems are very often considered as excellent biomimics These studies have shown that water inside the RM is
for exploration of biological membranes and biologically generally of two types: (i) interfacial (bound) and (ii) core (free)
confined water molecules10 water. One of the studiéshas shown the existence of a third
The aerosetOT(AOT)—alkane-water system is interesting ~ YP€ of water (tra_pped) molecule present between the pollar hgad
as the solution is homogeneous and optically transparent overdroups o_f the individual surfactant molecules. Thus, the interior
a wide range of temperature, pressure, and pH. The AOT RM of RMs is extremely heterogeneous, and a polar fluorescent
can compartmentalize a large amount of water in its central core, Probe has a finite possibility of distribution in any of these
and the nanoscale aggregation process is fairly well characterized€gions. Because there is wide difference in rigidity of the
with respect to size and shape at various water contéRbls interfacial and core water molecules, the solvent relaxation

are well-known as common organic media to perform bioca- around the excited probe molecule is expectedly multiexpo-
nential. Various fluorescent probes, beta®®ANS *? ethidium

* Corresponding author. E-mail: skpal@bose.res.in. Fax: 91 33 2335 bror_nide"_la and acridine d_e_rivative‘g‘747 have been l_Jse_d to Stu_dy
3477. the interior of RMs. Acridine orange (AO), a cationic dye, is a
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well-known DNA intercalatot®=30 and is useful for studying fixed. However, in all the experiments, the concentrations of

the photophysics and molecular dynamics of DNA2Acridine micelles were much higher than that of AO to ensure that not
dyes were widely used as antibacterial and antimalarial drugsmore than one AO is held by one micelle.
during World War 1122 AO is known to form dimers at higher Steady-State Study.Steady-state absorption and emission

concentration&*5%and Stark effect spectroscépyas been used  were measured with a Shimadzu Model UV-2450 spectropho-
for assessment of electronic coupling in dimeric structures of tometer and a Jobin Yvon Model Fluoromax-3 fluorimeter,
AO. AO is also used as biological stains in fluorescence respectively. Circular dichroism (CD) studies were done using
microscopy’ and finds wide usage in photodynamic ther&gs?. a Jasco 810 spectropolarimeter with a quartz cell of 2 mm optical
In recent reports, few groups have studied the interactions of path length. Dynamic light scattering (DLS) measurements were
AO (both protonated and deprotonated) with anionic surfactant done with Nano S Malvern instruments emplaysm4 mW He-
aggregates in order to investigate the aqueous environment ofNe laser £ = 632.8 nm) and equipped with a thermostatted
RM“445and also to explore the proton-transfer photophysics of sample chamber. All the scattered photons were collected at a
AO inside the RM. Diffusional dynamics of AO in SB%and 173 scattering angle at 298 K. The scattering intensity data
at the liquid alkane-wateflinterface have also been studied. were processed using the instrumental software to obtain the
Very recently, from our group, the homomolecular fluorescence hydrodynamic diameterd() and the size distribution of the
resonance energy transfer properties ofSAave been used  scatterer in each sample. The instrument measures the time-
to show that genomic DNA assumes polymer and salt-induced dependent fluctuation in intensity of light scattered from the
(psi) condensed forrfisinside anionic AOT RMSs. In this report,  particles in solution at a fixed scattering angle. Hydrodynamic
we have studied in detail the solvation and fluorescence diametersdy) of the particles were estimated from the intensity
depolarization dynamics of AO in AOT RMs containing water auto-correlation function of the time-dependent fluctuation in
(pH = 6.9) and NaOH (pH= 13.6), SDS, CTAB, and TX100 intensity.dy is defined as
normal micelles using picosecond time-resolved fluorescence
spectroscopy. We have also applied a wobbling-in-cone model _ ke T
to analyze and interpret the time-resolved fluorescence anisot- Ay = 3D 1)
ropy decay data of AO in these restricted environments. We
have further applied this model to AO intercalated inside wherekg is the Boltzmann constan,the absolute temperature,
genomic salmon sperm DNA and two synthetic oligonucle- 7 the viscosity, and the translational diffusion coefficient. In
otides: (1) (GCGCGCGCGCGg)(oligol) and (2) (CG- a typical size distribution graph from the DLS measurement,
CAAATTTGCG), (oligo2) to study the reorientational dynamics the X-axis shows a distribution of size classes in nanometers,
of the probe AO within the intercalation site and thus to predict and theY-axis shows the relative intensity of the scattered light.
the rigidity of genomic DNA and synthetic oligonucleotides. This is therefore known as an intensity distribution graph.
Time-Resolved Study.All fluorescence decays were taken

