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Abstract 

Soybean lecithin was dispersed in water and sonicated to form unilamellar vesicles of 40-45 nm in diameter. (Tri)- 
block copolymer molecules of the A-B-A type (A is polyethylene oxide (PEO) and B is polypropylene oxide (PPO)) 
were added to enhance the stability of the vesicles. The hydrophobic (PPO) group of the copolymer was thought to 
be buried inside the vesicle bilayer after sonication of the phospholipids in the presence of copolymer. 13C- and 
31p-NMR were used to investigate the specific localization of the block copolymer and its interaction with the 
phospholipids. Line broadening of the 3~p signals (phosphatidylcholine) and the 13C NMR signals of the methyl 
groups (PPO) was observed for low molar ratios of copolymer:phospholipid. This effect was thought to be due to 
restriction of molecular mobility of the groups examined, suggesting incorporation of the copolymer inside the bilayer. 
Other studies investigated the thermotropic behaviour of the phospholipid aggregates formed and the consequences 
of copolymer presence in the vesicle systems. 31p NMR offered a way to observe comparatively the effect of vesicle 
formation in the presence of copolymer molecules. According to this method of vesicle preparation (i.e. with copolymer 
present) the interaction between the lipid molecules and the copolymers is much more evident. ;9 1998 Elsevier 
Science B.V. 

I. Introduction 

Phospholipid vesicles (liposomes) have proved 
to be particularly interesting colloidal systems both 
as models for the study of biological t~:embrane 
activity and as application tools, mainly as delivery 
systems. The aggregation of phospholipid mole- 
cules into closed bilayer vesicles of diverse struc- 
tural characteristics, including size, lamellarity, 
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surface properties, permeability, etc., have 
prompted extensive studies, using all possible 
experimental techniques, in order to describe and 
design optimal vesicle systems according to the 
needs of the particular application. 

Nuclear Magnetic resonance (NMR)  techniques 
have offered tremendous insight towards the struc- 
tural description and characterization of phospho- 
lipid membranes. The main property identified 
with liquid-crystalline lipid bilayers is the aniso- 
tropic nature of the occurring molecular move- 
ments, both intramolecular reorientations of lipid 
functional groups (acyl chains and headgroups), 
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and motions of the whole molecule (rotational and 
lateral diffusion, transbilayer transport, etc.) [l]. 
A vast amount of information has been compiled 
about the hydrophobic membrane interior [2], 
including packing of lipid chains, geometric con- 
formations, gel~liquid crystalline phase trans- 
itions, etc., and also about the headgroup 
conformation and interaction with membrane pro- 
teins and metal ions [3], which are considered 
crucial factors deciding biological membrane func- 
tion. Furthermore, the analysis of lipid polymor- 
phism and aggregation behaviour has been greatly 
enhanced by NMR techniques (mainly 31p through 
chemical shift anisotropy and 2H through quadru- 
polar splittings) [4,5], which offer various advan- 
tages compared to other experimental techniques, 
like X-ray diffraction [3]. 

Most of the NMR studies carried out previously, 
placed more attention on studying multilamellar 
vesicles (MLVs), and hence lipid bilayers of low 
hydration levels, for various reasons: (a) aniso- 
tropic molecular motions are more pronounced 
and, therefore, more apparent effects can be 
observed; (b) the tumbling rates of multilamellar 
lipid structures are much slower (always as far as 
the NMR experimental time scale is concerned) 
than those of small unilamellar vesicles (SUVs) 
which are formed at high hydration levels and 
after high energy processes (i.e. sonication, extru- 
sion, filtration, etc.). This results in very rapid 
diffusion of small vesicles, leading to averaging 
out of their quadrupolar splittings and/or their 
residing anisotropies, and thus to loss of vital 
sources of information; (c) lipid bilayers in MLVs 
are fiat structures of low curvature and high 
elasticity/flexibility, resembling more the mem- 
branes of biological systems; (d) they are easier to 
prepare. Indeed, a great deal of biologically impor- 
tant membrane functions have been studied by 
using model membranes (MLVs) and NMR tech- 
niques, like fusion [6] and metal ion binding [7]. 

