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Abstract

The temperature sensitive properties of Pluronic F-127 (MW ~ 12600, PEOys-PPO¢;-PEOgs), a block co-polymer or
poloxamer, was used to control liposome—cell adhesion. When associated with liposomes, the PEO moiety of the block co-
polymer is expected to inhibit liposome—cell adhesion. Liposomes were made using egg phosphatidylcholine and different
mole% of Pluronic F-127. Size measurement of the liposomes at different temperatures, in the presence and absence of
Pluronic F-127, shows significant reduction in the size of multilamellar vesicles, at higher temperatures, by the Pluronic
molecules. Negative stain electron microscopy study showed the presence of individual molecules and micelles of Pluronic,
respectively at temperatures below and above the critical micellar temperature (CMT). Measurement of the surface
associated Pluronics indicated that they associated with liposomes when the sample was heated above the Pluronic CMT, and
dissociated from liposomes when cooled below the CMT. Attachment of the Pluronic containing liposomes to CHO cells was
inhibited at temperatures above the CMT, but not at temperatures below CMT, indicating that temperature-sensitive control

of liposome—cell adhesion is achieved. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

‘Stealth’ liposomes [1] or ‘cryptosomes’ [2] have
been used to improve the efficiency of drug delivery
by liposomes. Conventional liposomes are inter-
cepted at an early stage of circulation by the mono-
nuclear phagocyte system (MPS) [3]. Unlike conven-
tional liposomes, ‘stealth’ or sterically stabilized
liposomes show reduced uptake by the MPS, thus
prolonging their circulation half-life considerably
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[4-6]. Stealthing of conventional liposomes is done
primarily by using polyethylene glycol (PEG) conju-
gated lipids at different concentrations and composi-
tions [7,8]. In recent years poloxamers, a group of
tri-block co-polymers, have also been used to steri-
cally stabilize liposomes [9-11].

Poloxamers, or Pluronics, are polyethylene oxide
(PEO)-polypropylene oxide (PPO)-polyethylene ox-
ide tri-block co-polymers of different molecular
weights. The hydrophobic PPO group in the middle
links the two hydrophilic PEO groups. The amphi-
philic nature of the poloxamers makes them ex-
tremely useful in various applications as emulsifiers
and stabilizers [12]. In an aqueous environment, po-
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loxamers at a given concentration would remain as
individual (non-associated) co-polymers, from here
on termed as ‘monomers’, at temperatures below
their critical micellar temperature (CMT). Above
the CMT the molecules become more lipophilic,
and form micelles with hydrophobic PPO groups at
the core of the micelle. Poloxamers of different mo-
lecular weights and with different hydrophil-lipophil
balance (HLB) have different CMTs [13]. This mono-
mer-to-micellar transition process is extremely tem-
perature-sensitive. With a small change of tem-
perature, the corresponding critical micellar
concentration (CMC) may change by several orders
of magnitude [14].

Several studies have been done regarding the inter-
action of poloxamers with liposomes [15-17]. Polox-
amers causing moderate to severe structural changes
in liposomes were observed using cryo-transmission
electron microscopy [18]. As observed by techniques
like NMR [17], dynamic light scattering [15-17] and
differential scanning calorimetry [19], poloxamers
can either be incorporated in or adsorbed on the
liposome surface to cause steric stabilization.

Although poloxamers have been used for stabiliz-
ing liposomes, no report has been published on uti-
lizing the thermal properties of poloxamers to ma-
nipulate liposome—cell adhesion resulting in better
adhesion of sterically protected liposomes to the tar-
geted site of delivery. Our approach in this paper is
to utilize the temperature sensitive transitions of po-
loxamers to first sterically protect and subsequently
de-protect liposomes in vitro. We used Pluronic F-
127 (MW ~12 600, PEOQS-PP067-PE093), a pOlOX-
amer, in this study for its high molecular weight,
desired HLB and a CMT around the physiological
temperature. Pluronic F-127 has versatile use includ-
ing use in the pharmaceutical industry. Here we re-
port our characterization of temperature dependent
size change of the liposomes in the presence of Plur-
onic F-127. Negative stain electron microscopy study
shows the presence of individual Pluronic F-127 mol-
ecules and micelles at temperatures below and above
the CMT, respectively. We measured the amount of
liposome-associated Pluronics through the stealthing
and de-stealthing processes. Lastly, a cell attachment
study of the Pluronic-containing liposomes shows the
effectiveness of the control of liposome—cell adhesion
processes.