Materials and Methods by using the picosecond-resolved time-correlated single-photon
counting (TCSPC) technique. The commercially available setup
Sample Preparation. Acridine orange (AO), DNA (from is a picosecond diode laser pumped time-resolved fluorescence

salmon testes; SS-DNA), bis(2-ethylhexyl)sulfosuccinate (AOT), spectrophotometer from Edinburgh Instrument (LifeSpec-ps),
cetyltrimethyl ammonium bromide (CTAB), sodium dodecyl U.K. The picosecond excitation pulse from the Picoguant diode
sulfate (SDS), and TritonX-100 (TX100) were purchased from laser was used at 375 nm. A liquid scatterer was used to measure
Sigma and Fluka and used as received. Isooctane was purchasehe FWHM of the instrument response functions (IRF). It has
from Spectrochem. The purified (reverse phase cartridge) an instrument response function (IRF) of 80 ps. Fluorescence
synthetic DNA oligonucleotides of 12 bases (dodecamer) with photons from the sample were detected by a microchannel plate
sequences GCGCGCGCGCGC and CGCAAATTTGCG were photo multiplier tube (MCP-PMT, Hammamatsu) after disper-
obtained from Gene Link. In order to reassociate the single sion through a grating monochromator. For all decays, the
strand DNAinto self-complimentary ds-DNA(GCGCGCGCGC&C)  emission polarizer was set at 5% (magic angle) with respect
(oligol) and (CGCAAATTTGCG)(oligo2), thermal annealing  to the polarization axis of the excitation beam.

was performed as per the methodology prescribed by the vendor. Methods of Data Analysis. The observed fluorescence
The aqueous solutions of the oligonucleotides were dialyzed transients are fitted by using a nonlinear least-square fitting
exhaustively against Millipore water prior to further use. The procedure (software supplied by Edinburgh Instruments) to a
procedure for making genomic DNA aqueous solutions is similar fynction X(t) = fg E(t)R(t — t') dt") comprising convolution

to that as mentioned in the earlier studi¢& In the present of the IRF E(t)) with a sum of exponentialsR(t) = A +
study, the concentration of DNA base pairs (bp) is considered SN Be~ i) with preexponential factorsB(), characteristic

the overall concentration of the DNA. The nucleotide concentra- |ifetimes @), and a background). Relative concentration in
tions were determined by absorption spectroscopy using thea mutiexponential decay is finally expressed @s= 7B/
average extinction coefficient per nucleotide of the DNA (6600 5N Bir x 100. The quality of the curve fitting was evaluated
M™% cm™ at 260 nmj®and found to be 4.23 (SS-DNA), 5.16  jy requced chi-square (0.90.09) and residual data. The
(oligo1), and 4.08 mM (oligo2). For spectroscopic studies, the ,;ryose of the fitting is to obtain the decays in an analytic form
AO—DNA complex with a [AO]:[DNA] ratio of 1:100 was suitable for further data analysis.

prepared by adding dropwise a calculated volume of known 14 construct time-resolved emission spectra (TRES), we

concentrated AO solution into a given volume of known yioed the technique described in refs 66 and 67. As described

concentrated DNA solution with continuous stirring for 2 h. - 4p5ve the emission intensity decays are analyzed in terms of
The RM solutions of AO were prepared by adding requisite o multiexponential model

volumes of AO solution into a given volume of 100 mM AOT

solution in isooctane with vigorous stirring to achieve RMs with N
variouswg values. The overall concentration of AO for different I(A,0) = Zai(/l)exp[—t/ri(/l)] (2)
Wp values in RM solutions containing water or NaOH was kept =
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Figure 1. Abosrption spectra of acridine orange (AO) in (a) RMs

containing water, (b) RMs containing NaOH, and (c) micelles (SDS,
CTAB and TX100) and DNA (salmon sperm, oligol, and oligo2).
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wherea,(4) are the preexponential factors, witl(1) = 1.0.

In this analysis, we compute a new set of intensity decays, which
are normalized so that the time-integrated intensity at each
wavelength is equal to the steady-state intensity at that
wavelength. Considering(1) to be the steady-state emission
spectrum, we calculated a setld{d) values using

H(2) = # 3)
S
which for multiexponential analysis becomes
F(4)
H(A) = (4)
S 4@)r(2)

Then, the appropriately normalized intensity decay functions
are given by

N

I'(A,0) = HA)I (L) = Z(xi'(/l)exp[—t/ri(/l)]

(6)
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Figure 2. Fluorescence spectra of acridine orange (AO) in (a)
RMs containing water, (b) RMs containing NaOH, and (c) micelles
(SDS, CTAB, and TX100) and DNA (salmon sperm, oligol, and
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SCHEME 1: Acid—Base Equilibrium of Acridine
Orange

Ka
S - S
=
{CH, )N N N(CH,), {CHy)aN N N(CH

H

3)2

Acridine Orange (AQ) Basic Acridine Orange

where oj(1) = H(1) oi(1). The values ofl'(1,t) are used to
calculate the intensity at any wavelength and time and thus the
TRES. The values of the emission maxima and spectral width
are determined by nonlinear least-square fitting of the spectral
shape of the TRES. The spectral shape is assumed to follow a
log-normal line shap
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1) =1, ex;{ —[In Z(M)Z]} (6) 3000 1 fose AO in RM (w,=2.5) containing water
b ST,

