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Abstract

Low density lipoprotein (LDL) has been proposed as a drug targeting vector in cancer chemotherapy, however,
research has been limited due to the necessity to isolate material from plasma. In this study, the physicochemical
properties of synthetic lipid microemulsions containing an amphiphatic version of the apoprotein B receptor binding
sequence have been examined. The effect of peptide sequence length, lipid anchor type and location along with
microemulsion lipid composition were investigated via changes in particle size and zeta potential. Size increases were
related to the amphiphatic peptides lipophilic portion and too a lesser extent by amino acid sequence length. Two
lipophilic anchors, retinoic acid and cholesterol, produced large size increases whilst a single anchor (retinoic acid) did
not affect size. The amphiphatic peptide reversed measured zeta potential from negative to positive values in a
concentration dependent manner. This was related to peptide structure and could be effected by changes in pH,
indicating that the peptide was surface located and responsive to the external environment. Alteration of microemul-
sion lipid composition also affected physicochemical properties but to a lesser degree than changes in the amphiphatic
peptide. These novel systems may represent a useful synthetic alternative to native LDL for a variety of applications.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Low density lipoprotein (LDL) is a normal
constituent of plasma whose function is the in
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1991). The function and interaction of LDL with
mammalian cells was elucidated by Goldstein and
Brown in a series of classical experiments (Brown
and Goldstein, 1986). This research demonstrated
that LDL was assimilated by cells via a receptor
dependent pathway involving Apo B and a cell
surface receptor located in coated pits, and illus-
trated the importance of the LDL pathway in
familial hypercholesterolaemia and related dis-
eases (Myant, 1993).

Further studies have elucidated a role for LDL
in certain types of cancer where tumour cells
assimilate the material at elevated rates when
compared with similar normal cells (Hynds et al.,
1984). This has led to the suggestion that LDL
may be a useful drug targeting vector for cancer
chemotherapy (Gal et al., 1981). However, LDL
must be isolated from fresh plasma using a rela-
tively prolonged technique (Eley et al., 1990),
which only yields small quantities of the material.
Once isolated LDL is both chemically unstable
and has a tendency to aggregate in solution a
property related to Apo B. These restrictions have
limited research into LDL to in vitro experiments
(Eley et al., 1990) or small scale studies in vivo
(Filipowska et al., 1992).

In order to circumvent LDL supply problems
various apoprotein free microemulsions employ-
ing lipid constituents similar to those of native
LDL have been produced (Ginsburg et al., 1982;
Halbert et al., 1984; Owens and Halbert, 1995).
These systems have proved useful for studying
lipid interactions but have a limited biological
utility since they do not posses the receptor apo-
protein. This may be grafted on to for example
liposomes after production (Lundberg et al., 1993)
but this technique still requires a source of native

Table 1
Peptide structures used in the preparation of sSLDL

apoprotein, usually from plasma. In the case of
Apo B, its size and physical properties make
grafting a difficult proposition.

The primary structure of Apo B, which was
resistant to classical protein analysis techniques,
was determined from c¢cDNA analysis (Knott et
al., 1986; Yang et al., 1986) and a putative recep-
tor site identified. This consisted of a nine amino
acid sequence (Table 1), which is located near the
molecule’s C terminal end. Previous studies have
demonstrated that amphiphatic molecules will
spontancously interact with LDL in solution
(Tucker and Florence, 1983) and this can be
detected through changes in particle diameter. In
addition suitable amphiphatic molecules can im-
part different receptor binding status on LDL
after insertion into the particle’s surface layer
(Vanberkel et al., 1985). It is proposed that by
employing suitably modified amphiphatic versions
of the Apo B receptor sequence in combination
with the lipid microemulsions described above it
may be possible to prepare synthetic LDL (sLDL)
particles, without the requirement to isolate from
natural sources.