2. Materials and methods
2.1. Materials

All the lipids — egg phosphatidylcholine (EPC),
dioleoyloxytrimethylammonium propane methyl sul-
fate (DOTAP), dipalmitoyl rhodamine phosphatidyl-
ethanolamine (DPRhPE) and distearoyl(polyethylene
glycol 5000) phosphatidylethanolamine (PEGS5000-
DSPE) — were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). The lipids were stored at
—80°C. Pluronic F-127 was provided by BASF
(Mount Olive, NJ, USA) as a free sample. Cobalt
nitrate and ammonium thiocyanate were obtained
from Aldrich (Milwaukee, WI, USA). Ethyl acetate
was obtained from EM Sciences (Gibbstown, NJ,
USA). Absolute (100%) ethanol was from Pharmco
Products (Brookfield, CT, USA). Cell culture media,
including F-10, minimum essential medium (MEM),
newborn calf serum (NCS), RPMI 1640 and penicil-
lin-streptomycin-neomycin, were purchased from
Gibco BRL (Grand Island, NY, USA). Twelve-well
tissue culture dishes were purchased from Corning
(Corning, NY, USA). Chinese hamster ovarian
(CHO) cells were obtained from the American
Type Culture Collection (Rockville, MD, USA). Tri-
ton X-100 was obtained from Kodak (Rochester,
NY, USA). Copper specimen grids, and other nega-
tive stain experiment reagents were purchased from
Electron Microscopy Sciences (Fort Washington,
PA, USA). All reagents used were of analytical
grade.

2.2. Liposome preparation

All liposomes were made with EPC and different
mole (or weight) % of Pluronic F-127. Multilamellar
vesicles (MLYV), large unilamellar vesicles (LUV) and
small unilamellar vesicles (SUV) were made for dif-
ferent experiments. Pluronics were either co-solubi-
lized with the lipid during preparation of liposomes
or added afterwards to the already formed lipo-
somes. For cell adhesion experiments, DOTAP and
DORPE were added to make the liposomes.

Lipids, in chloroform, were mixed in a round-bot-
tomed flask and dried under a gentle stream of nitro-
gen gas to form a thin layer on the flask wall. The
film was dried further in a vacuum desiccator, for
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3-4 h, to remove any remaining solvent. MLVs were
formed by first resuspending the dry lipid film with
deionized water, or buffer, followed by vortexing.
SUVs were formed by sonicating the MLV solution
in a bath type sonicator (Laboratory Supplies,
Hicksville, NY, USA). Sonication was done under
a nitrogen atmosphere, for 10 min or more, until
the solution turned clear. LUVs were formed by ex-
truding the MLV solution through a 0.4 um polycar-
bonate filter (Millipore, Bedford, MA, USA), for 15
times or more. All liposomes were prepared and kept
inside a cold room (4°C), before use in the experi-
ment.

2.3. Temperature dependent liposome size
measurement

Liposome sizes were measured by quasi-elastic
light scattering (QLS), using a model 370 submicron
particle sizer (Nicomp Particle Sizing Systems, Santa
Barbara, CA, USA). The particle sizer was calibrated
with polystyrene latex spheres (Interfacial Dynamics,
Portland, OR, USA) of sizes between 30 and 2980
nm and was found accurate for all diameters. An
argon ion laser, with a maximum CW output of
2 W, was used as the light source. The photon counts
were always adjusted to about 300 kHz. The size of
the liposomes was analyzed by the multimodal NIC-
OMP vesicle analysis program. The volume-weighted
mean vesicle diameter was used for all our experi-
mental purposes. Viscosity and index of refraction
values of the medium were adjusted to allow for
the change with changing temperature. The lipid con-
centration of each sample was 1.1 mg/ml and final
Pluronic F-127 concentration in the liposome solu-
tion was 0.032% (w/v). All the samples were made at
4°C. During the experiment, the sample to be mea-
sured was kept at the desired temperature by a Pel-
tier unit of the QLS machine. Each sample was kept
in the sample chamber for at least 15 min, to achieve
thermal equilibrium, before starting measurement.
All the other samples, used in the same experiment,
were kept at their respective desired temperatures in
water baths. QLS was also used to determine the
micellar size of the Pluronic in an aqueous environ-
ment.

Because we used MLVs made of EPC, DOTAP
and DPRIPE for the experiment involving liposome

adhesion to CHO cells, we must also measure the
thermally induced change in the size of EPC/DOTAP
MLVs. To be consistent with the liposome adhesion
experiment, we performed this experiment through
the same temperature range of 4-41°C. All samples
were made, at 4°C, with EPC and 8 mole% DOTAP.
The ‘control’ MLVs did not have any Pluronic F-127
while the ‘F-127° MLVs had 0.03% (w/v) Pluronic F-
127 in the sample environment. The temperature was
gradually cycled from 4°C to 41°C to 4°C during
measurement.

Sample turbidity provided an estimation of vesicle
size changes. We used static (90°) light scattering, at
600 nm, to measure the turbidity, i.e. relative scatter-
ing intensity (which corresponds to the size), of the
liposomes at different temperature points with a
SLM 8000 (SLM Instruments, Urbana, 1L, USA)
fluorimeter.

2.4. Negative stain electron microscopy of liposomes

The negative stain electron microscopy of the Plur-
onic-containing liposomes was used to examine the
association of the Pluronic with liposomes at differ-
ent temperatures. EPC liposomes, with or without
1 mole% (0.03% w/v) Pluronic F-127, were prepared
and then temperature treated, as described in Section
2.5. The temperature treated liposomes were used as
samples for negative staining.