2500 - Ko o R (@)
with oo = (2b(¥ — KX))/bD— 1, wherelp is amplitude Pmax iS " N TR _ E:t:do[?;l
the wavenumber of the emission maximum, and spectral width € 2000 T ¥ '
is given by S e TR

< 1500 | T 62, %%
inh() 3 b N e
Sin Sl S
= A[ T] & 1000 { | 3 950 ppy o
where the terma andb are width and asymmetry parameters, 500 1 500 nm
respectively. Equation 6 reduces to a Gaussian functiot for | IRF
= 0. The TRES thus obtained are used to construct the solvation 0 5 : N : : 5

correlation functionC(t) as Time (ns)

¥(t) — V(o) 3000

7(0)— v(®) ()

% AO in RM (w, =2.5) containing NaOH (pH= 13.6)

(b)

@ Raw Data

clt) =
2500 4

where v(0), v(t), and v() are the frequencies of emission

maxima at times @, andeo, respectively. Th&(t) curves thus ‘% 2000 — Fitted Data
obtained represent the solvent relaxation dynamics around the 8
excited probe molecule. § 7
We have also constructed the time-resolved area normalizeda-z:“:: 1000 -
emission spectrum (TRANES) to determine the kind of species
present in the system and the environment about the séciés. 00

TRANES is a model free modified version of TRES as

mentioned above. A useful feature of the method is that an
isoemissive point in the spectra involves two emitting species,
which are kinetically coupled either irreversibly or reversibly Time (ns)

or not coupled at all. In the recent literature, various other _ . .

group$l72 have also used the TRANES technique to confirm iFn'g;,:/?ss('w':'iozress)cﬁgﬁtea?rﬁﬁay(gﬁcvifgrtzﬁgvg)'Oﬁz(‘;"gvelengths of AG
two emissive species in the micro-heterogeneous environments. o g '
For all anisotropy measurements, the emission polarizer was
adjusted parallel and perpendicular to that of the excitation TABLE 1: Steady-State Absorption and Fluorescence Data

polarizer and the anisotropy is defirféds of Acridine Orange in Various Environments
absorption fluorescence
I () — Gl (V) peak peak
r(t) = e (8) systems (nm) (nm)
14(®) + 261, ()
water (pH= 6.9) 492 532
o N NaOH (pH= 13.6) 435 546
wherel;(t) and I (t) are the temporal emission intensities at ~ RMs with water (= 2.5) 495 549
parallel and perpendicular emission polarization with respect RMs with water o= 10.0) 494 545
to vertical excitation polarizatiorG is the correction factor of RMs with NaOH {v = 2.5) 375, 460 470,533
the polarization bias of the detection setup. Théactor at a RMs with NaOH {w= 10.0) 375,460 477,538
. | th ind dently obtained b itina th 20 mM CTAB 496 536
given wavelength was independently obtained by exciting the 55 1\ Sps 498 531
sample with a horizontally polarized excitation beam and 10 mm TX100 496 532
collecting the two polarized fluorescence decays, one parallel SS-DNA 502 526
and other parallel to the horizontally polarized excitation beam. (GCGCGCGCGCGCG)(oligol) 502 526
Ther(t) was fitted biexponentially as follows: (CGCAAATTTGCG (oligo2) 502 523
r(t) = ro[alefw’l + (12e7”¢2] 9) The faster rotational relaxation with the shorter rotational time

constanty is described as the motion of a restricted rotor (probe)
having its transition dipole moment undergoing orientational
diffusion within a semicone of angl@, about an imaginary
axis. Thus, the faster and slower rotational time constants can
be written as

whereg, andg, are the two rotational correlation time constants
andoy andoy, are the corresponding amplitudesis the limiting
anisotropy that describes the inherent depolarization of a given

molecule.

Wobbling-in-Cone Model. The biexponential anisotropy
decay can be analyzed using the two-step and wobbling-in-cone 11,1 (10)
model?374 According to this model, the observed slow rotational Tg T Ty
relaxation with larger rotational time constantg) (s described
as a convolution of lateral diffusional relaxation with a time 1:i+1 (11)
constantr; of the probe along the micellar interface and the T T, T

overall tumbling motion of the micelle with time constait.”
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TABLE 2: Fitted Fluorescence Transients of Acridine Orange in Various Environments
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71 (ns)

72 (ns)

73 (NS)

systems wavelength (nm)

water (pH= 6.9) 532
NaOH (pH= 13.6) 550
RMs with water (v = 2.5) 550
RMs with water (vo= 10.0) 550
RMs with NaOH (v, = 2.5) 470

530
RMs with NaOH (v, = 10.0) 480

540
20 mM CTAB 536
50 mM SDS 530
10 mM TX100 532
SS-DNA 530
(GCGCGCGCGCGG)(oligol) 530
(CGCAAATTTGCGY) (oligo2) 530

