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ABSTRACT: A number of nonionic PEG-lipids were synthesized via anionic polymerization of ethylene
oxide using 1,3-didodecyloxypropan-2-ol as a starting material. The two aliphatic chains as well as the
PEG moieties are linked to the glycerol skeleton via ether linkages. By varying the ethylene oxide
polymerization time, PEG moieties of degrees of polymerization ranging from 30 to 92 were constructed.
The PEG-lipids were characterized by *H nuclear magnetic resonance and gel permeation chromatography.
In aqueous solution they formed spontaneously micellar and possibly lamellar aggregates. The latter
were seen in the relaxation time distribution spectra as low-amplitude diffusive slow modes. The particles
responsible for the slow mode behavior were eliminated by centrifugation, and light scattering in an
extended temperature interval was carried out. At elevated temperatures particles with increasing density
were formed. The solutions were found to be sensitive to shear forces as revealed by comparing the
relaxation time distribution spectra of vigorously stirred, filtered, or extruded solutions with those of the
starting solutions. Objects identified as bilayer structures were found in the extruded solutions. They
were visualized by cryogenic transmission electron microscopy. The micellization regions were investigated

by a fluorescence probing technique.

Introduction

Lipid vesicles, liposomes, have the potential to func-
tion as drug delivery carriers since their amphiphatic
structure and compositions are well fitted to solubilize
and encapsulate both hydrophobic and hydrophilic
active substances. The colloidal stability of the lipo-
somes, however, is limited: their survival time in the
bloodstream is short, and they are quickly taken up by
macrophages. In the past decade, however, vesicle
compositions which give prolonged vesicle circulation
time in the bloodstream have been discovered,’~7 and
the interest for liposomes as potent drug delivery
carriers has been reborn.

The enhanced longevity of liposomes is achieved by
incorporation of polymer-derivatized phospholipids into
the lipid bilayers. Poly(ethylene glycol) (PEG) is the
most extensively used polymer for this purpose. There
is general consensus that the PEG chains grafted onto
the bilayer act as a steric repulsive barrier around the
liposome and prevent the various blood proteins from
interacting with the membrane.

PEG-derivatized phospholipids referred to as PEG-
lipids are nowadays commercially available in a variety
of molecular weights of the PEG chain and a diversity
of lipid anchors—1,2-distearoylphosphatidylethanol-
amine, 1,2-dipalmitoylphosphatidylethanolamine, 1-pal-
mitoyl-2-oleylphosphatidylethanolamine, etc. The PEG
chain is covalently attached to the lipid anchor most
commonly via a carbamate linkage. The latter is known
to introduce a net negative charge at the membrane
surface which in turn may change the properties of the
membrane substantially.®® In addition, the replacement
of an ester bond by an ether bond was found to change
the dipole potential 1911 Consequently, the synthesis and
utilization of PEG-lipids with alkyl chains and a PEG-
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Figure 1. Chemical structure of the PEG-lipids. n = 30, 44,
52, and 92.

moiety linked to the glycerol skeleton via ether linkages
provide opportunities to modify the properties of the
sterically stabilized liposomes.

In a previous paper the synthesis, characterization,
and polymerization ability of a novel epoxide monomer
were described.’? The monomer contains a polymeriz-
able epoxy group that is linked to a glycerol skeleton
bearing two aliphatic groups connected via ether link-
ages (aliphatic double chain). A number of copolymers
with ethylene oxide (EO) were prepared, and their self-
assembly and ability to stabilize liposomes are under
investigation.1314 These copolymers contain short blocks
of repeating units bearing an aliphatic double chain. For
comparison, a number of PEG-lipids bearing only one
lipid anchor of the same structure were also prepared.
The present work deals with the synthesis and inves-
tigation of the behavior of the above PEG-lipids in
aqueous solution. The chemical structure is presented
in Figure 1. The hydrophobic moiety of these artificial
lipids consists of two fully saturated C;, aliphatic chains
attached to a glycerol skeleton via ether linkages. This
moiety mimics the hydrophobic anchor of the naturally
occurring constituents of the cell membranes, the phos-
pholipids. PEG chains of various degrees of polymeri-
zation are also attached to the lipid anchors via ether
linkages. The aqueous solution properties of the PEG-
lipids are studied by light scattering, fluorescence, and
cryogenic transmission electron microscopy.