A drop of the liposome suspension was added to
the surface of a carbon/Formvar coated 400 mesh
grid, and after a few seconds the excess sample was
removed. This was immediately followed by the ad-
dition of a drop of 2% ammonium molybdate solu-
tion. After removing the excess stain, the dried grids
were kept in grid holders for future observation. All
the preparations were done in a dust-free environ-
ment. The cold and hot samples were prepared inside
a temperature-controlled room.

A Siemens 101 electron microscope was used for
the transmission electron microscopic (TEM) obser-
vation of the sample grids. Usually a 60 000-100 000
magnification was used to take all the pictures.

2.5. Pluronic assay

The assay was designed to detect the amount of
surface associated Pluronic F-127 present in the lipo-
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somes. EPC MLVs were made at 4°C and a concen-
trated (60 mg/ml) aqueous Pluronic solution was
added to the MLVs to make the F-127 concentration
in the solution about 0.75% (w/v). Pluronic was
added after the formation of the liposomes to ensure
that no Pluronic was present inside the liposomes.
Eppendorf tubes were used to hold the samples.
One third of the samples were kept at 4°C (‘cold’
samples), while the remaining were kept at 41°C.
After 30 min, half of the samples at 41°C were
brought back to 4°C (‘thermally cycled’ samples).
The samples kept at high temperature were used as
the ‘hot’ samples. Thermally cycled samples were
kept in cold condition for 30 min to attain thermal
equilibrium. Each sample was then diluted 10 times
(i.e. 1/10), using distilled water, and centrifuged for
20 min at 15700 X g. A pellet formed at the bottom
of the centrifuge tube. The supernatant was carefully
removed, using a micropipet, so as not to disturb the
pellet, and stored for further analysis. Dilution, cen-
trifugation and supernatant removal was done in
cold conditions (4°C), for the ‘cold’ and ‘thermally
cycled’ samples, or hot conditions (41°C), for the
‘hot” samples. 40 ul of 10% Triton X-100 and 160
ul distilled water were added to each pellet and vor-
texed to thoroughly dissolve the pellet into a solu-
tion. These pellet and supernatant solutions were
used for the assay of Pluronics.

A simple assay for Pluronics was originally devel-
oped by Greff et al. [20] and later modified by Ter-
cyak and Felker [21]. Further simplification involved
the formation of a complex of Pluronic with cobalt
thiocyanate. The absorbance of the solubilized com-
plex was measured spectrophotometrically and used
as a quantitative measure of Pluronic F-68 [22].

We used the same assay procedure [22] for Plur-
onic F-127. Briefly, 100 ul cobalt thiocyanate solu-
tion, 200 pl ethyl acetate and 80 ul of absolute etha-
nol were added to 200 ul Pluronic F-127 standard (or
a sample containing an unknown amount of Plur-
onic). The resulting suspension was mixed well, in
a 1.5 ml Eppendorf centrifuge tube, by mild vortex-
ing and then centrifuged for 2 min at 15700Xg.
After centrifugation, the supernatant was carefully
removed without disturbing the pellet. The pellet
and tube walls were carefully washed with 200 pl
of ethyl acetate, several times, until the aspirated
ethyl acetate became colorless. The pellet was thor-

oughly dissolved in 2 ml acetone by vortexing and
the absorbance was measured using a Zeiss spectro-
photometer (Brinkmann Instruments, NY, USA) at
328 nm. The concentration of Pluronic in the un-
known samples was determined using a calibration
curve. Absorbance measurements were carried out in
triplicate for all the standard dilutions and unknown
samples.

2.6. Adhesion of liposomes to CHO cells

CHO cells were grown in F-10 medium plus 13%
NCS at 37°C and 5% CO,. All cells were passaged
twice weekly. Cells were seeded at a concentration of
1 X 10° cells per well in 12-well plates. The cells were
allowed to grow for 24 h, reaching approximately
80% confluence, before experimentation. Cells were
washed twice with F-10 medium and incubated at
cold (4°C) or hot (41°C) condition for 20 min before
adding 100 ul liposome solution to each well. MLVs
of EPC with 8 mole% DOTAP, 1 mole% DPRhPE
and 1 mole% Pluronic F-127 were used. Control
samples did not have any Pluronic in them. Since
0.75 mole% PEGS5000 conjugated lipid is generally
sufficient to inhibit cell adhesion to a bilayer surface
[23], liposomes were made with 1 mole% PEG5000-
DSPE, instead of 1 mole% Pluronic, to serve as pos-
itive control. The liposome solutions were treated
with cold and/or hot conditions (similar to the treat-
ment described in Section 2.5) for 20 min or more.
After adding liposome solution to the wells, they
were incubated at respective temperatures. The cells
were washed twice with PBS to remove any non-ad-
hering liposomes. Cells from each well were scraped
into a cuvette. PBS solution was added to the cells to
make a total volume of 3 ml. Fluorescence intensity
of the resulting suspension was measured with an
excitation wavelength of 550 nm and an emission
wavelength of 590 nm using a SLM 8000 fluorimeter.

