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Abstract 

Fluorescent substances were found to be produced efficiently when phospholipids containing phosphatidylethanolamine (PE) and 
linoleic chains were autoxidized in non-polar solvents. By using these fluorescent substances as intrinsic probes, the dispersion state of 
phospholipids was investigated in various organic solvents. Fluorescence anisotropy decay measurements indicated that the aggregation 
size of pbospholipids was much larger in hexane than in chloroform, methanol and tert-butyl alcohol. The average diameter of 
phospholipid aggregates in hexane was calculated to be 4-6 nm, which was dependent on the lipid composition. A consistent result was 
obtained when N-(7•nitr•benz-2-•xa-•,3-diaz••-4-y•)-••2-dihexadecan•y•-sn-g•ycer•-3-ph•sph•ethan••amine (NBD-PE) was used as an 
extrinsic probe. Comparison of the fluorescence data with small-angle X-ray scattering (SAXS) data suggested that a reverse micellar 
structure of phospholipids formed in hexane. It was shown that phospholipid aggregation enhanced the extent of peroxidation as well as 
the production yield of fluorescent substances of phospholipids. 
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1. Introduct ion 

Reaction of lipid oxidation products with primary amino 
compounds produces fluorescent substances. This reaction 
has been shown to be responsible for accumulation of 
fluorescent pigments in aged cells [1-4]. Although the 
fluorescence method has been widely used to assay lipid 
peroxidation, formation mechanisms of fluorophores are 
poorly understood. Most studies have been carried out with 
model systems containing water-soluble amino compounds 
and oxidation products of linoleic acid. On the other hand, 
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amino phospholipids are the major components of bio- 
membranes, and their participation in pigment production 
has been observed in artificial [5] and biological membrane 
systems [6-9]. These studies have suggested that lipid 
oxidation products reacting with amino groups are short- 
lived and inactivated in the aqueous phase. It is anticipated 
that the production efficiency of fluorophores is influenced 
by many factors including the dispersion state of phospho- 
lipids. Phospholipids in water organize in the form of a 
bilayer, and they form reverse micellar structures in a 
variety of organic solvents. A reverse micellar structure 
may also occur transiently within the bilayer structure of a 
biological membrane that is undergoing large-scale mor- 
phological changes such as fusion [10]. We consider that 
the reverse micelles formed by phospholipid mixtures in 
organic solvents are a useful model for studies of the 
formation mechanism of fluorophores during lipid per- 
oxidation. 

In the present study, synthesized phospholipids with 
known fatty acid compositions were autoxidized in various 
organic solvents, and the fluorescent substances produced 
by peroxidation were utilized as the intrinsic probe for 
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investigation of the dynamic structure of peroxidized phos- 
pholipids in solvents with different polarities. An extrinsic 
probe, N-(7-nitrobenz-2-oxa- 1,3-diazol-4-yl)- 1,2-di- 
hexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD- 
PE) was also used to study the dispersion state of phospho- 
lipids before and after oxidation. Another piece of informa- 
tion of lipid aggregation was obtained by small-angle 
X-ray scattering (SAXS) measurements. On the basis of 
the results obtained, a possible effect of the dispersion 
state of phospholipids on their autoxidation is discussed. 

2. Materials and methods 

2.1. Materials 

L-a-Phosphatidylcholine dilinoleoyl (DLPC), L-a-phos- 
phatidylcholine 1-palmitoyl-2-1inoleoyl (PLPC), L-a-phos- 
phatidylethanolamine dilinoleoyl (DLPE), L-a-phospha- 
tidylethanolamine l-palmitoyl-2-1inoleoyl (PLPE), L-a- 
phosphatidylethanolamine dioleoyl (DOPE) were pur- 
chased from Avanti Polar Lipids (Alabaster, AL). All 
phospholipids gave single spots on silica gel thin-layer 
chromatography (TLC). NBD-PE was from Molecular 
Probes (Eugene, OR). 

2.2. Peroxidation procedure 

0.5 mM of phospholipid in organic solvent in a test tube 
was incubated at 37°C in the dark. After various periods 
of autoxidation, the amounts of conjugated diene and 
oxodiene were determined from absorbances at 234 nm 
and 270 rim, respectively, with a Shimadzu UV2000 spec- 
trophotometer [11]. Fatty acid composition of phospho- 
lipids before and after oxidation was analyzed by the 
capillary gas-liquid chromatography after methylation, us- 
ing heptadecanoic acid as an internal standard [12]. 