Experimental Section

Materials. All solvents and reagents were supplied by
Fluka or Aldrich. Ethylene oxide was purchased from Neochim
AD, Bulgaria. The starting alcohol, 1,3-didodecyloxypropan-
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2-ol (DDP), was prepared according to a procedure described
elsewhere.'? The solvents were purified by standard methods
whereas the reagents were used as received. The solutions of
each PEG-lipid were prepared by dissolving the appropriate
amount of PEG-lipid in purified water taken from Millipore
Super-Q-System.

Synthesis of PEG-Lipids. 0.709 g (1.66 x 1072 mol) of
DDP and 0.056 g (1.0 x 10~2 mol) of KOH were placed in a 50
mL three-necked flask fitted with nitrogen and EO inlets and
a reflux condenser. The mixture was heated and at 110 °C
was purged with EO for 60 min. After that the residue was
cooled to room temperature and dissolved in methylene
chloride. The polymer was isolated by precipitation in hexane
and washed with portions of 30 mL hexane until no more
hexane-soluble fraction was extracted. 3.42 g of a white solid
was isolated and dried in a vacuum up to a constant weight.

The syntheses of the other PEG-lipids were carried out as
described above. The purity of the products was checked by
thin-layer chromatography using silica gel plates (Riedel-de
Haen Silica gel 60 F 254) and a methanol:water 5:1 solvent
system. The plates were developed using iodine vapor.

Methods. Nuclear Magnetic Resonance (NMR). *H NMR
spectra were recorded at 250 MHz on a Bruker 250 spectrom-
eter. The samples were prepared as solutions in CDCls. The
chemical shifts are given in ppm from tetramethylsilane. All
spectra were recorded at 25 °C.

Gel Permeation Chromatography (GPC). The GPC system
(Waters) consisted of four styragel columns with nominal pore
sizes of 100, 500, 500, and 1000 A, eluted with tetrahydrofuran
at 40 °C. The flow rate of the eluent was 1 mL/min. Samples
were prepared as solutions in tetrahydrofuran. Elution vol-
umes were referenced to toluene as internal standard. Cali-
bration was done with PEG standards, and derived weight-
average molar masses and degrees of polymerization were
determined as if samples were PEG.

Fluorescent Measurements. Fluorescence spectra, with the
fluorescent probe pyrene, were recorded on a SPEX-fluorolog
1650 0.22 m double spectrometer (SPEX Industries Inc.,
Edison, NJ). The emission measurements were performed
between 350 and 450 nm with an excitation wavelength at
320 nm. Slit widths were set to 1 mm, and the temperature
was controlled by means of a water-jacketed cuvette holder
connected to a thermostat.

Appropriate volumes of a stock solution of pyrene in ethanol
were transferred into a number of cylindrical vials. The solvent
was removed under a stream of nitrogen and thereafter under
vacuum for 24 h. Proper amounts of centrifuged PEG-lipid
stock solutions and purified water (Millipore Super-Q-System)
were added to the vials to give a final volume of 2 mL and a
final pyrene concentration of 5 x 107 M. The samples were
incubated in the dark for 24 h at room temperature.