3. Results

3.1. Temperature dependent liposome
size measurement

This experiment is designed to see the effect of
Pluronic F-127, if any, on the size of the EPC
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Fig. 1. Change in vesicle size with temperature, as determined
using QLS. All vesicles are made of EPC and 0.032% (w/v)
Pluronic F-127 except the control sample which has no F-127.
¢, MLV; m, LUV; a, SUV; @, control MLV.

vesicles during temperature change. Fig. 1 shows the
result of the dynamic light scattering experiment. The
control sample contains MLVs made of EPC only.
The other three samples, MLV, LUV and SUV, are
all made of EPC and 1 mole% (0.03% w/v) Pluronic

F-127. The initial diameter of the ‘control’, MLV,
LUV and SUV samples was 2.58 pum, 2.52 um,
0.43 pm and 34 nm, respectively. From Fig. 1, we
can see that ‘control’ sample diameter does not de-
crease much over the whole temperature range of 20—
60°C, ending at 2.34 um, a decrease to 91% of the
initial size. The MLV sample diameter does not de-
crease significantly at 30°C. But at 40°C it decreases
to 1.75 um, which is 70% of the initial diameter.
From 40°C to 50°C, the size reduces even further
to a diameter of 0.81 um (32%). At 60°C the diam-
eter is 0.65 um. The LUV diameter reduces slightly
to 0.39 um, about 90% of the low temperature value.
SUV sample size remains more or less the same
throughout the temperature range. Thus, the pres-
ence of 1 mole% Pluronic F-127 seems to affect the
MLYV sample most, decreasing its diameter to 26% of
the initial value over this temperature range.

The average diameter of a Pluronic F-127 micelle,
as determined by QLS, is 23 nm. The size of MLV

Fig. 2. Negative stain electron micrographs. The control MLV samples (a,

o

b) are made of EPC only, while the F-127 MLV samples

(c,d) are made of EPC with 0.032% (w/v) Pluronic F-127. Micrographs a and c are of samples made at 4°C and micrographs b and d
are of samples made at 41°C. The presence of individual Pluronic molecules (small white dots) in panel ¢ and micelles (fluffy white

structures) in panel d is indicated by arrowheads. Scale bar is 100 nm.
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containing 8 mole% DOTAP, with or without Plur-
onic F-127, was also measured. The result of the size
measurement experiment of EPC/DOTAP MLVs is
presented in Table 1. The experiment was performed
at two temperatures: 4°C and 41°C. For both tem-
peratures, the size of the ‘F-1277 DOTAP MLVs is
larger than that of the ‘control’ DOTAP MLVs.
There is an average increase of 23% and 15% in
the diameter of the ‘F-127° samples over those of
the ‘control’ samples, respectively at 4°C and 41°C.
All DOTAP-containing MLVs are smaller than their
counterpart without DOTAP (Fig. 1).

Turbidity measurement (data not shown) supports
the QLS size determination, showing similar trend in
size reduction of the vesicles upon heating. These
results also show that liposome sizes remain the
same even when the samples are cooled down, indi-
cating that there is no significant aggregation during
the cooling process.

3.2. Negative stain electron microscopy

This experiment is designed to visualize the effect
of Pluronic F-127 on liposomes. Pluronic F-127, at a
concentration of 0.03%(w/v), has a CMT of about
35°C. Negative staining samples were prepared below
CMT (4°C) and above CMT (41°C) to observe the
behavior of Pluronic F-127 molecules in the presence
of lipid vesicles at two significantly different temper-
ature conditions. Fig. 2 consists of micrographs
showing images of negative stained EPC MLVs at
different temperatures. Fig. 2a and b are control
samples consisting of EPC MLVs only while Fig.
2¢ and d are F-127 samples consisting of EPC
MLVs with 0.03% (w/v) Pluronic F-127. Fig. 2a
and c show samples made at 4°C, while the samples
seen in Fig. 2b,d are made at 41°C. Fig. 2a shows
vesicles with an even background. Fig. 2c, in con-
trast, shows vesicles with tiny white dots in the back-
ground. The sizes of these dots on average are about

Table 1
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Fig. 3. Amount of Pluronic F-127 associated with liposomes in
a sample, as determined by the Pluronic assay. The three differ-
ent samples are: cold, thermally cycled and hot. The number
above each sample point represents ug of Pluronic F-127 for
the corresponding sample. Error bar represents variations
among at least three repeating samples.

10 nm diameter and roughly correspond to the size
of the individual Pluronic F-127 molecules in aque-
ous solution. The diameter of individual Pluronic F-
127 molecules, based on the calculation of their ra-
dius of gyration [24], was 7 nm. Fig. 2b again shows
vesicles with smooth background. Fig. 2d shows one
vesicle at the lower right hand corner, and fluffy
white structures over the background area. These
fluffy structures are larger than the white dots seen
in Fig. 2c. Again, the average size of these structures
(44 nm diameter), though somewhat higher, corre-
sponds to the size of the Pluronic F-127 micelles
(23 nm) as measured by the quasi-elastic light scat-
tering technique.