2.3. Separation ~)f,fluorescent substances 

Fluorescent substances produced by autoxidation were 
separated by the reversed phase TLC (RP18, Merck) using 
chloroform/methanol/water (1:10:0.5, v / v )  as a develop- 
ing solvent. Fluorescent bands were scraped and fluores- 
cent substances were extracted by chloroform/methanol 
(2:1, v /v) .  They were separated further by the normal 
phase TLC (K6, Whatman) using ch lo ro fo rm/  
methanol/water (65:25:4, v /v )  as a developing solvent. 
Spots on a TLC plate were detected with Dittmer reagent 
(for phospholipids), ninhydrin spray (for primary and sec- 
ondary amino groups) and a UV lamp (for fluorescent 
spots). Corrected fluorescence spectra were measured with 
a Hitachi 650-60 fluorometer. The fluorescence quantum 
yield of the oxidation products was calculated by using 0.1 
/zM quinine sulfate in 0.1 M sulfuric acid as a standard 
fluorophore. Its quantum yield was assumed to be 0.55. 

Fluorescence intensity profile on a TLC plate was mea- 
sured with a special attachment of the spectrofluorometer. 

2.4. Time-resolved fluorescence anisotropy measurements 

Fluorescence intensity and anisotropy decays were mea- 
sured with a single-photon counting fluorometer [13]. 
Nanosecond light pulses provided by free-running dis- 
charge in hydrogen gas at 11 MPa were polarized verti- 
cally with a Glan prism. Two beams of fluorescence 
emitted at 90 ° to the excitation beam was collected, and 
vertically and horizontally polarized components of fluo- 
rescence, Ill(t)and l±( t ) ,  were measured simultaneously 
with 2 photomultiplier tubes. Experimental decay curves of 
fluorescence anisotropy were computed as follows: 

r~ ( t )  = ( II1(t) - I± ( t ) ) / (  ll!(t) + 2 I± ( t ) )  

- - D ( t ) / S ( t )  (1) 

A sample containing autoxidation products was excited 
at 360 nm and emission above 460 nm was collected. A 
sample containing NBD-PE was excited at 460 nm and 
emission above 540 nm was collected. 

2.5. Analysis of fluorescence data 

A multiexponential function s(t) was employed to fit 
an experimental decay curve of the total intensity S(t). 

N 

s ( t )  = ~ a l exp( - t / " c l )  (2) 
i = l  

where s(t) is the total fluorescence intensity at time t after 
an infinitely short light pulse, z i is the lifetime for the i-th 
component, a i is the decay amplitude for zi, and N is the 
total number of the components. The maximum value of i 
is 3 in the present calculations. 

The decay of anisotropy r(t) was assumed to be a 
single (or double) exponential function. 

r ( t )  = r0exp( - t~ O) (3) 

where r 0 is the fundamental anisotropy that would be 
observed in the absence of motion, and 0 is the rotational 
correlation time under mono-exponential approximation. In 
the rigid rotator model, the correlation time, 0 is propor- 
tional to the volume of the rotator: 

0 = kT,:/n (4) 

where k is the Boltzmann constant, T the absolute temper- 
ature, and r 1 the viscosity of the surrounding medium. 
Since T and r I are experimental quantities, one can esti- 
mate the size of the rotator v from the correlation time 
[141. 

2.6. Small-angle X-ray scattering measurements 

X-ray from a conventional laboratory generator was 
used for the SAXS experiment. Detailed optics were de- 
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scribed elsewhere [15]. Cu K a  radiation (A = 0.154 nm) 
was used and diffraction spacing was calibrated with 
cholesterol. The sample to specimen distance was about 
460 mm. The sample cell was washed thoroughly with 
solvent before measurements. The temperature was main- 
tained at 34 ° C in order to keep tert-butyl alcohol in the 

liquid state. The scattering intensity I(S), where S equals 
to 2s in0/A,  20 is a scattering angle and A is a wave- 
length, was analyzed using S 2 vs. ln(I(S))  plot (the 

Guinier plot) [16]. The linear region in inner scattering 

angle gives the radius of gyration defined by: 

f Rg 1~12p(~')dVr/ p(  r )dV r (5) 

where p(~') is the excess electron density of a molecule. 

The maximum dimension of the particle, Dmax, was calcu- 
lated from inverse Fourier transformation of scattering 

intensity profile: 
:c 

P ( r )  = ST rfo SI( S)sin(27rSr)dS (6) 

P(r )  is the distance distribution function; i.e., the distribu- 
tion of electron pair distance inside the molecule. The first 

zero-crossing point of P(r )  is the maximum dimension of 
the particle. 

3. Results 

3.1. Oxidation of  phospholipids in organic solvents 

Phospholipids were incubated at 37°C in hexane, chlo- 
roform, tert-butyl alcohol and methanol and oxidation 
products were assayed after various incubation periods. 
Table 1 shows the amounts of conjugated diene, oxodiene 

and fluorescent substances generated by autoxidation for 
10-12 days. Large amounts of conjugated diene and oxo- 
diene were generated when PLPC, DOPE/PLPC,  DLPC, 
and D O P E / D L P C  were dispersed in hexane. The con- 
sumption rate of the linoleic chain was high (18-41%) in 
hexane, slightly lower (16%) in chloroform, and very low 
(0 -2%)  in alcohols. 