Light Scattering (LS). The LS setup consists, as described
previously,* of a 488 nm Ar ion laser and the detector optics
with an ITT FW 130 photomultiplier and ALV-PM-PD ampli-
fier—discriminator connected to an ALV-5000 autocorrelator
built into a computer. The cylindrical scattering cells were
sealed and then immersed in a large-diameter thermostated
bath containing the index matching fluid decalin. Measure-
ments were made at different angles in the range 50—130°
and at different concentrations and temperatures. Information
on the molecular weight and the second virial coefficient was
obtained from the dependence of the reduced scattered inten-
sity Kc/Re on the concentration (c) and the scattering angle
(®) measured in the simultaneous static and dynamic experi-
ments. Here K = (472n?/NaA%)(dn/dc)?, Na is Avogadro’s con-
stant, and 4 is the wavelength. The refractive index increment
(dn/dc) was measured in a differential refractometer with
Rayleigh optics. For the present systems, dn/dc varied within
the PEG-lipid composition, and the values were between 0.128
and 0.137 mL g ! at the wavelength used and 25 °C. The
Rayleigh ratio was determined as Re = [(1 — lo)/Iref] Rref(N/Nyef)2.
Here n = 1.33 is the solvent refractive index and n. that of
toluene. | is the measured total time-average scattered inten-
sity, lo that of the solvent, water, and I that of toluene.
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Toluene was used as the reference scatterer (Ryef = 4.0 x 1073
m~! at 1 = 488 nm?).

Analysis of the dynamic data was performed by fitting the
experimentally measured g.(t), the normalized intensity au-
tocorrelation function, which is related to the electrical field
correlation function gi(t) by the Siegert relationship:*®

g,(t) — 1 = Blg, () @)

where f is a factor accounting for deviation from ideal
correlation. For polydisperse samples, gi(t) can be written as
the inverse Laplace transform (ILT) of the relaxation time
distribution, 7A(7):

g,(t) = f TA() exp(—t/r) d In 7 2

where t is the lag time. The relaxation time distribution, TA(7),
is obtained by performing ILT using the constrained regular-
ization algorithm REPES,'” which minimizes the sum of the
squared differences between the experimental and calculated
g2(t). A mean diffusion coefficient D is calculated from the
second moment of each peak as D = I'/g? where g is the
magnitude of the scattering vector q = (4zn/) sin(©/2) and
I' = 1/t is the relaxation rate of each mode. Here © is the
scattering angle, n the refractive index of the medium, and 1
the wavelength of the light in a vacuum.

Within the dilute regime, D varies linearly with the
concentration according to

D = Dy(1 + koC + ...) ©)

where Dy is the diffusion coefficient at infinite dilution and
ko is the hydrodynamic “virial” coefficient related to the second
virial coefficient A; by

ko = 2A,M — k; — 2, @)

Here M is the molar mass, ki defines the concentration
dependence of the friction coefficient in f = fo(1 + kiC + ...),
and v, is the partial specific volume.

The Stokes—Einstein equation relates Do to the hydrody-
namic radius (Rp):

R, = KT/(67D,) (5)

KT is the thermal energy factor, and 7 is the temperature-
dependent viscosity of the solvent.

Cryogenic Transmission Electron Microscopy (Cryo-TEM).
Transmission electron microscopy observations were conducted
on a Zeiss EM 902 A instrument operating at 80 kV. The
procedure for the sample preparation is described in the
following. A drop of the solution is deposited on an electron
microscopy copper grid coated by a perforated polymer film.
The excess of the liquid is blotted by a filter paper, leaving a
thin film of the solution on the grid. The above operations are
performed in a special chamber where the environmental
conditions (constant temperature and high humidity) are
under strict control. The film on the grid is vitrified by
plunging the grid into liquid ethane. The vitrified sample is
then transferred to the microscope for observation. The
observation and the transfer are done at temperatures below
108 K in order to prevent the formation of ice crystal.