In this study, we try to elucidate the structural 
effect of adding block copolymer molecules to 
SUV systems. Small vesicles were preferred to 
multilamellar structures because of their consider- 
able application as delivery vehicles of active ingre- 
dients (drugs, vitamins, contrasting agents, etc.) in 
pharmaceuticals, cosmetics and agrochemicals 

industries. Two methods of copolymer inclusion 
were designed that are believed to produce struc- 
turally different vesicle systems. Allowing the 
copolymer molecule to participate with the phos- 
pholipids in vesicle formation is thought to result 
in more efficient anchoring of the polymer molecule 
onto the bilayer surface, hence providing a more 
resistant steric barrier. Enhanced stability of these 
vesicles against monova!ent and divalent cations 
is demonstrated elsewhere [8]. 31p NMR is 
employed here to give a picture of the interactions 
taking place at the l:;hospholipid headgroup region 
and of the effect of the presence of copolymer 
molecules to the phospholipid phase transitions. 
13C NMR is used to monitor directly the hydro- 
phobic homopolymer segment (polypropylene 
oxide (PPO)) of the block copolymers, in order to 
draw further evidence of its exact location [9] in 
the vesicle structure. 

2. Experimental 

2.1. Materials 

The vesicle systems were formed by using a 
mixture of soybean lecithin lipids (approxi- 
mately 50% D-~-dimyristroylphosphatidylcholine 
(DPPC)), purchased from Sigma. The aqueous 
dispersion medium was always double distilled, 
deionized water. The A-B-A type (tri-)block 
copolymer used was of the Synperonic PE family, 
namely the PFI27, where A is polyethylene oxide 
(PEO) and B is PPO, supplied by ICI Surfactants, 
Belgium. This polymer has the following structure: 

(EO)99--(PO)65-(EO)99 

The numbers denote the monomer units in the 
polyethylene and polypropylene oxide blocks. 

2.2. Preparation of  vesicle systems 

SUVs were formed by the sonication method 
[10] using a Kerry ultrasonic bath (5OHz). 
Sonication for approximately 4 h was shown by 
photon correlation spectroscopy (PCS) [11] to 
produce minimum size liposomes of 20-25 nm 
radius. The temperature in the ultrasonic bath was 
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kept in a constant range between 25 and 30°C. 
The vesicle systems after preparation were filtered 
through 0.2 lam pore size filters (Millipore) to 
reduce the polydispersity of the samples. The pH 
of all samples fluctuated between 5 and 6. 

Two methods have been used to include the 
A-B-A copolymers into the vesicles systems. 
According to the first method the vesicles were 
prepared (hydration and sonication steps) in the 
presence of copolymer molecules at the desired 
concentration. Following the second technique, the 
liposomes were formed, and after the sonication 
these were diluted with copolymer aqueous solu- 
tions in order to reach the required final concen- 
trations. These systems were left to stand for at 
least 24 h before any measurement was carried 
out. For ease of presentation the samples denoted 
(I)  refer to vesicle systems where the block copoly- 
mer was added initially, while the samples denoted 
(A) refer to the systems with addition of the 
polymer after the liposomes have been formed. 

2.3. 13 C- and 31p.NMR 

13C- and 3~p-NMR spectra were recorded on 
Jeol GSX400 and GSX270 spectrometers. Both 
types of spectra were acquired with 4 5  pulses, a 
2 s repetition rate and with complete proton decou- 
piing. The ~3C NMR spectra were acquired with 
32-k data points, a 250 ppm spectral window and 
chemical shifts were referenced to external TMS 
at 0.00 ppm. The 31p NMR spectra were acquired 
with 16-k points, a 50 ppm spectral window and 
chemical shifts referenced to external 85% H3PO 4 

at 0.00 ppm. 
Line broadening determination was carried out 

by measurement of the instrument-provided signal 
intensity over the peak height, instead of the most 
commonly used linewidth at half height (~'J~/2), 
since the possibility of side peaks due to artifacts 
could induce a large experimental error. These 
errors would affect considerably the linew,.'dth 
results, since sonicated small vesicles exhibit subtle 
effects compared with those obtained from M LVs. 

A preliminary study using sonicated liposomes 
was undertaken in order to investigate the deter- 
mining phosphorus relaxation mechanism and, 
subsequently, the 3~p signal linewidths dependence. 