In this paper, various amino acid sequences and
two different hydrophobic lipid end groups have
been employed to create amphiphatic Apo B re-
ceptor sequences, see Table 1. The effect of these
amphiphatic sequences on the particle size and
zeta potential of LDL like lipid microemulsions
has been measured and related to changes in
peptide concentration, external medium pH, lipid
composition and the lipophilic anchors employed.
Previously similar particles have been shown to be
capable of supporting the growth of U937 cells in
vitro (Baillie et al., 1994) indicating that this
system does posses a degree of receptor
competency.

Peptide = N terminal Peptide sequence®

C terminal

PEPI Retinoic acid

Leu-Arg-Leu-Thr-Arg-Lys-Arg-Gly-Leu-Lys-Leu

—Cholesterol

PEP2 Retinoic acid

Gly-Thr-Thr-Arg-Leu-Thr-Arg-Lys-Arg-Gly-Leu-Lys-Leu -OH

PEP3 Retinoic acid

Tyr-Lys-Leu-Glu-Gly-Thr-Thr-Arg-Leu-Thr-Arg-Lys-Arg-Gly-Leu-Lys-Leu-Ala-

Thr-Ala-Leu-Ser

—Cholesterol

@ Underlined, proposed apoprotein B receptor sequence.
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2. Materials and methods
2.1. Materials

Egg yolk phosphatidylcholine (> 99% pure,
PC) was purchased from Lipid Products, Surrey,
UK and used without further purification. Tr-
is(hydroxymethyl)-methylamine (Tris), hydrochlo-
ric acid (HCI), dimethylsulfoxide (DMSO) and
t-butanol (Analar grade) were obtained from
Merck Ltd, Glasgow, UK. Triolein (99% pure,
TO), cholesteryl oleate (98% pure, CO), unes-
terified cholesterol (UC), sphingomyelin (SM),
phosphate buffered saline tablets and the reagents
for cholesterol testing were purchased from the
Sigma Chemical Company, Dorset, UK. Polycar-
bonate extrusion filters were obtained from
Costar Corporation, Buckinghamshire, UK. Ster-
ile 0.2 um polysulfone filters were purchased from
Whatman Ltd, Maidstone, UK. Sterile distilled
water complying with the European Pharmaco-
poeia’s water for injection monograph for was
purchased from Steripak Ltd, Runcorn, UK. All
polypeptides were synthesised by Thistle Peptide
Services at the Department of Biochemistry, Uni-
versity of Glasgow. Peptide structures are listed in
Table 1, material was supplied at greater than
90% purity and used as received.

2.2. Preparation of synthetic low density
liporpotein particles

Appropriate mixtures of lipids were dissolved in
chloroform/methanol 2:1 (v/v) and the solvent
removed under a nitrogen stream. The lipid film
was re-dissolved in z-butanol and lyophilised for
24 h (EF4 Modulyo Freeze Dryer, Edwards High
Vacuum, Crawley, UK), then re-suspended in
0.01 M Tris—HCI buffer (pH 8.0) to give a final
concentration of 7-8% w/v. The lipid dispersion
was sonicated under a stream of N, for 2 h using
a 250 W sonicator, centrifuged at 10000 rpm for
60 min (MSE Superspeed 75 Ultracentrifuge,
MSE Ltd, London, UK) and then transferred to
the Extruder vessel (Lipex Biomembranes Inc.,
Vancouver, Canada). The lipid mixture was suc-
cessively extruded (at 50—55 °C) through polycar-
bonate filters of pore size 0.1 and 0.05 pm using

two stacked filters and at least four extrusions
under 60 psig nitrogen pressure (Owens and Hal-
bert, 1995).

The resultant lipid microemulsion was diluted
with Tris—HCI buffer to give a CO concentration
of approximately 1 mmol/l and heated to 55 °C
in a water bath. Aliquots of peptide dissolved in
DMSO were added under the surface of the stir-
ring microemulsion, control experiments were per-
formed with DMSO alone. The volume of DMSO
added in each case was kept below 20 pl/ml of
microemulsion. The peptide—microemulsion com-
plex was incubated at 55 °C for 15 min then
dialysed overnight against 0.01 M Tris—HCl
buffer. The resulting sLDL preparation was filter
sterilised (0.2 pm) and stored at 4 °C under N,
before use.