Phospholipid without amino group (PLPC and DLPC) 
scarcely generated fluorescent compounds. Oxidation of 

DOPE yielded a negligible amount of fluorescent sub- 
stances. When the mixture of DOPE and DLPC (or PLPC) 
was oxidized in hexane, however, fluorescent substances 
were produced efficiently. A high production efficiency of 
fluorescent substances was also observed when phospho- 
lipid containing both amino group and linoleic chain (PLPE 
and DLPE) were oxidized in chloroform. Production of 
fluorescent substances was negligible in alcohols. It should 
be noticed that, in chloroform, the amount of fluorophores 
produced from D O P E / P L P C  (or D O P E / D L P C )  was con- 
siderably lower than that observed for PLPE (or DLPE). 
This difference will be discussed later in relation with the 
dispersion state of phospholipids. 

Table 1 
Diene, oxodiene and fluorescent substances produced by phospholipid 
autoxidation in different reaction phases 

Oxidation (day) (C = C) 2 ~ C( = O)-(C = C) 2 b AFI c 

Hexane 
DOPE 10 - - 0.002 
DLPC 10 0.082 0.027 0.096 
DOPE/DLPC 10 0.137 0.087 8.208 
DLPE J l0 0.038 d 0.027 d 0.950 d 
PLPC 12 0.106 0.038 0.005 
DOPE/PLPC 12 0.080 0.040 0.209 
PLPE d 10 0.016 d 0 . 0 0 8  d 0 . 0 4 8  d 

Chloroform 
DOPE 10 - - 0.012 
DLPC 10 0.026 0.010 0.000 
DOPE/DLPC 10 0.063 0.018 1.083 
DLPE 10 0.054 0.033 3.833 
PLPC 12 0.038 0.026 0.004 
DOPE/PLPC 12 0.054 0.034 0.160 
PLPE 10 0.086 0.030 0.958 
t-BuOH 
PLPC 12 0.030 0.026 0.000 
DOPE/PLPC 12 0.032 0.028 0.012 
Methanol 
DOPE 10 - - 0.002 
DLPC 10 0.011 0.006 0.000 
DOPE/DLPC 10 0.014 0.011 0.023 
DLPE 10 0.018 0.008 0.038 
PLPC 12 0.011 0.006 0.000 
DOPE/PLPC 12 0.014 0.011 0.023 
PLPE 10 0.013 0.009 0.064 

The concentration of each phospholipid was 0.5 mM. Oxidation was 
carried out at 37°C in the dark for 10 or 12 days, and the oxidation 
products were assayed in methanol. 
"/zmol of (C = C) 2 per /.tmol linoleic chain, A = 234 nm (e = 28000 
M-I cm- I). 
b/xmol of C( = O)-(C = C) 2 per /xmol linoleic chain, A = 270 nm (E = 
20000 M -I cm- I). 
c Fluorescence intensities were measured with excitation at 360 nm and 
emission at 430 nm and were corrected for with 0.1 ~M quinine sulfate 
in 0.1 M sulfuric acid. The data present changes in fluorescence intensity 
induced by incubation for 10 or 12 days. 
J DLPE and PLPE in hexane was found to be deposited partly on a wall 
of the test tube with oxidation, and the values indicate the amount of 
oxidation products dissolving in the solvent. 
t-BuOH, tert-butyl alcohol. 

3.2. Analyses of the fluorescent substances by TLC 

The reversed phase TLC of the autoxidized 
D O P E / P L P C  mixture gave one major band which emitted 
pale blue light upon illumination with the UV lamp at 366 

nm (Fig. 2d). This band was located at slightly lower 
position than unoxidized PE (Fig. la); most non-fluo- 
rescent oxidation products (i.e., phospholipid hydro- 
peroxides) appeared at much higher positions. When the 
fluorescence band was scraped and applied to the normal 
phase TLC, it was separated into two major bands (Band I 
and II) and one minor band (Band III); the intensity profile 
of fluorescence is shown in Fig. lb. Band I, which ap- 
peared near the top, exhibited an emission spectrum with a 
fine structure in hexane (Fig. 2a). With increase of the 
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Fig. 1. Thin-layer chromatograms of oxidized DOPE/PLPC. Phospho- 
lipids were autoxidized in chloroform for 12 days at 37 ° C. The first 
separation (a) was carried out by a reversed phase TLC (RPI8) with a 
developing reagent chloroform/methanol/water  (1:10:0.5, v /v) .  The 
second separation (b) of band 1 was carried out by a normal phase TLC 
(K6) with a developing reagent chloroform/methanol/water  (65:25:4, 
v /v) .  Fluorescence intensity was measured with excitation at 360 nm and 
emission at 430 nm. 