As expected, liposome 31p linewidth broadened 
from 109 MHz to 160 MHz, and at 160 MHz the 
observed iinewidth narrowed from 10°C to 60°C. 
Chemical shift anisotropy (CSA) is the only pos- 
sible mechanism that could affect linewidth, 
dependent on both applied field frequency and 
temperature. These results confirmed that the pri- 
mary relaxation mechanism for small unilamellar 
phospholipid vesicles is CSA, in accordance with 
numerous reports [12-14] studying relaxation 
mechanisms of multilamellar phospholipid dis- 
persions. 

3. Results and discussion 

3.1. L#le broadening experhnents 

The effect of increasing amounts of block copoly- 
mer molecules added to the vesicles was studied 
by monitoring the extent of line broadening occur- 
ring in the 31p. and 13C-NMR spectra. This investi- 
gation was based on the initial observations that 
the spectra of the vesicle system where PF127 
molecules were added initially (I j at a molar ratio 
Lipid:Copolymer ~ 30 (Copolymer:Lipid 0.0163) 
exhibited evidently broader linewidths for the 

i Bh~tk t~,p~l} mcr '~ddcd ~lt~:r \'¢~lt :i!,~tt,,r! q .\ t 

a0 :c d -10 -~c 

l i Block (opol)mcr Added ImtmlJ) Ill 

Fig. !. 31p NMR spectra showing linc broadening when adding 
the block copolymer before ( I ~ vesicle formation. 
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~3C - NMR of Phospholipid Vesicles 
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Fig. 2. (A) High-field area of the 1 3 C  NMR spectra of sonicated small unilameilar vesicles. [B) Broadening of the PPO methyl signals 
when block copolymer is added initially ( 11 to the vesicles. 
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headgroup phosphorus (31p), the copolymer PPO 
methyl carbons (~3C) and methyl protons (1H), 
compared with the sharper lines obtained for the 
vesicle systems with block copolymer added after 
(A) vesiculation. Examples of the observed effects 
are shown in Fig. 1, where the 31p spectra of (I) 
and (A) vesicle systems (molar ratios the same as 
mentioned above) are comparatively shown. In 
Fig. 2(A) the high field of the 13C spectrum of 
liposomes is depicted. The peak at 15 ppm is due 
to the end methylene groups of the lipid chains 
and the one at 55 ppm shows the choline methyl 
[÷N(CH3)3] atoms, while the multiple peaks 
between 20 and 40 ppm are assigned to carbon 
atoms along the phospholipid molecule. The PPO 
methyl and methyl peaks were conveniently 
expected to lie between 17 and 18 ppm, in an area 
of the spectrum where overlapping with other 
peaks would not occur. Fig. 2(B) shows the broad- 
ening in the signal of the PPO peaks for the vesicle 
system in which the block copolymer was allowed 
to participate during vesiculation, compared with 
the vesicle system where vesiculation was carried 
out in the absence of polymer. 

These observations were thought to indicate that 
the presence of block copolymer molecules during 
vesicle formation ((I) addition), was resulting in 
vesicle systems where both the phosphate groups 
and the hydrophobic block of the copolymer 
(PPO) were experiencing motional restriction ,at 
l:as.* to some extent). The restricted motional 
freedom of the particular nuclei under examination 
produced broader lines (poorer reorientation to 
the appiied magnetic field). On the other hand, 
the same nuclei in the (A) vesicle system seem to 
be able to undergo closer-to-isotropic motions, 
thus producing sharper lines. 

Extensive studies monitoring the spin-lattice 
(7"1) relaxation time of the phosphate phosphorus 
of the choline groL~p and the methyl carbon atoms 
of the PPO segment of the copolymer were carried 
out in the absence and presence of paramagnetic 
relaxation agents (Mn 2+) [9]. These studies pro- 
vided further evidence of decreased molecular 
mobility in the case of( I ) vesicles, and also ensured 
that the shorter lifetimes, resulting in rapidly 
decaying FIDs, and consequently broader lines for 
the above-mentioned nuclei, were due to structural 

effects rather than, for example, saturation. 
Moreover, further relaxation experiments involv- 
ing spin-echo sequences are currently under way, 
in order to measure the spin-spin (/'2) relaxation 
times with greater precision and draw more infor- 
mation about the molecules' mobility in the slow 
tumbling region. 