2.3. Analysis for cholesterol content

Microemulsions were assayed for cholesteryl
ester content using the method of Allain (Allain,
1974). Cholesterol reagent (cholesterol oxidase,
cholesterol esterase, horseradish peroxidase
(HRP), 4-aminoantipyrene, p-hydroxybenzenesul-
fonate and buffer) was warmed to 30 °C in a
water bath. To 1.0 ml of reagent was added 0.01
ml of sample, blank (distilled water) or standard
(Cholesterol 200 mg/100 ml). Reagent-sample
mixtures were allowed to incubate at 30 °C for 10
min. The absorbance of each sample was mea-
sured spectrophotometrically at 500 nm. All read-
ings were completed within 30 min after the end
of the incubation period. Cholesteryl oleate con-
tent was calculated by reference to the cholesterol
standard.

2.4. Photon correlation spectroscopy

Particle size analysis was carried out using pho-
ton correlation spectroscopy (Zetasizer® 4,
Malvern Instruments, Malvern, UK). Before anal-
ysis samples were diluted with Tris—HCI buffer
(0.01 M) and filtered (0.2 um). Sizing measure-
ments were carried out at a fixed angle of 90°. The
correlator was operated in parallel mode and the
cumulants method of analysis was used to calcu-
late the mean sample size weighted according to
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the intensity of scattered light (z-average diame-
ter). Since this diameter is weighted strongly in
favour of large particles, Rayleigh theory was
used to convert intensity distributions into num-
ber distributions (Washington, 1992). All results
are the mean and standard deviation (S.D.) of at
least ten measurements on the sample.

2.5. Zeta potential measurement

Samples were diluted 1 in 5 with 0.01 M Tris
buffer (pH 8.0) and Zeta potential measured at
25 °C using a Zetasizer® 4 (Malvern Instru-
ments). The applied voltage was 150 V in each
case and duty cycling was used to limit the cell
current to 20 mA. All results are the mean and
S.D. of at least ten measurements on the sample.

3. Results and discussion

It is known that the lipid microemulsions
utilised in this study are not homogeneous and
may contain up to 50% of vesicular structures
(Owens and Halbert, 1995). Peptide incorporation
during preparation would, therefore, lead to ‘en-
trapped’ material on the inner vesicular surfaces.
In addition, the amphiphatic peptide sequences
employed are not soluble in water and, therefore,
cannot simply be mixed with the pre-formed mi-
croemulsion. To circumvent these problems, the
amphiphatic peptides were dissolved in a water
miscible solvent (DMSO) before addition to the
preformed aqueous microemulsion. To facilitate
peptide—microemulsion interaction, a temperature
above the highest lipid transition temperature was
also utilised.

In Fig. 1, the effect on microemulsion particle
diameter and zeta potential of incubation time
and concentration of amphiphatic peptide added
is shown. Both diameter and zeta potential in-
crease immediately on amphipahtic peptide addi-
tion in a concentration dependent manner.
Diameter further increases with time to a maximal
plateau value at around 2 h whilst control prepa-
rations do not change during the observation
period. Zeta potential decreases during incubation
and the control containing DSMO behaves in a
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Fig. 1. (a) The effect of PEP1 on microemulsion diameter
during incubation at 55 °C. (b) The effect of PEP1 on microe-
mulsion zeta potential during incubation at 55 °C. All prepa-
rations PC:TO:CO, 3:2:1 (molar ratio). The amount of DMSO
added was maintained at 4.4 pl/ml for each sample. Controls
subjected to same incubation conditions. ([J) Untreated con-
trol; () DMSO control; (O) 0.01 mole PEP1/mole CO; (A)
0.02 mole PEP1/mole CO; () 0.03 mole PEP1/mole CO; ()
0.04 mole PEP1/mole CO. Mean + S.D., n = 10.