Results and Discussion

PEG-Lipid Synthesis. The PEG-lipids were pre-
pared by anionic polymerization of EO in the presence
of a base starting at the hydroxyl group of DDP. By
varying the time of polymerization, PEG moieties of
different molecular weights were obtained. The average
molecular weights and the corresponding degrees of
polymerization of the PEG moieties were determined
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Figure 2. *H NMR spectrum of DDP(EO)s,.
Table 1. Polymerization Time, Molecular Weight

Distribution, Nominal Molecular Weights, and Average
Compositions of the PEG-Lipids

polymerization mol wt distribution nominal mol

time (min) (GPC) wt (NMR)  composition
30 1.20 1747 DDP(EOQ)s0

60 1.19 2363 DDP(EQ)44

90 1.15 2715 DDP(EO)s,

120 1.13 4475 DDP(EQ)g2

from the 'H NMR spectra from the relative intensities
of the resonances of the methylene protons of the PEG
moieties at 3.5—3.7 ppm and the methyl protons of the
dodecyl chains at 0.8 ppm.12 A 'H NMR spectrum of
DDP(EQ)s; is shown in Figure 2. The polymerization
time, the molecular weight distribution, the nominal
molecular weight, and the average compositions of the
investigated PEG-lipids are given in Table 1.
Aqueous Solution Properties. Dynamic light scat-
tering (DLS) experiments were performed on solutions
of PEG-lipids in the concentration range (0.5—10.0) x
1073 g/mL at 25 °C. The distributions were invariably
bimodal containing a low-intensity slow mode together
with a dominant peak with an amplitude that varied
within the samples and concentrations and accounted
for about 90% of the intensity at an angle 90° (Figure
3a). The dominant modes of the different PEG-lipids
corresponded to aggregates of hydrodynamic radii of
50—70 A, whereas the slow modes corresponded to
hydrodynamic radii of hundreds of nanometers. The
presence of a slow mode in pure PEG-lipid/water
systems as well as spontaneous formation of both
micellar and/or lamellar phases has been reported
earlier by a number of research groups.18-24 It has been
also found that the nonmicellar aggregates can be
dissolved by the addition of salts or by heating and
incubation for several hours at elevated temperatures.?*
Neither of these procedures, however, were found to be
effective in our case. The fact that the increase of
temperature had no effect ruled out the possibility of
existence of nonmicellar aggregates in a Lg phase that
melt only at higher temperatures. Indeed, DSC ther-
mograms for the pure PEG-lipids are similar to those
of related copolymers published elsewhere,2 showing
two well-separated endothermic peaks (thermograms
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Figure 3. Relaxation time distributions measured at an angle
90° and temperature 25 °C of (a) the original 1.0 x 1073 g/mL
DDP(EO)3o solution. (b) The solution in (a) after extrusion
through 100 nm pore size filter. (c) The solution in (a) after
centrifugation at 13 000 rpm for 40 min.

not presented). The high-temperature peak corresponds
to the melting of the PEG moiety, whereas the low-
temperature peak (0—2 °C) is attributed to the melting
of the aliphatic double chain residue. Consequently, no
material in a gel phase is expected to be present at
25 °C.

If the slow mode behavior of our PEG-lipids was a
result of the presence of impurities, although the
polymers were adequately purified and only one spot
was observed by thin-layer chromatography, the impu-
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Figure 4. Variations of the amplitudes of the fast (squares)

and slow (circles) modes of 1.0 x 1073 g/mL DDP(EQ)44 at angle
90° and temperature 25 °C as a function of the stirring time.

w H (8]

)S]

soa b Lo T L]

10*xT (s

—_

ol i o e e e

0 0.2

L N |
04 06 0.8 1

sin%(©/2)

Figure 5. Relaxation rates (I') of the fast (squares), interme-
diate (circles), and slow (triangles) modes as a function of sin?-
(©/2) for an extruded DDP(EQ)3, solution. The lines through
the data points represent linear fits to the data.

rities would be easily removed by filtration through
small pore size filters. It turned out, however, that the
filtration had an opposite effect: the aggregates respon-
sible for the slow mode behavior were not removed, but
on the contrary, their contribution to the scattered light
intensity increased, suggesting that a shear-induced
rearrangement took place. Moreover, even the stirring
time was found to affect the relaxation time distribution
as shown in Figure 4, where the amplitudes of the fast
and slow modes of a 1.0 x 1072 g/mL solution of DDP-
(EO)44 are given as a function of the stirring time.