The structural interpretation of the above obser- 
vations provides evidence of polymer incorpora- 
tion inside the vesicle bilayer, manifested by the 
restriction in the mobility of the PPO block. Also, 
the reduction in the motional and/or orientational 
freedom of the phosphate group at the vesicle 
surface can be considered as evidence of a polymer- 
induced effect. It has certainly been shown that 
the more strongly the motion of the phosphate 
group region is restricted, the less effectively the 
3~p chemical shielding tensor is averaged, and the 
larger the values of the effective CSA obtained 
[15] (and refs. [14-19] cited therein). Previous 
studies have reported motional restriction of 
bilayer-participating phospholipids when proteins 
were bound onto the bilayer's surface [16]. Other 
studies concerned with polymer macromolecules 
[ 17,18] were based on the determinant role of the 
mobility of polymer segments in their NMR relax- 
ation times, in order to examine polymer adsorp- 
tion on colloidal particles. The segments attached 
to the particle surface (trains) exhibited broader 
linewidths than the highly mobile loops and tails 
whose isotropic motion produced narrow lines. 

The above observations prompted a further 
more systematic study of the interactions taking 
place between the block copolymer molecules and 
the phospholipids, based on the linewidth fluctua- 
tions of specific nuclei as the molar ratio 
Copolymer:Lipid was increased, comparing the 
two different vesicle preparation techniques fol- 
lowed. The nuclei to serve as molecular probes 
were (a) the lipid headgroup phosphorus, (b) the 
lipid headgroup N-methyl carbon atoms, and (c) 
the methyl carbon atoms of the PPO segment of 
the copolymer. The first two nuclei were thought 
to provide a picture of the vesicle headgroup 
region, while monitoring of the hydrophobic block 
of the copolymer was to give information as to 
whether incorporation inside the vesicle bilayer 
was occurring. 
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The linewidth values used were the intensity 
(from integration of the peaks concerned) over the 
peak height, as a proportion of the linewidth of 
the copolymer-free phospholipid vesicle spectrum. 
This relative linewidth increases for the choline 
phosphate group irrespective of the way in which 
the polymer molecules were incubated in the sys- 
tems (Fig. 3). The lines of the headgroup phos- 
phorus are therefore broadened with increasing 
amounts of copolymer. The fact that the head- 
group N-methyl carbon atoms of the (I) vesicle 
system showed broader lines than the (A) system 
(Fig. 4), can be attributed to the previously sug- 
gested conformation of the zwitterionic dipoles of 
the lipid headgroups lying parallel to the bilayer 
surface [19]. The resulting difference in the spatial 
orientation of the -PO4 and + N ( C H 3 )  3 groups 
seems, from Figs. 3 and 4, to be demonstrated by 
the effect on their NMR linewidths that the pres- 
ence of block copolymer molecules exert. The 
+N(CH3) 3 carbon atom lines look to be more 
affected by the way in which the polymers were 
included in the systems, suggesting a stronger 
interaction between that region of the lipid head- 
group and the copolymer molecule. 

Relative Linewidth 
1.8- 

16. 

!.0 

0.8, 

0.0001 
' ' ' ' ' ' ' l l  | ' ' ' 1 ' ' 1 1  ' ' ' ' ' ' ' ' 1  ' ' ' 

0.001 0.01 O. 1 

Molar ratio F 127:lecithin \ 
Fig. 3. Relative linewidth of atp NMR signals for increasing 
Copolymer:Lipid molar ratio: (0) are the (AI and (ll) the ( I 1 
vesicle systems. 

t In the case of the PPO linewidths, normalization was carried 
out relative to the PPO iinewidth obtained from the F127 13C 

NMR spectrum tnot shown). 
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Fig. 4. Relative linewidth of 13C NMR signals of the N-methyl 
carbon atoms of the choline group. Notation as in Fig. 3. 