similar fashion to peptide containing microemul-
sions. Significantly, the control microemulsion
without DSMO has a stable zeta potential during
the observation period. It is known that solvents
have a destabilising effect on the diameter of lipid
emulsions (Owens et al., 1991) but no information
is available on zeta potential. It is possible that
the effects noted in Fig. 1b are due to chemical
degradation of microemulsion constituents, which
is exacerbated by the presence of DMSO. Since
the initial effects occur rapidly, evident immedi-
ately after peptide addition, and size changes sta-
bilise with time incubation at 55 °C was restricted
to 15 min to limit the effect on zeta potential.
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After this period, the systems were dialysed to
remove DMSO and then sterilised by filtration.
Previous studies have demonstrated native LDL
surfactant interactions are instantaneous and sta-
ble at ambient temperatures (Tucker and Flo-
rence, 1983). The results indicate that the
amphiphatic peptide sequence employed is inter-
acting with the lipid microemulsion but that the
size changes are not instantaneous and require
time to reach equilibrium. However, it is not
possible from the results to determine the propor-
tion of the amphiphatic peptide, which interacts
with the microemulsion particle.

The effects of increasing amphiphatic peptide
concentration on diameter and zeta potential are
presented in Fig. 2. All the peptides act to change
measured zeta potential from a negative to a
positive value but produce markedly different ef-
fects on particle diameter. Below 0.6 mole/mole
CO PEPI has no effect on size but produces an
almost linear increase in zeta potential with con-
centration. Higher concentrations finally produce
size increases but zeta potential plateaus at
around + 17 mV. PEP2 at low concentrations
provides a dramatic reversal in zeta potential
from around —15 to +15 mV without any
change in size. Further concentration increases
above 0.3 mole/mole CO do not increase zeta

Number Mean Diameter (nm)
Zeta Potential (mV)
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Fig. 2. The effect of increasing amphiphatic peptide concentra-
tions on microemulsion diameter and zeta potential. Closed
symbols and solid line diameter, open symbols and dashed line
zeta potential. (J) PEPl (PC:TO:CO, 3:2:1); (O) PEP2
(PC:UC:TO:CO, 6.2:1:4.2:2.1); (A) PEP3 (PC:UC:TO:CO,
6.2:1:4.2:2.1). Mean + S.D., n=10.

potential, which remains constant at + 15 mV but
size also remains constant. Around 0.1 mole/mole
CO of PEP3 also produces a reversal of zeta
potential without affecting measured diameter,
whilst at higher concentrations, diameter almost
doubles and zeta potential decreases but remains
positive. Concentrations of PEP3 above 0.4 mole/
mole CO were not measured since the measured
diameter and zeta potential was markedly differ-
ent from the starting values and the effects were
equal to those of higher PEP1 or PEP2
concentrations.

Zeta potential is a measure of surface charge
and the observed results indicate that the am-
phiphatic peptides are spontaneously locating at
the microemulsion particle surface. Probably be-
cause of electrostatic attraction, since the microe-
mulsion particle is initially negatively charged,
and also due to the peptide’s amphiphatic nature.
Since the lipid anchors are electrically neutral,
they should not contribute to the observed
changes in zeta potential, which can only be due
to the associated peptide. At low peptide concen-
trations (below 0.2 mole/mole CO), where diame-
ter remains relatively unchanged, the zeta
potential increases produced by PEP1 and PEP2
are roughly equal whilst PEP3 has a considerably
greater effect. This could be related to the greater
size of the peptide fragment in PEP3 (22 amino
acids vs. 13). The amino acid charge in PEP3 is
not greater than PEP1 or PEP2 so this effect may
be linked to the increased chain length permitting
an easier interaction of the charged amino acids
with the external environment.