3.3. Pluronic assay

In order to understand the association/dissociation
of Pluronic F-127 with the liposome bilayers during
the temperature change, we measured the amount of
Pluronic F-127 present in each sample. Fig. 3 shows

Change in diameter of EPC (with 8§ mole%o DOTAP) MLVs with temperature

Temperature (°C) Diameter (nm) ‘F-127" sample

Diameter (nm) ‘control’ sample

4 1051
41 991

852
864

‘F-127" and ‘control’ samples are liposomes with and without Pluronic F-127, respectively.
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the amount of Pluronic F-127 associated with the
liposomes of different samples. The three samples
shown are pellets obtained from the ‘cold’, ‘thermally
cycled’ and ‘hot” samples (see Section 2.5 for details).
The primary data obtained from the experiment were
OD (optical density) values, which were converted to
ug of F-127, using a calibration curve. The assayed
amount of Pluronic in all the different samples fell in
the linear portion of the calibration curve. The
amount of F-127 present in the ‘cold’, ‘thermally
cycled’ and ‘hot’” sample is 11.8, 38.6 and 118.6 pug,
respectively. Apparently, the ‘hot’ sample retains 10-
fold more Pluronic than the ‘cold” sample, and 3-fold
more than the ‘thermally cycled’ one.

3.4. Liposome—cell adhesion experiment

After we characterized the interaction of Pluronic
F-127 with liposomes, we proceeded to study the
effect of Pluronic F-127 in controlling the adhesion
of the liposomes to cell surfaces at different temper-
ature conditions. Fig. 4 shows the result of associa-
tion (adhesion plus internalization) of fluorescently
labeled liposomes with CHO cells. The lipids used
for this experiment were EPC with 8 mole% DOTAP

2.0
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-
< 1.00
o 1.0
o
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cycled

Fig. 4. Association of fluorescently labeled MLVs to CHO cells.
All samples are made of EPC, 8 mole’%s DOTAP and 1 mole%
DPRKPE. Additionally, the cold, thermally cycled and hot sam-
ples have 0.03% (w/v) Pluronic F-127, while the PEG5000 sam-
ple has 1 mole% PEGS5000-DSPE. The number above each
sample point represents the fluorescence intensity value for the
corresponding sample. Error bar represents variations among at
least three repeating samples. All samples are normalized
against the control sample.
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Fig. 5. Schematic diagram of the fate of EPC, in the presence
of Pluronic F-127, during thermal cycling: (a) at 4°C, larger
MLVs with few individual Pluronic F-127 molecules associated
with the liposomes and most individual molecules floating out-
side the liposomes; (b) at a temperature above the CMT (e.g.
41°C), smaller size liposomes with many surface associated
Pluronic F-127 and presence of Pluronic F-127 micelles outside
the liposomes; (c) when cooled down below the CMT (e.g.
4°C), liposome size remains the same with individual Pluronic
F-127 molecules present all around.

and 1 mole% fluorescent lipid DPRhPE, with or
without 1 mole% Pluronic F-127. DOTAP at
8 mole% was the optimum amount to facilitate ad-
hesion without suppressing the inhibitive effect of
liposome—cell adhesion by Pluronic F-127. The con-
trol sample was without F-127. The samples marked
‘cold’, ‘thermally cycled’ and ‘hot’ were with F-127,
as described in Section 3.3, while the sample marked
‘PEG5000" was made with 1 mole% of PEG5000-
DSPE, instead of the F-127. This sample serves as
a positive control. All the fluorescence intensity val-
ues were normalized against the respective (hot or
cold) ‘control’ values. After normalization, the ‘ther-
mally cycled’ sample, with a fluorescence reading of
1.59, is as fluorescent as the ‘cold” sample (1.61). The
‘hot” sample, on the other hand, has as low fluores-
cence intensity as that of the ‘PEG5000” sample. The
normalized fluorescence intensity values of 0.29 and
0.34 for ‘hot’ and ‘PEGS5000° samples, respectively,
are significantly lower than the fluorescence intensity
value of the ‘control’ sample, showing inhibition to
the adhesion of liposomes to the cell surfaces.
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4. Discussion

The use of PEG conjugated lipids to form stealth
liposomes is a well-accepted process. The predeces-
sors of PEG-lipids, namely GM1 ganglioside [5,25]
and phosphatidylinositol [5,26], though effective in
increasing ¢y, of the conventional liposomes, could
not match the superior shielding ability of PEG-lip-
ids. Moreover, being a synthetic lipid, PEG has the
advantage of alterable chain length to accommodate
specific needs. Our previous study [23] as well as
other studies [27,28] show that about 1 mole% of
PEG-lipids of adequate polymer size can completely
cover a lipid bilayer surface to provide total inhibi-
tion of liposome—cell adhesion. This percentage of
PEG-lipids is generally much lower than that com-
monly used to make stealth liposomes (5-15 mole%)
in in vivo applications.