polarity of solvent, the fine structure smeared out and the 
center of the emission spectrum was slightly red-shifted. 
Band I and II exhibited broad emission spectra in a similar 
wavelength region as that of Band I (Fig. 2b,c). A small 
red-shift of the emission maximum was observed when the 
polarity of solvent was increased. The fluorophore in Band 
II was unstable in air, and it was partly decomposed into a 
compound which was indistinguishable spectroscopically 
from the fluorophore in Band I. It is possible that the 
fluorophore in Band I is generated from the one in Band II. 
It should be noted that corrected excitation spectra of all 
these fluorescent compounds have maximal intensities near 
360 rim. The absorption increase at this wavelength was 
much smaller than the absorption increases at 234 nm or 
270 nm which are due to formation of diene or oxodiene. 
Nonetheless, the fluorescence intensity observed was not 
very weak as compared to that of 0.1 /zM quinine sulfate. 
The fluorescence quantum yield of the fluorophore in 
Band II was estimated to be approx. 0.2 in methanol. 

The lower fluorescence intensity in hexane than in 
methanol for separated Band I, II and III may be due to a 
partial self-quenching of fluorophores which are capable of 
aggregation in hexane (see below). This is more obvious 
for NBD-PE which is non-fluorescent in hexane. However, 
coexistence of other phospholipids resulted in a contrary 
effect, i.e., the fluorescence intensity in hexane is higher 

than in methanol for both mixtures of Band I, II, III (Fig. 
2d) and NBD-PE (data not shown). The result indicated 
that these fluorescent products and NBD-PE are highly 
fluorescent when diluted by other phospholipids in aggre- 
gation state. 

Although fluorophores were also produced in phospho- 
lipid dispersions containing no amino group, their produc- 
tion has to be explained by a different reaction pathway 
[17,18]. The fluorescence emission spectra of oxidized 
DLPC exhibited an maximal intensity around 460 nm and 
were largely red-shifted as compared with the emission 
spectra of oxidized DLPE or DOPE/PLPC. 

3.3. Time-resoh, ed fluorescence measurements of oxidized 
phospholipids 

For time-resolved fluorescence measurements, phospho- 
lipids oxidized for 4-12  days in chloroform were re-dis- 
solved in various organic solvents. Fig. 3 shows a typical 
example of fluorescence intensity and anisotropy decay 
curves of oxidized samples. The fluorescence intensity 
decay curves were described well by two exponential 
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Fig. 2. Corrected fluorescence spectra of peroxidized DOPE/PLPC be- 
fore separation (d), Band I (a), Band II (b), Band III (c) in different 
organic reagents. (- - -) hexane; ( - - )  methanol. 
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Fig. 3. Fluorescence intensity and anisotropy decay curves of peroxidized 
DOPE/PLPC in hexane. The total intensity decay s(t) (dots) was fitted 
with a double-exponential function (solid line): ~l = 1.36 ns, a I = 0.47, 
7- 2 = 7.93 ns, a 2 = 0.53. The anisotropy decay (zigzag curve) was fitted 
with a single-exponential function (broken line): 0 = 5.06 ns, r 0 = 0.337. 
The chain line represents the response function of the apparatus. 

c o m p o n e n t s .  The  fas t  decay ing  c o m p o n e n t  has  a l i fe t ime  

o f  1 - 2  ns  and  the  s low c o m p o n e n t  has  a l i f e t ime  of  6 to 9 

ns,  w h i c h  d e c r e a s e d  wi th  inc rease  o f  the  po la r i ty  of  so lven t  

( T a b l e  2), For  s amples  before  separa t ion  by  TLC,  the two 

decay  c o m p o n e n t s  h a v e  app rox ima te ly  equal  ampl i tudes .  

Bu t  the fas t  c o m p o n e n t  was  d o m i n a n t  in the  f luo rescence  

in tens i ty  decay  cu rve  o f  B a n d  I. Th i s  ind ica tes  tha t  the 

mul t ip le  l i fe t imes  c o m e  f rom he te rogene i ty  o f  the  f luoro-  

phores  g e n e r a t e d  by au tox ida t ion .  The  in tens i ty  decay  

cu rves  o f  B a n d  II were  cha rac t e r i zed  by  a re la t ive ly  larger  

amp l i t ude  o f  the  s low c o m p o n e n t ,  bu t  the resul t  va r ied  

f rom prepara t ion  to p repa ra t ion  p r o b a b l y  because  the f luo- 

r opho re  in B a n d  II was  uns tab le .  