TABLE 3: Solvation Correlation Data for AO in Various
Environments

blue/red
systems end 71 (NS) 72 (NS)
RMs with water (vo= 2.5) 0.40 (48.5%) 3.65 (51.5%)
RMs with water (vo= 10.0) 0.55 (43.0%) 3.30 (57.0%)
RMs with NaOH (v, = 2.5) NP1  0.30(70.3%) 8.00 (29.7%)
NP2  0.40 (49.7%) 2.55 (50.3%)
RMs with NaOH (vp=10.0) NP1 0.25(63.4%) 1.70 (36.6%)
NP2  0.10(60.8%) 1.10 (39.2%)

50 mM SDS 0.55 (32.8%) 1.65 (67.2%)

v, I.€., the rotational time constant for overall micellar tumbling
can be obtained using the Stokd3ebye-Einstein relatiorn’s

B Agonr},
™M T

(12)

where 5 is the viscosity of the dispersant (solvent), the
hydrodynamic radius of the micellks the Boltzmann constant,
andT the absolute temperature. The lateral diffusion coeffiéient
is defined as

r2
=M
DL 6‘L'|_ (13)
wherery is the radius of spherical surface of micelle along
which the probe translates.

According to this model, the rotational anisotropy decay
function is denoted as
r(t) =rolf + (1 - pe e " (14)
Again, 8 = &, where& is the generalized order parameter that
describes the degree of restriction on the wobbling-in-cone
orientational motion < satisfies the inequality & & < 1,
whereS = 0 describes unrestricted reorientation &id= 1

means no wobbling-in-cone orientational motion. The semicone
angle6,, is obtained from the ordered parameter as follows:

F= %(cos@w)(l + cos#,) ? (15)

For 6,, < 30°, the wobbling-in-cone diffusion constabx, is
given by

D,, = 765/24,, (16)

0.46 (10.5%)
0.28 (26.4%)
0.38 (11.4%)
0.29 (8.9%)
0.12 (44.4%)
0.28 (36.5%)
0.19 (46.6%)
0.31 (26.2%)
0.77 (23.6%)
0.23 (5%)
0.35 (7.8%)

1.85 (89.5%)
1.46 (31.1%)
2.78 (72.9%)
2.19 (77.4%)
0.77 (21.7%)
2.39 (41.7%)
2.06 (31.3%)
2.79 (51.0%)
1.65 (74.3%)
3.08 (90%)
2.20 (88.5%)
3.09 (23.3%)

6.20 (42.5%)
5.12 (15.7%)
3.97 (13.7%)
2.77 (23.8%)
9.21 (21.8%)
6.44 (22.1%)
8.00 (22.8%)
9.53 (2.1%)
5.51 (5%)
5.66 (3.7%)
5.38 (76.7%)

1.62 (19.6%)
2.33 (32.1%)

4.76 (80.4%)
5.15 (67.9%)

with 0 in radians. However, fof,, =30° and all6,,, the O, is
given by

1 [RaE, a+x, @-x)
DW_[(1—§)zW]lZ(X—1)l|n( 2 )+ 2 }+
(1-x

57 6+ 8x—x*— 123 — 7xh

17)

wherex = cos 0y, when6,, = 18, i.e., when there is no
restriction to orientation? = 0, andD,, = 1/6t,,. Cases where
ther(t) of fluorescent probes attached to macromolecules does
not decay to zero but to an finite value,) at longer times
indicates that the macromolecular reorientation time is much
longer than the fluorescence lifetime of the attached fluorophore
and the fluorophore is not able to sample through all possible
orientations’® In these cases, the differenag ¢ r.) has been
used to extract the dynamical parameters. For micelles, the
radius along which the probe moves is taken from ref 77 and
for the RM from ref 16. The hydrodynamic radii of the micellar
aggregates were, however, determined from our DLS instrument.

Results and Discussion

Figure la shows the absorption spectra of AO in water (pH
= 6.9) and RMs containing water. The absorption spectra show
a slight red shift from 492 in water to 495 nm in AOT RMs,
which indicates a finite interaction between AO and RM. The
shoulder at 467 nm in the absorption spectrum of AO in water
is due to the formation of dimeric AO in watétlt is known
that AO is more sensitive to polarizability of environment than
the polarity®® The red shift may indicate the location of AO
closer to the RM interface with higher polarizability than the
central water core of the RM. Also, inp = 2.5, the FWHM of
the absorption spectrum is higher than that in water, indicative
of AO being present in a heterogeneous environment. However,
in wp = 10 RMs, the FWHM is close to that of water, which
may indicate that AO molecules are a little away from the
interface toward core water than wp = 2.5 RMs. This may
seem obvious because the diameter ofthe= 2.5 RM water
pool is~10 A and the diameter of AO is 6.97% thus, AO is
much closer to the interface g = 2.5 RM.