Shear-Induced Rearrangement. To test the as-
sumption of shear-induced transition, solutions of
1.0 x 1073 g/mL concentration were extruded 30 times
through 100 nm pore size filters. This procedure is
known to yield vesicles of synthetic and natural lipids
in water.25=27 Typical distributions of relaxation times
before and after the extrusion are shown in Figure 3a,b.
As seen, there was little change in the position of the
fast peak, i.e., the one dominant before the extrusion.
In contrast, the slow modes became faster, and usually
another slow mode appeared. All peaks were shown to
be diffusive from the linear plots of the relaxation rates
vs sin? ®/2 (Figure 5). The diffusion coefficients were
determined from the slopes of the linear fit. The
intermediate and slow modes corresponded to particles
of hydrodynamic radii of several tens to hundreds of
nanometers, respectively.
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Cryo-TEM was employed to visualize the aggregates
obtained after the extrusion. It should be emphasized,
however, that although the amplitudes of the slow
modes are usually higher than those of the fast modes,
the weight concentration of these particles is still low.
Therefore, the micrographs in Figure 6 are dominated
by spherical micelles observed as small black dots in
the background. Anyway, objects unambiguously identi-
fied as bilayer structures were clearly seen in all
micrographs. These are closed liposome structures of
spherical (arrows A in Figure 6a), elongated (arrows B
in Figure 6a,b), and irregular (arrow E in Figure 6¢c and
the object in Figure 6d) shapes. Note the abundance of
vesicles of irregular shape in Figure 6¢c and the presence
of cylindrical micelles (arrows F in Figure 6c).

Although the extrusion methods are widely used to
produce unilamellar and relatively monodisperse lipo-
somes,?5~27 little attention has been paid to the detailed
mechanism of this process or to the role of for example
the physical properties of the lipid dispersions in the
shear-induced transition. Not only extrusion, but shear-
ing in general can have strong influence on the structure
of aqueous solutions of amphiphilic molecules: align-
ment and breakup of lamellae as well as transitions
from a lamellar to a vesicle phase under the influence
of shear have been reported.?8-3> Therefore, the shear
sensitivity of our systems was not a surprise. Although
the detailed mechanism is far from clear, we will outline
a rough model of the shear-induced phase transition.
In the original noncentrifuged dispersions the micellar
phase coexists with a small fraction of large aggregates
of lamellar structure. During the extrusion the latter
block part of the pores of the filter and when forced into
the pores and exposed to the high shear they break up
into smaller particles. This is seen in the spectra of the
relaxation time distribution as “fastening” of the slow
modes (Figure 3a,b). During the flow through the pores
the micelles and the lamellar flakes get in intimate
contacts, facilitating interactions and exchange of mol-
ecules between the two types of structures. The increas-
ing amplitude of the slow modes after the extrusion
(Figure 3b) implies a net transfer of molecules from the
micelles to the lamellar flakes or vesicles.

Micellization Region. The association behavior of
the PEG-lipids was investigated by a pyrene solubili-
zation technique. Pyrene has been widely used as a
polarity probe because of its unique photophysical
properties. Its vibronic fluorescence spectrum exhibits
five peaks, and the ratio of the intensities of the first to
the third peaks (I/111) is known to be sensitive to the
polarity of the environment.®¢ The observed magnitude
of I/111 depends somewhat on the apparatus and the
experimental setup; values in the range 1.6—1.9 have
been reported in water and 0.6-0.9 in nonpolar solvents.
The variation of I/l11 with the concentration of DDP-
(EO)q2 is presented in Figure 7. At very low PEG-lipid
concentrations the I/111 ratio is high—1.58—1.60; i.e.,
pyrene experiences an aqueous environment. (A value
of 1.62 was obtained for pyrene in pure water.) When
the PEG-lipid concentration increases, a decrease of /111
was observed, revealing the presence or formation of
hydrophobic domains. At high polymer concentrations
a low plateau with I/111 value of ca. 1.06 is reached,
indicating that all pyrene is in the hydrophobic environ-
ment. In contrast to conventional surfactants, where
I/111 decreases over a rather narrow concentration
range, here the I/111 vs C curve shows a sigmoidal shape,
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Figure 6. Cryo-TEM micrographs of extruded 1.0 x 1072 g/mL solutions of DDP(EOQ)44 (a) and (b) and of DDP(EQ)s; (c) and (d).
Arrows A, B, and E denote closed liposome strucutres. Cylindrical micelles are indicated with arrows F. Arrows C and D denote
ice crystals deposited on the sample surface after vitrification and the edge of the polymer film, respectively.