Nevertheless, both (I) and (A) vesicle systems 
manifest line broadening in the polar headgroup 
region with increasing F127"Lipid molar ratios 
(Figs. 3 and 4). Assuming the main source of line 
broadening to be vesicle tumbling (i.e. lateral 
diffusion of the phospholipid in the plane of the 
bilayer being slow enough as far as the experimen- 
tal time scale is concerned), it can be confidently 
concluded that the addition of copolymer leads to 
an apparent confinement of the mobility experi- 
enced by the phospholipid headgroups. The reduc- 
tion of the lipid polar headgroup tumbling rate, 
provides lucid evidence of vesicle coating by the 
block copolymer molecules. Either by reducing the 
ease with which the whole vesicle aggregate tum- 
bles or by impeding the motions (flip-flop, 
inner/outer monolayer molecular exchange, trans- 
lational movements, etc.) of the individual lipid 
molecules [20], the presence of the block copoly- 
mer at the vesicle surface is confirmed by the 
results obtained. Interestingly, the phosphorus 
linewidths examined did not show any significant 
overall narrowing at the high Copolymer:Lipid 
molar ratios, which would be indicative of highly 
mobile, isotropically tumbling phospholipid 
molecules. 

The linewidth study of the PPO methyl signals 
(Fig. 5) shows that, for low Copolymer:Lipid 
molar ratios, broader lines were obtained for the 
(I) vesicle system. The significant divergence in 
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Fig. 5. Relative linewidth of ~3C NMR signals of the PPO 
methyl carbon atoms of the block copolymer. Notation as 
Figs. 3 and 4. 

PPO linewidth between the two types of vesicle 
system prepared demonstrates the increased 
motional restriction that this segme'at of the poly- 
mer is experiencing when allowed to participate 
during vesicle formation. This effect can be attrib- 
uted to the additional constraints in the mobility 
of the PPO block when buried deeper into the 
lipid bilayer (in the case of (I) vesicles), than just 
adsorbing onto the bilayer surface which is 
believed to produce the line broadening obtained 
from the (A) vesicles. 

As the molar ratio was increased, two effects 
were observed: Ca) the linewidth for both types of 
vesicle decreased, producing narrower lines: (b) 
the linewidth values between the (I) and the (A) 
vesicles converged gradually to the same value as 
that obtained for the F127 dispersion alone. The 
line narrowing observed can be explained by the 
fact that the mole fraction of associated (either 
incorporated or adsorbed) block copolymers with 
phospholipid molecules decreases for higher 
amounts of added polymer. This indicates that the 
PPO blocks of the copolymer molecules enjoy 
greater motional freedom at high Copolymer:Lipid 
molar ratios, as would be expected in the event of 
micelle formation. Indeed, the normalization stan- 
dard used was an aqueous dispersion of F127 
micelles, whose PPO linewidth was identical to the 

linewidths obtained at maximum F127:lecithin 
ratio for both types of vesicle system. Therefore, 
F127 micelle formation seems to occur at high 
concentrations of added copolymer. The case of 
mixed micelle formation between the copolymers 
and the phospholipids is certainly possible, as long 
as the resulting aggregate structures are consistent 
with the restricted phospholipid molecule mobility 
observed in Figs. 3 and 4. 

In conclusion, the evidence obtained from the 
monitoring and a comparative study of the line 
broadening of particular nuclei in vesicle systems 
containing copolymers initially vs. vesicles with 
added copolymers after formation can be summa- 
rized as: 

(A) the copolymer is present at the bilayer 
surface, coating it, causing restriction in the mobil- 
ity of the ohosoholipid headgroup; 

(B) th t .  ,~, signal for the vesicles formed in 
the pre' ~ce of copolymer (1), shows clearly 
broader ~ ". "Cat low Copolymer:Lipid molar ratio) 
than the equivalent/respective linewidths of the 
vesicles where copolymer addition was carried out 
to pre-formed liposomes (A). The incorporation 
of the hydrophobic PPO segment inside the bilayer 
could be responsible for this additional broadening 
effect observed in the (I) vesicle systems. 