The ultimate goal of targeting liposomes is to de-
liver the encapsulated material to the predetermined
site. One way of performing that operation efficiently
is for the stealth liposomes to adhere to the target
site on command. The stealth coating of the lipo-
somes would prevent such adhesion. If there were a
mechanism to de-stealth these liposomes at the target
site, it would be possible for the liposomes to adhere
to target cells and accomplish the delivery. It is very
difficult to dislodge PEG conjugated lipids from the
membrane to effect de-stealthing. Instead of using
PEG conjugated lipids, we aim to use a polymer
molecule that would dissociate from the liposome
surface on command to make de-stealthing ecasier.
Pluronics are our choice of polymer molecules. The
hydrophilic PEO groups of a Pluronic, on either side
of the central PPO unit, act as PEG molecules and
can provide steric protection to a bilayer surface. The
central PPO unit, being hydrophobic, would tend to
push into the bilayer interior serving as an anchor. It
is possible to dislodge the Pluronic molecule from the
bilayer by reducing its hydrophobicity. A unique
property of Pluronic is that it becomes increasingly
hydrophobic with increasing temperature. In an
aqueous medium, Pluronics stay as individual mole-
cules at temperatures below their CMT, but at tem-
peratures above the CMT, individual molecules are
forced to form micelles to shield the lipophilic PPO
units from the aqueous environment. In the presence
of lipid bilayers, some Pluronics would partition into

the bilayers in addition to forming micelles with oth-
er Pluronic units. If the temperature again goes be-
low the CMT of the Pluronics, they would try to
dislodge themselves from the bilayers or micelles to
become individual molecules again. This property
could be utilized to protect or de-protect liposomes.
Moreover, due to the availability of various synthetic
Pluronics, it is possible to choose one that will have:
(a) a large enough PEO unit to cause complete steal-
thing; (b) an optimum size PPO unit which would
provide enough anchoring to attach to the mem-
brane; and, most importantly, (c) a CMT value
around the physiological temperature (i.e. 37°C) cor-
responding to a relatively small concentration
of Pluronic to make it useful in the in vivo condi-
tions. Pluronic F-127 is one of the desirable candi-
dates for our work because it has all the requisite
qualities.

4.1. Liposome size studies

The temperature dependent liposome size changes
show that at the concentration of 0.032% (w/v), used
in our experiment, Pluronic F-127 causes significant
size reduction of the MLVs at temperatures above
the CMT. Moreover, the turbidity measurement
shows that upon cooling, the sizes of the vesicles
remain the same. This suggests that cooling does
not have any further detrimental effect such as ag-
gregation or destabilization. Johnsson et al. reported
a reduction in size of the MLVs by Pluronics, at
temperatures above the CMT, interpreting this as a
disruptive effect by the polymer at those tempera-
tures [18]. We, using different methods, have also
observed such effects. We have used a much lower
concentration of Pluronic in our experiment in com-
parison to that used by the Johnsson group. The
disruption is not complete at the Pluronic concentra-
tion we used, and the polymer has no significant
effect on LUV and SUV (Fig. 1).

Fig. 5 is a cartoon depiction of the polymer—bi-
layer association/dissociation mechanism in terms
of the morphological observation. Fig. 5a shows
the initial stage of the process when MLVs are
formed. At 4°C, Pluronic F-127 molecules are indi-
vidual molecules. Few of the Pluronic F-127 mole-
cules are present in the liposomes — inside the aque-
ous core or in the lamellae. The individual molecules
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associated with the lipid bilayers of the liposomes
can be either translamellar or anchored to the bilayer
from one side. Most of the individual Pluronic F-127
molecules are floating outside the liposomes. When
these MLVs are heated to a temperature (say 41°C)
above the Pluronic CMT, Pluronic F-127 molecules
would form micelles (Fig. 5b). Also, there will be an
increasing number of Pluronic F-127 molecules asso-
ciated with the liposome now, since the hydrophobic-
ity of the molecules has increased. MLV size would
go down considerably due to breaking up of the out-
er wall of MLV, in accordance with the results of the
liposome size measurement. Micelles could also be
present in the liposome core. The size of the micelles
observed by electron microscopy to be ‘fluffy struc-
tures’ of 44 nm in diameter is likely to be an over-
estimate due to the uncertain and limited penetration
of stain into the loose PEG shield. When these hot
liposomes are cooled below the Pluronic CMT, Plur-
onic F-127 micelles become individual molecules
again and leave the liposomes with low polymer
shielding (Fig. 5c). Also notable is that the sizes of
the liposomes remain the same after cooling.