Figure 2a shows the fluorescence spectra of AO in water and
RMs containing water. The fluorescence maximum of AO in
water is at 532 nm; that imp = 2.5 and 10 RMs are at 549 and
545 nm, respectively. The slight blue shift of the fluorescence
maximum of AO inwp = 10 compared with that img = 2.5
once again proves the location of AO to be slightly away from
the RM interface toward core waterip = 10 RMs compared
with wop = 2.5 RMs. Figures 1b and 2b show the absorption
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Figure 4. (a) Time-resolved emission spectra (TRES) of AO in RMs  Figure 5. (&) Time-resolved emission spectra (TRES) of AO in RMs
(Wo = 2.5) containing water, (b) solvation correlation curve, and (Wo= 10) containing water, (b) solvation correlation curve, and temporal

temporal anisotropy decay curve (insert) of AO in RMg& & 2.5) anisotropy decay curve (insert) of AO in RMv{ = 10) containing
containing water. water.
and emission spectra of AO in NaOH (pk 13.6) and that in Figure 3a,b shows the fluorescence decay transients of AO

RM containing NaOH. AO in NaOH solution has an absorption in RMs (o = 2.5) containing water and that containing NaOH
peak at 435 nm; the emission maximum is at 546 nm. These at various wavelengths. In the case of RMs containing water,
peaks correspond to that of deprotonated basic acridine orangehe fluorescence transients are found to decay at blue wave-
(Scheme 1¥> However, in RMs containing NaOH ap = 2.5 lengths and a corresponding rise is seen at red wavelengths.
and 10, a peak at 375 nm with a shoulder at 460 nm in the Thjs observation is consistent with the clear case of solvation
absorption spectra and a peak~a#35 nm with a shoulder at  5f AO within the RMF8 (see below). However, in the case of
~470 nm in the emission spectra are observed. These two peakgms containing NaOH, only decay components are observed
in the absorption a_nd en_wissioq spectra indicat_e the existence ofy; 4 wavelengths with comparatively longer components at
two types of AO: (i) basic AO in the nonpolar isooctane phase higher wavelengths. This observation may indicate the presence
(gbsorptlon peak- 37.5 nm and emission peak470 “”?) and of more than one species, which may or may not be kinetically
(i) protonated AO lying at the RM interface (absorption peak coupled in the excited or ground state, or a single species having

= 460 nm). The peaks at 538, = 2.5) and 538 nmwo = more than one type of environment. The fitted fluorescence
10) could be due to formation of AO protonated at terminal yp . s . :
decay data of AO under various conditions are given in Table

amino group® and/or an intracyclic imino group. : : S

Figurges 1Fc)§;nd 2c show the storption gnd epmission spectraz' Figures 4a gnd 52 show thg time-resolved emission spectra
of AO in 50 mM SDS (anionic), 20 mM CTAB (cationic), and (1 RES) of AO in RMs containing water afip = 2.5 and 10,
10 mM TX100 (neutral) surfactant solutions and that in genomic feSPectively. The constructed solvation correlation function
salmon sperm DNA and two synthetic DNA oligomersligol (Figures 4b and 5b) with solyaﬂon shl_fts 67l (= 2.5) and_
and oligo2. In all the micelles, the absorption and emission 711 ¢ (wo = 10) shows a biexponential decay. The solvation

spectra indicate AO to be present in the stern layer of the time constants are given in Table 3. The similarity of both the
micelles (Table 1). However, in both genomic and synthetic faster and slower time constants indicates the presence of AO
DNA, the absorption and emission spectra are 10 nm red-shiftedin similar environments near the interface in both the RMs. The
and 6 nm blue-shifted, respectively, compared with that of AO faster and slower time constants correspond to solvation by free
in water, indicating AO to be intercalated inside the DRI&? water (core type) and bound water (interfacial type), respec-
The absorption and fluorescence peaks of AO in various tively. It has to be noted that the TRANES of AO (data not
environments are given in Table 1. shown) in the RMs containing water do not exhibit any



Fluorescence Relaxation Dynamics of AO in RMs and DNA J. Phys. Chem. B, Vol. 111, No. 16, 200¥195

TABLE 4: Temporal Fluorescence Anisotropy Decay Data for Acridine Orange in Various Environments

systems wavelength (nm) ¢1(ns) ¢2 (ns) ro o
water (pH= 6.9) 532 0.11 (100.00) - 0.359 0.00
NaOH (pH= 13.6) 550 0.14 (100.00) - 0.336 0.00
RMs with water (o= 2.5) 550 0.27 (20.53) 2.10 (79.47) 0.254 0.014
RMs with water (vo= 10.0) 550 0.16 (25.84) 1.31(74.16) 0.266 0.010
RMs with NaOH (v, = 2.5) 470 0.20 (33.35) 3.20 (66.65) 0.249 0.003
530 0.22 (18.65) 2.74 (81.35) 0.209 0.006
RMs with NaOH (v, = 10.0) 480 0.19 (46.77) 1.20 (53.23) 0.241 0.012
540 0.28 (34.82) 2.23(65.18) 0.226 0.013
20 mM CTAB 536 0.09 (68.30) 0.90 (31.70) 0.243 0.002
50 mM SDS 530 0.12 (60.02) 1.12 (39.98) 0.364 0.001
10 mM TX100 532 0.30 (44.22) 2.49 (55.78) 0.194 0.000
SS-DNA 530 0.13 (53.39) 5.52 (46.61) 0.212 0.095
(GCGCGCGCGCGG)(oligol) 530 0.08 (33.52) 2.08 (66.48) 0.182 0.000
(CGCAAATTTGCGY), (oligo2) 530 0.36 (16.76) 2.18(83.24) 0.173 0.000