In mos t  cases,  f l uo re scence  an i so t ropy  decay  cu rves  of  

ox id i zed  samples  were  desc r ibed  wel l  wi th  a s ingle  expo-  

nen t ia l  c o m p o n e n t ,  i r respec t ive  o f  the  mul t ip l ic i ty  o f  life- 

t ime.  Th i s  sugges t s  tha t  mos t  of  the f l uo rophores  ex i s t ing  

in ox id i zed  p h o s p h o l i p i d s  h a v e  s imi la r  d y n a m i c  proper t ies .  

A n  excep t iona l  case  was  o b s e r v e d  w h e n  ox id i zed  D L P E  

was d i spersed  in hexane .  In this  case,  dev ia t ion  f rom a 

s ingle  exponen t i a l  decay  was s igni f icant .  E x c e p t  for  such a 

specia l  case,  the  ro ta t iona l  co r re l a t ion  t ime  o b s e r v e d  is 

i n t e rp re t ed  s t ra igh t fo rward ly ;  i.e., it is expec t ed  to ref lect  

the  d y n a m i c  s t ruc tures  of  f l uo rophores  or  ob jec t s  anchor -  

ing them.  If  it is a s s u m e d  that  p h o s p h o l i p i d s  aggrega te  to 

fo rm a spher ica l  a s s e m b l y  in w h i c h  a f l uo ropho re  is f ixed  

r igidly,  the  aggrega te  size can  be  eva lua ted  by  us ing  Eq. 

(4). On  this  a s sumpt ion ,  the d i a m e t e r  o f  agg rega t ion  can  

be  ca lcu la ted  to be  5 . 1 - 5 . 6  n m  in hexane ,  2 . 6 - 2 . 8  n m  in 

c h l o r o f o r m  and  1 .8 -2 .3  n m  in a lcohols  ( the  last  c o l u m n  in 

Tab le  2). The  aggrega te  size of  D L P E  in h e x a n e  appea red  

to be  smal le r  (4.4 n m )  than  those  o b s e r v e d  for  the  o the r  

l ipids.  E v e n  w h e n  such  a var ia t ion  in the  eva lua t ed  size is 

Table 2 
Fluorescence data of peroxidized PE in organic solvents 

Sample Solvent Temperature (° C) "O (cP) a I r I (ns) a 2 1- 2 (ns) ( r )  (ns) r 0 0 (ns) R (nm) 

DOPE/PLPC hexane 34 0.305 0.48 1.66 0.52 8.16 7.25 0.332 5.1 (1.1) 2.57(0.19) 
chloroform 34 0.583 0.45 1.76 0.55 7.34 6.59 0.288 1.2 (0.1) 1.28(0.03) 
t-BuOH 34 2.781 0.47 2.10 0.53 7.71 6.74 0.296 4.1 (0.3) 1.14(0.03) 
methanol 34 0.504 0.66 2.09 0.34 6.52 5.05 0.326 0.4 (0.1) 0.93 (0.08) 

DLPE hexane 34 0.51 2.09 0.49 8.04 7.14 0.354 3.1 (0.6) 2.17 (0.14) 
chloroform 34 0.43 2.24 0.57 7.30 6.43 0.300 1.5 (0.1) 1.38 (0.03) 
t-BuOH 34 0.47 1.76 0.54 7.58 6.74 0.296 5.8 (0.7) 1.28 (0.05) 
methanol 34 0.69 2.49 0.31 6.73 4.99 0.265 0.7 (0.1 ) 1.12 (0.05) 

Band I chloroform 34 0.95 1.38 0.05 8.90 3.42 0.171 0.5 0.95 
methanol 34 0.96 1.30 0.04 9.41 3.34 0.182 0.3 0.84 

DOPE/DLPC hexane 22 0.324 0.65 3.17 0.45 8.98 7.24 0.325 7.6 2.84 
chloroform 22 0.624 0.54 1.27 0.46 7.32 6.37 0.292 1.8 1.41 
methanol 22 0.578 0.60 1.56 0.40 6.35 5.26 0.284 0.8 1.10 

DLPE hexane 22 0.60 1.74 0.40 8.49 7.15 0.297 3.7 2.23 
chloroform 22 0.54 2.60 0.46 7.97 6.47 0.258 1.8 1.4 I 
methanol 22 0.66 1.53 0.34 7.05 5.58 0.289 0.5 1.10 

PLPE hexane 22 0.67 0.89 0.33 7.57 6.56 0.306 6.8 2.74 
chloroform 22 0.50 1.36 0.50 7.22 6.38 0.292 1.9 1.44 
methanol 22 0.67 3.20 0.33 7.72 5.71 0.259 0.6 1.01 