4.2. Pluronic assay

The amount of Pluronic associated with liposomes
at each temperature is a critical issue. In order to
establish the thermal association/dissociation mecha-
nism as predicted in Fig. 5, we have to quantitate the
amount of Pluronic associated with liposomes. There
are two important considerations for our Pluronic
assay. Since we are dealing with small unknown
quantities of Pluronic in each sample, it is extremely
important to collect not only all of the Pluronic mol-
ecules adhering to the liposomes, but also collect a
sample of sufficient quantity which would result in an
adequate signal. A major problem is to collect the
surface attached Pluronics in the high temperature
samples by centrifugation. Liposomes in the ‘hot’
sample, at a temperature of 41°C, become very flufty
and would trap a large quantity of free Pluronic
during centrifugation. This is the reason for us to
dilute the Pluronic anchored liposome suspension
10 times to reduce the amount of entrapped Pluronic
in the pellet. Care was taken that the Pluronic con-
centration remained well above the CMC even for
the dilute samples. The concentration of the Pluronic

solution was chosen carefully so that the solution
CMT, before as well as after dilution, was always
below 41°C.

The assay depends on the formation of a colored
complex between the Pluronic and cobalt thiocya-
nate. The complex forms a precipitate that sediments
upon centrifugation following the reaction of cobalt
thiocyanate with Pluronic F-127. The precipitate,
thus formed, dissolves in acetone and the intensity
of color is proportional to the amount of Pluronic
present in the sample. The structure of the cobalt
thiocyanate—Pluronic complex is due to hydrogen,
ammonium, or cobalt ion complexation with oxygen
groups in ether to form oxonium ion, which reacts
with a suitable anion like thiocyanate [20]. However,
it was later found that many oxygen atoms in the
ether also interact with inorganic ions such as heavy
metal, alkali, or earth alkali ions and that the com-
plex has a helical configuration to accommodate the
ion in the center [29]. The color of the complex has
an absorbance spectrum with two peaks, one with a
sharp absorbance peak at 328 nm and a second
broader peak at 624 nm. The peak ratio for this
complex is Asg:Ag4 =4.4 [21]. Since the intensity
of the measurement is considerably higher at 328
nm, we have measured all our Pluronic F-127 sam-
ples at that wavelength.

4.3. Liposome—CHO cell association

In this experiment, the Pluronic-containing lipo-
somes were added to cells either hot (41°C) or cold
(4°C). Liposomes are expected to be sterically pro-
tected at high temperature and not to adhere to the
cell surface extensively. On the contrary, cold and
thermally cycled liposomes, with low surface shield-
ing, are expected to adhere and may subsequently be
internalized into cells. The fluorescence intensity of
the relative amount of fluorescent lipid DPRhPE
present in the respective sample represents the
amount of liposomes adhered and internalized in
cells. Since the procedure was consistent throughout
the experiment, we can expect the relative fluores-
cence intensity to be higher in samples with de-pro-
tected liposomes. The result does show that the pres-
ence of Pluronic F-127 causes this difference in
fluorescence intensity values. It is somewhat puzzling
that the intensity values of the ‘cold’ and ‘thermally
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cycled’ samples are significantly higher than that of
the ‘control’ sample. Our fluorescence microscopy
observation of the washed cell samples showed un-
even fluorescence including discrete fluorescent spots
for all the samples (data not shown), presumably
resulting from the adhering and internalized fluores-
cently labeled liposomes. Thus, the cell surfaces were
not completely covered by liposomes. The visual ob-
servation of fluorescence intensities of different sam-
ples was consistent with our fluorimetry results. One
possible explanation for the above-mentioned differ-
ence in intensity could be that the fluorescent surface
areas of liposomes are different. From Table 1, we
know that MLVs formed in the presence of Pluronic
F-127 are larger than those formed in the absence of
Pluronic F-127. Assuming liposome adhesion on the
CHO cell surface as a random process, i.e. under
identical surface conditions, similar numbers of lipo-
somes adhere to a unit cell surface area; an increased
size would result in a larger fluorescently labeled sur-
face area. From Table 1, we observe that at 4°C, the
average diameter of ‘F-127° samples is 23% larger
than that of the ‘control’ samples. This translates
into a 51% larger surface area, which would explain
the apparent difference in fluorescence intensity be-
tween Pluronic and control samples in Fig. 4. It is
noteworthy that the diameter of the MLVs made
with DOTAP is much smaller than that of MLVs
made without DOTAP, as seen in Fig. 1. This is
mainly due to the presence of cationic DOTAP mol-
ecules, which cause formation of smaller vesicles due
to charge repulsion among the DOTAP molecules of
the same liposome.

In summary, we have utilized the temperature sen-
sitive properties of Pluronic F-127 to control lipo-
some—cell adhesion in vitro. At temperatures above
their CMT, the Pluronic molecules can cause desta-
bilization of the liposome membrane. This was evi-
dent from the drastic size reduction of MLVs. We
have given visual evidence, using negative stain elec-
tron microscopy, of the presence of individual Plur-
onic molecules and micelles, respectively, at temper-
atures below and above the Pluronic CMT. The
Pluronic assay showed, above CMT, the presence
of a substantial amount of surface-associated Plur-
onic molecules, indicating possible steric protection
of the liposome surface. Subsequent cooling below its
CMT showed a significant reduction in surface-asso-

ciated Pluronic pointing toward de-protection. A
liposome—cell adhesion study, using Pluronic con-
taining liposomes and CHO cells, also showed the
control of liposome—cell adhesion capability of Plur-
onic F-127, the protection level being comparable to
the level imparted by PEGS5000 lipids.