TABLE 5: Wobbling-in-Cone Data of Acridine Orange in Various Environments

Tt T 0 ™ T w Du x10% Dy x10® D, x 10°

systems (ns) (ns) 52 (deg)  (ns) (ns) (ns) (s (s (cmPs™)
RMs with water (v = 2.5) 0.27 210 0.7947 22.21 2.40 16.80 0.309 69.44 1.42 0.05
RMs with water (vo= 10) 0.16 1.31 0.7416 25.26 22.39 1.39 0.181 7.44 3.13 4.36
RMs with NaOH (vp=2.5) 470 nm  0.20 3.20 0.6665 29.29 2.09 0.216 79.74 3.54
RMs with NaOH (vp=2.5) 535 nm  0.22 2.74 0.8135 21.07 2.09 0.234 79.74 1.68
RMs with NaOH (vo= 10) 470 nm 0.19 1.99 05323 36.16 13.64 2.32 0.208 12.22 5.59 5.56
RMs with NaOH (vo= 10) 538 nm 0.28 2.23 0.6518 30.06 13.64 2.67 0.318 12.22 2.52 417
20 mM CTAB 536 nm 0.09 090 03170 47.70 27.37 0.93 0.104 6.09 19.50 8.43
50 mM SDS 530 nm 0.12 1.12 0.3998 43.06 8.64 1.29 0.133 19.29 12.38 3.60
10 mM TX100 532 nm 0.30 249 05578 34.87 96.86 256 0.338 1.72 3.19 12.05
SS-DNA 0.13 552 0.4661 39.56 0.135 10.28
oligol 0.08 2.08 0.6648 29.38 0.084 9.10
oligo2 0.36 218 0.8324 19.88 0.427 0.82

isoemissive point, indicating that the dynamics of solvation of ing to two different types of AO molecules from the time zero
the probe in the RMs are essentially due to a single species. itself (data not shown). As a result, the TRES of AO in these
Inserts of Figures 4b and 5b show the temporal anisotropy RMs could not be fitted with a single log-normal function but
decayr(t) of AO in wp = 2.5 and 10 RMs containing water.  with a double log-normal one. We have followed the peak shift
The rotational correlation time constants are given in Table 4. of these two peaks one at red end (NP1) and the other at the
It is found that both the slower and faster anisotropy time blue end (NP2) with time to determine the solvation relaxation
constants have decreased for AO in RMg € 10) compared time scales of these two different AO molecules. Similar spectral
with that inwg = 2.5 RM. This is an indication of the fact that, —deconvolution is reported in the recent literatéfe.
in larger RMs, AO is much freer to move. The wobbling-in- Figure 6b shows the temporal peak shift at red wavelength
cone model analysis of thet) data shows that the semicone NP1 (for protonated AO at the interface) and blue wavelength
angle inscribed by AO in smaller RMs is 22724nd that in the NP2 (for basic AO in the isooctane phase) (insert of Figure 6b)
larger one is 25.26(from eq 15). Also, the diffusion constant  derived from the TRES of AO in RMsap = 2.5) containing
of lateral diffusion of AO in smaller RMsAp = 2.5) is 2 orders NaOH. The shorter time constants are the same at both
of magnitude lower than that in the larger ong & 10). The wavelengths, indicating long-range dipolar relaxation due to
rotational time constants and diffusion coefficients for overall reorganization of core-type water molecules; longer time
micellar motion, lateral diffusion of AO along the interface, constants correspond to relaxation by interfacial water (2.55 ns)
and wobbling-in-cone motion of AO are given in Table 5. The of protonated AO and deep trap water (8 ns) of basic AO in
lateral diffusion time constant of 16.8 nswg = 2.5 RMs shows the nonpolar phase. Similarly, Figure 7b shows the temporal
that there is no appreciable translation of AO within its lifetime peak shift of AO in the nonpolar isooctane phase and interface
in this small RM. in wo = 10 RMs containing NaOH. The longer time constant
Figures 6a and 7a show the TRANES of AO in RMsvaf of 8 ns is not observed here because, in larger RMs, AOT
= 2.5 and 10 containing NaOH, respectively. In both the spectra, monomers are properly arranged in a monolayer about the
an isoemissive point is observed (503 nmvigr= 2.5 and 514 aqueous poéf and the number of deep trap water may be too
nm forwp = 10 RMSs). In both the cases, the intersection points sparse to contribute to the relaxation. In this case also, a
lie in between the emission maxima of basic AO in the isooctane biexponential decay is observed, indicating solvation by free
phase and that of protonated AO at the RM interface. Thus, water and bound interfacial water. Figures 6¢ and 7c show the
RMs containing NaOH have two types of AO: basic and fluorescence anisotropy decay of AO in RMs(= 2.5 and
protonated AO. Although RMs containing NaOH have a pH of 10) containing NaOH. In both cases, the decay is found to be
13.6, which is higher than the excite&p(= 13.3) of basic biexponential (Table 4). From wobbling-in-cone model analysis
AO,* the signature of protonated AO is found because it is (Table 5), the semicone angle for AO in the isooctane phase is
known that the pH at the interface of anionic micelles or reverse found to be larger than at the interface, indicating greater
micelles are less than that of the bulk water or free water at the restriction at the interface. The time constants and diffusion
center of the RM?%81Because RMs containing NaOH have two  coefficients for wobbling, lateral motion of AO, and overall
types of AO in two different environments, the TRES of AO macromolecular motion in various environments are tabulated
in these RMs\p = 2.5 and 10) showed two peaks correspond- in Table 5. However, imp = 2.5 RMs containing NaOH, the
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Figure 6. (a) Time-resolved area normalized emission spectra (TRES) '€d wavelength (NP1) and blue wavelength (NP2) (insert), and (c)
of AO in RMs (o = 2.5) containing NaOH, (b) temporal peak shift at temporal anisotropy (_je_cay curve at 538 and 470 nm (insert) of AO in
red wavelength (NP1) and blue wavelength (NP2) (insert), and (c) RMS (Wo = 10) containing water.