Bar = 100 nm applies also for (b) and (d).

Table 2. Fluorescence Characterization Data of the PEG-Lipids in the Temperature Interval 25—-45 °C?2

polymer T (°C) Co Cp Cpl/Co 1/111 (low plateau)
DDP(EO)30 25 2.8 x 1077 5.0 x 1075 179 0.96
35 4.2 x 1078 2.7 x 1075 643 0.94
45 2.8 x 1078 2.7 x 1075 964 0.95
DDP(EQ)a4 25 1.1 x 107 4.6 x 1075 42 1.06
35 4.6 x 1077 4.6 x 1075 100 1.06
45 3.4 x 1077 4.6 x 1075 135 1.04
DDP(EO)s 25 1.8 x 1076 5.0 x 1075 28 1.07
35 1.8 x 107 6.0 x 1075 33 1.01
45 9.0 x 1077 5.5 x 1075 61 0.99
DDP(EO)g2 25 2.2 x 107 5.0 x 1075 23 1.07
35 1.1 x 107 5.0 x 1075 45 1.07
45 5.5 x 1077 5.0 x 1075 91 1.04
(didodecyl),PEG20K 25 1.7 x 1077 2.2 x107° 131 0.86

aC, and C, are the concentrations in M at which I/111 starts to decrease and stabilizes at its lowest value, respectively; Cy/C, is a
measure of the broadness of the transition region; and I/111 (low plateau) gives the values of I/l111 at the low plateau.
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Figure 7. Variation of the intensity ratio I/111 of the fluores-
cence spectrum of pyrene in agueous solutions of DDP(EQ)g,
at 25 °C.

and the transition is much more gradual. Because of
the broadness of the transition region, it is not clear
where the critical micellization concentration (cmc) is

located. A number of parameters, the concentration at
the onset of the I/111 decrease (C,), the concentration at
the low plateau (Cp), the values of I/lll at the low
plateau, and the ratio Cpy/C, as a measure of the
broadness of the transition region, were extracted from
the data and collected in Table 2. The results obtained
at elevated temperatures and for (didodecyl),PEG20K,
aliphatic double chain end-capped PEG 20000,337 were
included as well.

As seen from Figure 7 and Table 2 the transition
regions are broad. The more gradual decrease of I/111
compared to the sharp and sudden change of the
conventional surfactants shows a less cooperative ag-
gregation process.®® The transition broadens with de-
creasing hydrophilicity of the species, reaching C,/C,
ratio of 179 for DDP(EQ)3 at 25 °C. The behavior of
the most hydrophilic polymer, however, (didodecyl),-
PEG20K, contradicts the observed trend: its transition
is very broad with C,/C, of 130. In this case the
broadening of the transition interval can be attributed
to intramolecular aggregation of the end lipid-mimetic
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anchors. Thus, ring-shaped molecules with hydrophobic
domains big enough to solubilize pyrene may form even
at high dilution, which causes the broadening of the
transition. The assumption that ring-shaped molecules
are formed is corroborated by the results from DLS,
showing appearance of a fast mode together with the
aggregate mode upon the dilution of the (didodecyl),-
PEG20K micellar solutions. The fast mode was at-
tributed to unassociated ring-shaped molecules.’® Be-
sides the hydrophobicity of DDP(EO)z0, the relatively
broad molecular weight distribution of this polymer may
contribute to the broadening of the transition. The broad
distribution combined with the low molecular weight
means that a fraction of polymer chains with very low
degree of ethoxylation is present. These molecules are
more hydrophobic than the rest and consequently prone
to aggregation at very low concentrations. With increas-
ing degree of ethoxylation and decreasing molecular
weight distribution (Table 1), the fraction of such
hydrophobic molecules progressively decreases and
makes the transition sharper.