Acknowledgements

This work 1is partially supported by grant
GM30969 to S.W.H. from the National Institutes
of Health. The authors would like to thank Mary
L. Hensen and Ed Hurley for their assistance in elec-
tron microscopy, which is part of the Cell Analysis
Facility supported by CCSG grant CA16056 from
the National Cancer Institute. Dr. Patrick Ross pro-
vided the CHO cells for the liposome adhesion ex-
periment. P.A. is partly supported by NSF grant
CTS-9875848.

References

[1] M.C. Woodle, D.D. Lasic, Biochim. Biophys. Acta 1113
(1992) 171-199.

[2] G. Blume, G. Cevc, Biochim. Biophys. Acta 1146 (1993)
157-168.

[3] J.H. Senior, Crit. Rev. Ther. Drug Carr. Syst. 3 (1987) 123-
193.

[4] T.M. Allen, C. Hansen, J. Rutledge, Biochim. Biophys. Acta
981 (1989) 27-35.

[5] A. Gabizon, D. Papahadjopoulos, Proc. Natl. Acad. Sci.
USA 85 (1988) 6949-6953.

[6] J.R. Bogner, F.D. Goebel, in: D. Lasic, F. Martin (Eds.),
Stealth Liposomes, CRC Press, Boca Raton, FL, 1995, Ch.
23.

[7] T.M. Allen, C. Hansen, F.J. Martin, C. Redemann, A. Yau-
Young, Biochim. Biophys. Acta 1066 (1991) 29-36.

[8] A.L. Klibanov, K. Maruyama, V.P. Torchilin, L. Huang,
FEBS Lett. 268 (1990) 235-237.

[9] M. Jamshaid, S.J. Farr, P. Kearney, LW. Kellaway, Int.
J. Pharm. 48 (1988) 125-131.

[10] M.C. Woodle, M.S. Newman, F.J. Martin, Int. J. Pharm. 88
(1992) 327-334.

[11] M.A. Khattab, S.J. Farr, G. Taylor, .W. Kellaway, J. Drug
Target. 3 (1995) 39-49.

[12] P. Alexandridis, Curr. Opin. Colloid Interface Sci. 2 (1997)
478-489.

[13] P. Alexandridis, T.A. Hatton, in: V. Pillai, D.O. Shah
(Eds.), Dynamic Properties of Interfaces and Association
Structures, AOCS Press, Champaign, IL, 1996, Ch. 12.



42 P. Chandaroy et al. | Biochimica et Biophysica Acta 1559 (2002) 32—42

[14] P. Alexandridis, J.F. Holzwarth, T.A. Hatton, Macromole-
cules 27 (1994) 2414-2425.

[15] K. Kostarelos, P.F. Luckham, Th.F. Tadros, J. Liposome
Res. 5 (1995) 117-130.

[16] K. Kostarelos, Th.F. Tadros, P.F. Luckham, Langmuir 15
(1999) 369-376.

[17] K. Kostarelos, P.F. Luckham, Th.F. Tadros, J. Chem. Soc.
Faraday Trans. 94 (1998) 2159-2168.

[18] M. Johnsson, M. Silvander, G. Karlsson, E. Katarina, Lang-
muir 15 (1999) 6314-6325.

[19] 1.D. Castile, K.M.G. Taylor, G. Buckton, Int. J. Pharm. 182
(1999) 101-110.

[20] R.A. Greff, A.E. Setzkorn, W.D. Leslie, J. Am. Oil Chem.
Soc. 45 (1965) 611-615.

[21] A.M. Tercyak, T.E. Felker, Anal. Biochem. 187 (1990) 54—
S5.

[22] H. Ghebeh, A. Handa-Corrigan, M. Butler, Anal. Biochem.
262 (1998) 39-44.

[23] H. Du, P. Chandaroy, S.W. Hui, Biochim. Biophys. Acta
1326 (1997) 236-248.

[24] P. Alexandridis, L. Yang, Macromolecules 33 (2000) 5574—
5587.

[25] T.M. Allen, A. Chonn, FEBS Lett. 223 (1987) 42-46.

[26] D. Papahadjopoulos, A. Gabizon, Ann. NY Acad. Sci. 507
(1987) 64-74.

[27] M.C. Woodle, K.K. Matthay, M.S. Newman, J.E. Hadiyat,
J.R. Collins, C. Redemann, F.J. Martin, D. Papahadjopou-
los, Biochim. Biophys. Acta 1105 (1992) 193-200.

[28] D.C. Litzinger, L. Huang, Biochim. Biophys. Acta 1127
(1992) 249-254.

[29] J. Cross (Ed.), Non-ionic Surfactants: Chemical Analysis,
Dekker, New York, 1987.