temporal anisotropy decay curve at 470 and 535 nm (insert) of AO in . .
RMs (o = 2.5) containing water. the hydrophobic core of the SDS micelle, and the charged

intracyclic imino group and the two terminal polar amino groups

translation diffusion time constant is found to be negative for remain outward directed toward the stern la§#f® This in turn
both types of AO, which indicates that the lateral diffusion time results in an isoemissive point at 530 nm. The solvation
constant for the particular case cannot be extracted from eq 10correlation curve of AO in SDS (Figure 8b, insert) is biexpo-
and appeals further investigation. nential in nature with a faster time constant (550 ps) due to

In order to compare the solvation and rotational dynamics of reorganization of bulk type water molecules and a slower time
AO in RMs with that in normal micelles, we have studied the constant (1.65 ns) due to reorganization of bound water in the
AO in 50 mM SDS (anionic), 20 mM CTAB (cationic), and 10  stern layer. It is observed that the slower time constant in SDS
mM TX100 (neutral) micelles. Figure 8a shows the TRANES micelle is smaller than that in RMs, which may indicate that
of AO in 50 mM SDS; an isoemissive point is observed at 530 bound water is much more rigid in RMs than in normal micelles.
nm. It is known that AO interacts with SDS micelles through Figure 8b shows the temporal anisotropy decay of AO in 50
both hydrophobic and electrostatic interactions. Thus, the mM SDS, 20 mM CTAB, and 10 mM TX100 micelles. In all
hydrophobic aromatic rings of the AO molecule remain within these micelles, biexponential decay of temporal anisotropy
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; : ; 2 from 13. In all th f micell val n
and solvation correlation curve of AO in 50 mM SDS solution (insert). om eq 13 all the cases o celles, the values and

wobbling-in-cone data are tabulated in Table 5. In the case of
decays are observed (Table 4). Both the faster and slowerTX100 micelles also, there is no appreciable difference in
rotational time constants of AO in CTAB micelles are much temporal decay transients at blue and red wavelengths depicting
faster than in other micelles. This is due to the fact that AO a faster solvation shift with time scales faster than our
being cationic in nature is away from the positively charged instrumental resolution.

micellar surface. However, the possibility of a hydrophobic =~ The bending and flexing motions of DNA along with the
interaction of AO with this micelle may not be completely ruled internal motions are very important for chemical reactions taking
out® Hence, due to hydrophobic interactions, AO remains partly place at a given site of DNA and for the process of DNA
in the stern layer of CTAB micelles with a major portion of condensatiofi386-88 Hence, knowing the time scales of internal
AO in bulk water. Because in this case AO is more in bulk motions in DNA gives a complete physical picture of DNA.
type water, solvation is much faster. The time scale of this The relaxation dynamics of DNA environmetit&-91 and water
solvation is faster than our instrumental resolution and could molecules in the close vicinity of the minor groove of genomic
not be detected. This is supported by the similarity of fluores- and synthesized DNA%°3 have been explored by using time-
cence decay at all wavelengths. In case of AO in CTAB, becausedependent Stokes shift methods. Fluorescence polarization