An interesting measure is also the concentrations at
which the low I/111 values plateau is reached, i.e., the
concentrations at which the micellization process is
considered to be completed. This concentration depends
only slightly on molecular weight and temperature
(Table 2). In contrast, the onset of the aggregation is
shifted toward the low concentrations with decreasing
hydrophilicity of the samples. With increasing temper-
ature the data become more scattered, which makes it
difficult to precisely determine the onset of the I/111
decrease. Anyway, a trend to shift the onset toward low
concentrations was observed, indicating that hydropho-
bic microdomains start to form at lower concentrations
at elevated temperatures.

As noted above, the magnitude of I/111 depends on the
fraction of pyrene present in the nonpolar environment
and on the polarity of this environment. When the ratio
I/111 stabilizes at its lowest values, i.e., the low plateau
is reached, it is assumed that all pyrene is solubilized
in the aggregates. However, there are still differences
in the /111 values of the PEG-lipids. It is still unclear
why the values of I/l differ since the hydrophobic
anchors that build up the cores of the micelles are the
same, and consequently the polarity of the environment
is expected to be the same. It is tempting to relate this
to the aggregation numbers of the particles3?4° (see the
next section), although the I/111 values for DDP(EQ)44
and DDP(EO)s; are somewhat erratic.

Micellar Size, Molecular Weight, and Aggrega-
tion Number. It was possible to remove the particles
responsible for the slow mode behavior by centrifugation
as evidenced by the relaxation time distribution of a
1.0 x 1073 g/mL solution of DDP(EO)z, before and after
the centrifugation (Figure 3a,c). As seen only a single
population of particles was found after the centrifuga-
tion. The diffusion coefficients, D, were determined from
the slopes of the linear fit of the data plotted as
relaxation rates vs sin?(®/2) (Figure 8a). Then the
values of D at various concentrations were plotted
against the particle concentration (Figure 8b), and using
the Stokes—Einstein equation, the hydrodynamic radii
were calculated. They are given in the last column of
Table 3.

Static light scattering (SLS) experiments were carried
out on centrifuged solutions in the same concentration
range as DLS. The measurements were done at a single
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Figure 8. (a) Relaxation rate (I') as a function of sin?(©/2)
for centrifuged 8.184 x 10~3 g/mL solution of DDP(EO)s,. (b)
Concentration dependence of the diffusion coefficient for DDP-
(EO)s2. The lines through the data points represent linear fits
to the data.

Table 3. Static and Dynamic Light Scattering
Characterization Data of Nonionic PEG-Lipid Micelles
in Water at 25 °C

10—3My, 10%A;

PEG-lipid (g/mol) (mol mL/g?) Nagg Rnh (A)
DDP(EO)3o 128.4 3.42 73 52.1
DDP(EQ)a4 185.8 2.55 79 62.7
DDP(EO)s; 148.5 1.93 55 66.5
DDP(EQ)e2 108.7 3.36 24 65.0

angle, ® = 90°, since no angular dependence of the
scattered light intensity was found. The apparent
weight-average molecular weights and the second virial
coefficients were determined from the dependence of Kc/
Re=90 Vs the PEG-lipid concentration (Figure 9). It
should be emphasized here that the weight concentra-
tion of the particles responsible for the slow mode, i.e.,
the amount of material removed by centrifugation, is
negligible: with ratios of the diffusion coefficients Dy
Ds of approximately 10 (here f and s denote the fast and
slow mode, respectively) and relative amplitudes
As/As = 0.12, and using the approach given by Alami et
al.,** the relative weight concentrations C¢/C; was
calculated to be about 6.6 x 10~2. Anyway, the concen-
trations were recalculated, and the SLS data thus
obtained are collected in Table 3. The weight-average
molecular weight values are in agreement with those
of commercial PEG-lipids.?* The second virial coef-
ficients are positive, indicating favorable aggregate/
solvent interactions. The aggregation numbers, Nagg,
were estimated using the nominal molecular weights
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of the species. Generally, Nagg increased with decreasing
hydrophilicity of the PEG-lipid.