Phospholipids were oxidized at 37°C in chloroform for 4-12 days, then re-dissolved in various organic solvents. Band I was separated from autoxidized 
DOPE/PLPC by TLC. 
rl ,  ~'2 and a~, a 2 are fluorescence lifetimes and relative amplitudes obtained by double-exponential fitting. (T) is obtained by the moment method, r 0 is 
the fundamental anisotropy. Fluorescence anisotropy decays are analyzed with a single time constant 0 for most samples, except that double-exponential 
approximation is used for DLPE systems, and the O is expressed as (b 1/0 t + b2/02) -I . R is the radius of phospholipid particles calculated by Eq. (4). 
Standard deviation is in parentheses. 
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taken into consideration, the aggregate size in hexane is 
much larger than the length of each phospholipid molecule 
with straight hydrocarbon chains. It is thus suggested that 
the number of phospholipids incorporated into each aggre- 
gate is large. (The aggregation number may be 50-100 if 
phospholipids are closely and rigidly packed.) In the other 
solvents investigated, on the other hand, this number should 
be much smaller. It seems likely that only the monomeric 
form of phospholipid exists in alcohols. 

Formation of large aggregates of phospholipids in hex- 
ane was confirmed by using an extrinsic fluorescent probe, 
NBD-PE. When a small amount of NBD-PE was added to 
a phospholipid dispersion (1:100 molar ratio), the fluores- 
cence anisotropy decay curve was described with a single 
exponential component. A slight decrease in the rotational 
correlation time was found when the labeled DOPE/PLPC 
was incubated at 37 ° C for 8 days, but this change may be 
within experimental error. On the same assumption as used 
above, it is calculated from the rotational correlation times 
of the labeled samples that the diameter of phospholipid 
aggregates in hexane is 5.0 nm for DOPE/PLPC and 4.4 
nm for DLPE (Table 3). These values are close to the 
values evaluated from the anisotropy decays of the intrin- 
sic fluorophores. It is thus concluded that phospholipids 
form large aggregates in hexane. In alcohols, on the other 
hand, a noticeable difference in the rotational correlation 
time was found for the intrinsic and extrinsic fluorophores. 
A much shorter correlation time ( <  0.1 ns) was observed 
for NBD-PE and this may be explained by assuming that 
intramolecular motion of NBD-PE becomes significant 
when it exists in a monomeric state. A slight difference in 
the rotational correlation time was also found when fluoro- 
phores in Band I, II and III were examined in methanol. 
The fluorophore in Band I was suggested to have a shorter 
hydrocarbon chains than those in Band II and III. 

3.4. Small-angle X-ray scattering measurements 

In  F ig .  4, S A X S  d a t a  o f  f r e s h  d i s p e r s i o n s  o f  

D O P E / P L P C  a n d  D L P E  in h e x a n e  a re  d i s p l a y e d .  A g o o d  
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Fig, 4. Guinier plot for phospholipids dispersed in hexane. The concentra- 
tions of DOPE/PLPC (a) and DLPE (b) are the same as those used in the 
fluorescence experiment. Error bars show one sigma of each point. The 
Rg values of DOPE/PLPC and DLPE are determined to be 1.74 nm 
(0.08 nm) and 1.43 nm (0.17 nm), respectively. 

linearity to inner scattering angle is seen in the Guinier 
plots, indicating monodispersity of lipid aggregation. The 
Rg value of aggregates of DOPE/PLPC was determined 
to be 1.74 nm (+0.08)  nm. A slightly smaller value 
(1.43 _+ 0.17 nm) was obtained for DLPE. Since the elec- 
tron density of the lipid hydrocarbon chains is close to that 
of the solvent, the lipid polar group contributes to the 
X-ray scattering more significantly than the hydrocarbon 
chain moiety does. This should be taken into consideration 
when the SAXS result is compared with the fluorescence 
result. By using Eq. (6), the Dnaax values of DOPE/PLPC 
and DLPE aggregates were evaluated to be 5.0 ( +  0.2) nm 
and 4.0 (+0 .2)  rim, respectively. There is no significant 
difference between the Dm~ x value and the aggregation 
size evaluated from the fluorescence anisotropy data. It 

Table 3 
Fluorescence data of NBD-PE/phospholipid in organic solvents (34 ° C) 

Sample Solvent Oxidation ~- (ns) r 0 0 (ns) R (rim) 
(day) 

DOPE/PLPC hexane 0 10.28 0.306 4.7 (0.4) 2.50 (0.07) 
hexane 8 11.40 0.310 4.0 (0.2) 2.37 (0.04) 
chloroform 0 8.53 0.161 1.1 (0. t ) 1.24 (0.04) 
t-BuOH 0 7.55 0.300 0.7 0.63 
methanol 0 5.29 0.389 < 0.1 < 0.58 