AO is least restricted, the highest semicone angle (3 aid techniques, utilizing ethidium bromide (EB) as an intercalator,
lateral diffusion coefficient (8.4% 1075 cn? s71) are exhibited, have been extensively used to study the internal and overall
indicating faster lateral diffusion. The interaction of AO with motions in DNA%4-97 Both steady sta&and time-resolveti—97:9
neutral TX100 micelles is mainly hydrophilic in natufeAO measurements of temporal fluorescence anisotropy have been

and water molecules compete for hydrating the polyoxyethylenic used to examine motions with correlation times ranging from
head group of TX100 micelles. So, AO is located preferentially 0.1 to more than 100 ns. Barkley and Zifn their elastic

in the hydration zone of the oxyethylenic chains. The two continuum model of DNA predicted that fluorescence polariza-
rotational correlation time constants of 300 ps and 2.49 ns (Tabletion anisotropy of an intercalated dye is complex containing
4) are slower than that in other micelles, indicating greater exponentials irt¥2 due to torsion (twisting) and it#* due to
restriction on the wobbling motiornr(, = 338 ps) and lateral  bending motions, which is equivalent to the bead spring model
diffusion (ry = 2.56 ns) of AO in TX100 micelles. However, developed by Allison and Schd?P and LeBret® In the bead-
the lateral diffusion coefficient appears to be larger in TX100 spring model, in addition to twisting motion at intermediate
than that in other micelles despite the higherThis is due to times, initial exponential decay characteristics of uncoupled
the large size of the TX100 micelle revealing lar@grvalues motions of individual beads at short times were observed. It
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has been found by Millar et al. that torsional rigidity of different micelles) and in DNA. The equivalent nature of solvation
varieties of DNA are different and initial loss in anisotropy is correlation curve of AO invy = 2.5 and 10 RMs containing
either due to rapid internal motion of the double helix or water indicates almost similar environments (i.e., interface)
independent motion of the dyeFor an intercalating dye within ~ around AO in RMs. In RMs containing NaOH, the presence of
DNA, there is no water and the entire dynamics is essentially an isoemissive point indicates the existence of two types of AO:
controlled by the electric field of DNA. To study the wobbling basic AO in the isooctane phase and protonated AO at the
motion of the polynuclear heteroaromatic dye AO in the DNAs interface. Despite the pH of NaOH being higher than the excited
we have applied the wobbling-in-cone model to the temporal state Ka (13.3) of AO, protonated AO is observed at the
anisotropy of the intercalated dye. We have prepared complexesinterface, which indicates that the interfacial pH is lower than
of AO with genomic salmon sperm DNA (40% GC confé@#t the pH at the core. The lower value of the longer solvation
and two synthetic DNA dodecametsligol and oligo2. Al- correlation time constant for AO in SDS compared to that in
though binding of AO to DNA is sequence-independent, slight RMs indicates that the bound water in RMs is much more rigid
preferential binding of AO to GC base pairs has been n¥ted. than that in normal SDS micelles. Wobbling-in-cone data
In all the three AG-DNA complexes, the structural integrity — analysis indicates that AO wobbles much more freely in larger
of the DNA was restored as confirmed through CD study (data RMs inscribing larger semicone angles. Among the micelles,
not shown). Figure 9a shows the temporal anisotropy decay ofthe largest semicone angle is exhibited in the CTAB micelle,
AO intercalated to oligol and oligo2. The anisotropy data are which is due to repulsion between cationic AO and positively
tabulated in Table 4. charged head groups of CTAB micelles that pushes AO away

Figure 9b shows the temporal anisotropy decay of AO from the micellar surface. The generalized order parameter for
complexed with SS-DNA. It is found that thet) decays to ~ AO in genomic salmon sperm DNA is lower than that in
zero within 10 ns for the dodecamers and there remains an offsetsynthetic DNA, which indicates that AO intercalated to synthetic
(ro) of 0.095 for SS-DNA. This fact indicates that the large DNA experiences much more restriction. Again, comparison
genomic DNA executing end-over-end rotations does not rotate of two synthetic DNAs (oligol and oligo2) indicates that AT
appreciably within the fluorescence lifetime of the intercalator containing synthetic DNA (oligo2) is much more rigid than GC-
AO. From Figure 9, it is also observed that the temporal rich DNA (oligol) as indicated by th& and semicone angle
anisotropy decay is readily fit into biexponential decay for all values. Also, comparison with previous studies on DNA shows
the DNAs. From Table 4, the faster rotational time constant that AO is much freer to wobble in its intercalation site than
for AO in oligol is about 4 times lesser than that in oligo2. EB. Finally, this study would prove to be very useful for
This could be due to charge transfer between AO and GC basepredicting mechanisms of reactions involving acridine orange
pairs flanking the intercalated AO in oligd%99193which is in biomimetics and DNA.
hindered in oligo2 and SS-DNA (mixed polymers of AT and
GC base pairs). This is also reflected in the faster fluorescence Acknowledgment. A. K. S. thanks UGC for fellowship. We
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