Effect of Temperature. The behavior of the PEG-
lipids was examined at elevated temperatures. LS
experiments were carried out on centrifuged solutions
in the concentration range (2.0—10.0) x 10~3 g/mL. The
distributions were invariably monomodal in the whole
temperature interval studied (25—72 °C). LS data
expressed as values of Nagg and Ry, are given in Figure
10. As seen, Nagg practically did not change with the
temperature for the hydrophilic members of the series
DDP(EO)g, and DDP(EO)s,, whereas for the hydropho-
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bic ones, DDP(EQ)3p and DDP(EQ)44, it was found to
increase (Figure 10a). The increase was slight for the
latter and considerable for the former PEG-lipid. In
contrast, R, was seen to decrease weakly with increas-
ing temperature (Figure 10b). This finding is somewhat
surprising and contraintuitive but can be explained in
terms of formation of more compact and denser particles
with increasing temperature. In our previous paper,'3
the formation of PEG domains in the aggregate cores
and the dehydration of the PEG chains leading to
shrinking of the cores and a decrease of the corona
thickness were suggested to result in a decrease of the
hydrodynamic radii of particles obtained from copoly-
mers bearing short blocks of repeating lipid-mimetic
anchors in a selective solvent at elevated temperatures.
In the present case the formation of PEG domains in
the cores is unlikely: the size of the micelles is too small
and close to the theoretical one estimated assuming a
spherical shape of the particles and using literature data
for the volumes of the component groups*? and experi-
mental data for the aggregation numbers. Moreover, Ry
typically decreases by 6—7% in contrast to the hydro-
dynamic radii of the above-mentioned copolymers which
were found to decrease by 15—20%.13 Therefore, simi-
larly to the micelles of ethylene oxide—propylene oxide
block copolymers, Pluronics, the changes of the size of
the particles are considered to be related mainly to the
solvation of the PEG corona.*344

Conclusions

The association behavior of a series of nonionic PEG-
lipids in water was studied by fluorescence probing,
dynamic and static light scattering, and cryogenic
transmission electron microscopy. The main conclusions
of the present study are summarized in the following.

The results from fluorescence indicate that the as-
sociation process is less cooperative than for the con-
ventional surfactants. It can be concluded that the
broadness of the concentration interval at which the
micellization occurs is dependent on the hydrophilicity
of the polymer and its molecular weight distribution,
i.e., the less hydrophilic the polymer and the higher the
polydispersity, the broader the transition interval. Upon
a temperature increase, the formation of hydrophobic
domains shifts to lower polymer concentrations which
subsequently causes broadening of the transition region.

The weight-average molecular weights, the second
virial coefficients, the diffusion coefficients, and the
hydrodynamic radii of the micelles were determined by
dynamic and static light scattering. Micelles of weight-
average molecular weights up to 185.8 x 103 g/mol are
formed, which corresponds to aggregation numbers of
24—79. The latter were found to increase with decreas-
ing hydrophilicity of the PEG-lipids.

At elevated temperatures more compact and denser
particles are formed: with an increase of temperature
the hydrodynamic radii of the micelles decrease pro-
gressively, whereas the micellar aggregation numbers
remain practically unchanged for the hydrophilic mem-
bers of the series or increase for the hydrophobic ones.
This trend is most pronounced for the most hydrophobic
member, DDP(EOQ)3o.

The solutions were found to be shear sensitive. The
shear-induced changes were studied by means of DLS
and cryo-TEM. The results show that the application
of shear leads to formation of slow diffusive particles
identified as bilayer structures. A rough model of the
shear-induced rearrangement is proposed.
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