DLPE hexane 0 11.50 0.31 I 3.1 (0.1) 2.17 (0.02) 
chloroform 0 9.53 0.228 1.4 (0.2) 1.34 (0.06) 
t-BuOH 0 8.74 0.244 1.2 0.76 
methanol 0 5.29 0.345 0.1 0.58 

The ratio of NBD-PE to phospholipids was 1:100. 
Both the fluorescence lifetime r and correlation time 0 are obtained under single exponential approximation, r 0 is the fundamental anisotropy, R is the 
radius of phospholipid particles calculated by Eq. (4). Standard deviation is in parentheses. 
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should be noticed that the observed Rg values are much 
smaller than the values that would be expected if the 
electron density was assumed to be uniform within the 
aggregation; e.g., Rg = 1.94 nm for a uniform sphere with 
a diameter of 5.0 nm. Thus, the experimental data sug- 
gested that the lipid polar groups occupy the inner part of 
the aggregate. 

The phospholipid mixture in tert-butyl alcohol gave a 
poor SAXS signal. The Rg value was small (0.8 nm). 
This suggests that no large aggregate of phospholipids is 
formed in this solvent. 

4. Discussion 

4.1. Dispersion state o f  phospholipids in various organic 
solvents 

Reverse micelles of surfactants in an organic phase 
have been studied in detail by various methods including 
fluorescence technique. For example, reverse micelles of a 
classic ionic surfactant, aerosol bis(2-ethylhexyl)sulfosuc- 
cinate sodium salt (AOT) in n-heptane and n-dodecane at 
various values of W =  [H20]/[AOT] have been investi- 
gated by monitoring the decay of the total fluorescence 
and the fluorescence anisotropy of cresyl violet [19]. Until 
now, however, little has been done on the study of the 
form and size of the phospholipid aggregates until now 
[20]. Our present result indicates that fluorescent sub- 
stances produced by lipid peroxidation can be used as 
intrinsic probes for determination of the dispersion state of 
oxidized phospholipids. It is shown from time-resolved 
fluorescence polarization measurements that phospholipids 
form a much larger aggregate in hexane than in chloroform 
and alcohols. The SAXS data confirm the result and 
suggest a reverse micellar structure of phospholipid mix- 
tures in hexane. The average diameter of reverse micelles 
was evaluated to be 5.0 nm for DOPE/PLPC. A smaller 
aggregation size (4.4 nm) was suggested for a fresh sample 
of DLPE. It is possible that the micellar size is influenced 
by the lipid composition as well as the shape of each lipid 
component. On the other hand, the fluorescence anisotropy 
decay of oxidized DLPE in hexane was not described well 
with a single exponential function. Deviation from a single 
exponential decay can be explained if fluorophores un- 
dergo a restricted internal motion within micelles. A more 
likely explanation is, however, that the size distribution of 
the micelles becomes broader as the lipid peroxidation 
proceeds. In this relation, we observed that very large 
insoluble aggregates of oxidized lipids appeared on the 
wall of the test tube when DLPE in hexane was oxidized 
for a long period. The micelles of DLPE seem to get an 
agglutinative property upon oxidation. 

It has been reported that phospholipids in chloroform 
exist as monomers at the lipid concentration used in the 
present study (0.5 mM), though they form small aggrega- 

tions at a much higher lipid concentration [21]. No evi- 
dence for phospholipid aggregation in methanol and tert- 
butyl alcohol has been obtained [22]. It is thus more 
realistic to consider that the fuorescence anisotropy de- 
cays of oxidized phospholipids observed in these solvents 
represent the rotational motion of the fluorophores them- 
selves rather than that of phospholipid aggregates. If it is 
assumed that the fluorophores do not associate with other 
phospholipids, it would be suggested from the rotational 
correlation time that they have an molecular size of 2.0-2.6 
nm (Table 2). This molecular size may be expected for a 
lipid-chromophore with long hydrocarbon chains. Al- 
though a slightly larger molecular size was evaluated in 
chloroform than in the alcohols, such a small difference 
can be explained if the fluorophores take different confor- 
mations in different solvents. Strictly speaking, the rota- 
tional correlation time is dependent on the shape of a 
fluorophore as well as the orientation of transition dipole 
moments with respect to the principal axes of the molecule 
[23] and it may be meaningless to use the fluorescence 
anisotropy data for further characterization of the fluoro- 
phores. Nonetheless, it is important to note that intra- 
molecular motion of the intrinsic fluorophores is very 
restricted. In the case of NBD-PE, a flexible configuration 
was suggested from the short rotational correlation time 
observed in methanol ( < 0.1 ns). 