3.2. Tl lermotropic  behaviour 

The behaviour of the bilayer phase by addition 
of block copolymer molecules at the "'optimum" 
[21] Lipid:Copolymer molar ratio of 30:1 was 
investigated by 31p NMR for a series of temper- 
atures (Fig. 6). Comparing the spectra of the bare 
liposome system, the vesicles with cepolymer 
added after formation CA), and the vesicles pre- 
pared between phospholipids and copolymers (I), 
can provide a qualitative picture of the effect of 
increasing temperature. The narrow linewidth of 
the spectra ( 1.5-2 ppm) indicates that the liposome 
population consists mainly of SUVs, tumbling 
almost isotropically.: These structural implications 
from the 31p NMR spect~'a agree with dynamic 
light scattering and cryogenic and negative staining 

-" Typical linewidths of multilamellar bilayer vesicles are 
between 25 and 40 ppm. 
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TEM studies [21] that were also performed on the 
vesicle systems at 25°C. Also, the observation that 
the copolymer-containing vesicle systems exhibit 
broader signals than the bare liposome system at 
25~C correlates well with the line broadening 
experiments described Section 3.1. 

Studying the bare liposome spectra a shoulder 
at positive parts per million values can be observed. 
As temperature is increased the shoulder gradually 
reverses its sign, depicting the ot, currence of a 
phase transition, most probably due to lipid chain 
melting. 3 The same behaviour towards temperature 
increases is followed by the (A) vesicle system, 
where a phase transition seems to occur between 
35 and 45°C. The phase transition for the bare 
phospholipid vesicles takes place both at higher 
temperatures and also at a slower r/tte, i.e. for the 
more extended temperature range (45-65°C). 
Contrary to both vesicle systems mentioned above, 
the vesicles formed between the phospholipids and 
the copolymers exhibit a shoulder at positive parts 
per million values at 25°C, but even at 75°C there 
is no clear reversal of the shoulder's sign (particu- 
larly when one compares the spectra of all three 
vesicle systems). Moreover, at this high temper- 
ature (75°C), much broader lines are obtained for 
this vesicle system, which was used as an indication 
of stronger interactions taking place between the 
polymer molecules and the phospholipid headgro- 
ups leading to further restrictions in their mobility. 
Generaily, the different thermotropic behaviour 
that the (I) vesicle system demonstrates suggests 
a stronger interaction between the bilayer-partici- 
pating components (i.e. phospholipids and 
copolymers). 

3 There have been many reports describing the thermotropic 
phase behaviour of unsonicated MLVs based on the sign rever- 
sal of the residual CSA for the occurring bilayer~hexagonal 
phase transition [22]. The relevance of those effects to the pre- 
sent vesicle systems was considered highly unlikely, because: (a) 
the isotropic linewidths produced where vesicle tumbling 
averages the CSA, are contrary to the broad anisotropic enve- 
lopes characterizing the MLVs where CSA dominates the 
spectrum: (b) the high phospholipid hydration levels used 
(2 wt.%) prohibit the formation of a hexagonal (H.) phase (low 
phospholipid hydration is necessary). However, the possibility 
of a phase transition to "m inverse micellar phase (isotropic 
motion intact) cannot be rui~d out. 

Liposomes Liposomes+Copolymer (I) Liposomes+Copolymer (A) 

5 0 -~ 5 0 -5 5 0 -5 

Fig. 6. Comparative presentation of 31p NMR spectra tbr the 
three vesicles systems studied, for the temperature sweep 
25-75 C.  

4. Conclusion 

The NMR resonance signals of particular nuclei 
were used as probes to study the effect of block 
copolymer addition to phospholipid vesicles. 
Polymer inclusion to the vesicle system was fol- 
lowed by two different techniques, namely addition 
to pre-formed liposomes and addition before vesi- 
cle formation. Both methods of copolymer addi- 
tion result in coating of the vesicle surface. The 
participation of copolymer molecules in vesicle 
formation results in polymer incorporation inside 
the lipid bilayer as shown by the enhanced line 
broadening of tile methyl carbon signals of the 
hydrophobic PPO block. Moreover. the thermo- 
tropic phase changes occurring in bare liposomes 
and liposomes with polymer added after their 
formation are altered in the vesicle system formed 
between phospholipids and copolymers. This effect 
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provided further evidence of copolymer inclusion 
inside the bilayer through their apparent stronger 
interactions. 
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