4.2. Effect o f  the dispersion state o f  phospholipids on their 
autoxidation 

Topological control of reactivity has been an extensive 
subject for chemists. Some reactions such as photodimer- 
ization have shown to be limited in solution by a lack of 
stereochemical or regiochemical selectivity, and high yields 
of photodimers in micellar media [24]. Oxidation of PC in 
non-polar organic solvents has been reported to be en- 
hanced by the formation of reverse phase micelles. This 
was explained by close packing of lipids which facilitates 
propagation of the radical chain reaction [22]. Moreover, 
the fact that the oxidizability of reverse DLPC micelles 
when mixed with saturated DPPC micelles is lower than 
that of DLPC reverse micelles alone can be attributed to 
the dilution of DLPC by DPPC due to fast and efficient 
exchange of phospholipids between micelles [25]. The 
present study shows that the oxidation of phospholipids 
with polyunsaturated hydrocarbon chains is higher in hex- 
ane than in the other solvents (Table 1). A higher oxidation 
extent in hexane is attributable to formation of reverse 
micelles, though the very low oxidation rate in alcohols 
may be due to their scavenging function to hydroxy radi- 
cals [26]. 

Co-existence of amino groups and polyunsaturated hy- 
drocarbon chains in solution is shown to be a requisite for 
production of fluorescent substances. This indicates that 
most fluorophores are produced by reaction of the amino 
group of PE with secondary oxidation products of the 
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polyunsaturated chains. It is therefore interesting to inves- 
tigate how the dispersion state of phospholipids affects the 
production efficiency of fluorophores, especially in the 
lipid mixture system DOPE/DLPC or DOPE/PLPC. The 
result shown in Table 1 indicates that, in chloroform, the 
production efficiency of fluorophores is much smaller in 
DOPE/DLPC (or DOPE/PLPC) than in DLPE (or PLPE), 
whereas there is no significant difference in the diene 
production (per linoleic chain) for these lipid dispersions. 
Since phospholipids in chloroform are suggested to exist in 
the monomeric state, a higher production efficiency of 
fluorophores in DLPE (or PLPE) can be explained by 
supposing a high effective local concentrations of reactive 
groups. This explanation is consistent with the observation 
that the production efficiency of fluorophores from 
DOPE/DLPC or DOPE/PLPC is higher in hexane than in 
chloroform: in the former solvent, phospholipids form 
reverse micelles. 

It should be pointed out, however, that the production 
efficiency of fluorophores can be affected by many other 
factors. In order to explain a large difference in the 
production efficiency for DOPE/DLPC and DOPE/PLPC 
(or DLPE vs. PLPE), one needs to take account of differ- 
ences in the number of linoleic chain per lipid. As the 
concentration of linoleic chain in DOPE/DLPC (or DLPE) 
is twice as high as that in DOPE/PLPC (or PLPC), one 
can expect at least a 2-fold production of fluorophores in 
the former system. Another factor that should be taken into 
account is the formation of very large aggregates of DLPE 
and PLPE in hexane, because their deposition to the wall 
of the test tube causes a substantial decrease in the lipid 
concentration in the bulk phase. 

4.3. Characterization of fluorophores produced by lipid 
peroxidation 

Although fluorescent products of DOPE/PLPC were 
separated into two major bands by TLC, these two major 
fluorescent components were suggested to be produced by 
the same reaction pathway; i.e., one of them is an interme- 
diate product decomposing to the other component. The 
latter component exhibited an emission spectrum with a 
fine structure in the wavelength region between 400 nm 
and 500 nm (Fig. 2a). Such an emission spectrum is not 
seen in the literatures dealing with lipid peroxidation. So 
far, three possible structures have been proposed to de- 
scribe fluorophores derived by peroxidation in the pres- 
ence of amino compounds: the conjugated Schiff base [2], 
1,4-dihydropyridine-3,5-dicarbaldehydes [3] and 8-(N-sub- 
stituted-4,5-dihydro-4-oxo-5-hexyl-5-hydroxy-2-pyrrolyl)- 
octanoic acid methyl esters [4]. In these studies, water- 
soluble amino compounds were reacted with malon- 
aldehyde (the former two compounds) or keto-oleic acid 
(the third one). It is not clear how the fluorophores pro- 
duced by oxidation of amino phospholipids in organic 
solvents are related to the proposed structures. 

When the hydrophobic environment within biomem- 
branes is taken into consideration, one can expect that the 
reaction system used in the present study mimics some 
biological membrane systems. For instance, a reverse mi- 
cellar structure has been suggested to be an intermediate 
structure within a biological membrane during fusion [10]. 
The production rate of fluorophores may be high in such a 
membrane region, because a recent study on peroxidation 
of unsaturated PC/PE  mixtures shows that phospholipids 
in inverted hexagonal phase are more susceptible to per- 
oxidation than those in lamellar phase [27]. 
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