The observed increases in particle diameter are
probably attributable to the amphiphatic pep-
tide’s lipid anchor portion. Peptides containing
both anchors (PEP1 and PEP3) produce increases
in diameter at low concentrations (0.5 and 0.2
mole/mole CO, respectively) whilst PEP2 with
only one anchor has no effect at any concentra-
tion. The bulky nature of the extra steroidal
cholesterol anchor in PEP1 and PEP3 or the
combination of two anchors, therefore, appears to
be producing significant particle disruption. The
two anchors may also be capable of cross-linking
particles to produce size increases. Similar effects
were noted in native LDL where surfactant in-
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duced size increases could be related to the molec-
ular size of the lipophilic portion (Tucker and
Florence, 1983). However, absence of the choles-
terol anchor does not appear to hinder peptide
insertion into the particle since the zeta potentials
obtained for PEP1 and 2 are similar. The in-
creased peptide chain length in PEP3 also appears
to have an effect on diameter, which increases at
lower concentrations than PEPI1. Since both pep-
tides have the same anchor groups this must be
related to an effective increase in hydrodynamic
diameter produced by the larger peptide ‘halo’.
This effect may be similar to that seen after the
absorption of block co-polymer surfactants onto
nanoparticles (Illum et al., 1982). It is not clear
why zeta potential eventually reaches a plateau or
even falls at higher peptide incorporation values.
For PEP1 and PEP3, this event corresponds to an
increase in diameter with concomitant increasing
surface area and possibly a reduction in effective
surface concentration. It is also conceivable that
surface saturation occurs and excess peptide
forms micelles in solution although no direct evi-
dence for this has been observed. This latter ex-
planation is unlikely since micellar concentrations
would potentially solubilise the microemulsion
and reduce diameter (Tucker and Florence, 1983).
The results suggest that the hydrophobic lipid
anchors become buried in the microemulsion par-
ticle’s outer phospholipid layer whilst the rela-
tively hydrophilic peptide remains on the outer
surface to alter zeta potential.

If amphiphatic peptide after interaction is ex-
posed to the microemulsion’s aqueous phase then
it should respond to changes in this environment.
In Fig. 3a, the effect of pH alterations on the
measured zeta potential of various PEP1 systems
is presented. All exhibited a shift to negative
values with increasing pH with a marked change
from positive to negative values for the highest
peptide concentration tested. Control microemul-
sion particles without peptide also exhibits this
trend — 10 mV over 3 pH units, which can be
attributed to changes in buffer ionic strength due
to pH adjustment with sodium hydroxide. At
0.532 mole PEPl/mole CO, the zeta potential
change is — 20 mV and at 0.106 moles PEP1/mole
CO — 16 mV, both greater than the control. This
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Fig. 3. (a) The effect of pH on the zeta potential of various
PEP1  microemulsion  preparations. All  preparations
PC:TO:CO, 3:2:1. (H) DMSO treated control; ([J) 0.02 mole
PEP1/mole CO; ({>) 0.039 mole PEP1/mole CO; (O) 0.106
mole PEP1/mole CO; (A) 0.532 mole PEPl/mole CO.
Mean + S.D., n=10. (b) The effect of pH on the zeta poten-
tial of various microemulsion amphiphatic peptide prepara-
tions. All preparations PC:TO:CO, 3:2:1. (ll) DMSO treated
control; ((J) PEP1 0.119 mole/mole CO; (O) PEP2 0.112
mole/mole CO; (A) PEP3 0.111 mole/mole CO. Mean + S.D.,
n=10.

result can be explained in terms of decreasing
amino acid side chain group ionisation resulting
in loss of positive charge and subsequent shift in
zeta potential. This would be expected from the
amino acid sequence since the major ionic charge
is provided by positively charged amino side chain
groups. At the extreme alkaline pH tested, all
systems have similar zeta potential values indicat-
ing that peptide ionisation has been suppressed
and the measured value is probably close to that
of the microemulsion. This pH-zeta potential
effect is reversible, if the system is returned to
acidic pH values (data not shown) and overall the
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results support the hypothesis that the am-
phiphatic peptide is exposed on the microemul-
sion particle’s surface.

Results for three different sSLDL preparations
at similar peptide concentrations are presented in
Fig. 3b, all display the trend presented in Fig. 3a
with some subtle differences. At the majority of
pH’s, the most positive zeta potential is provided
by PEP1 followed by PEP3 and then PEP2. Based
on the results and discussion of Fig. 2, this rank
order of effect in Fig. 3b is interesting. If pH
induced alterations are related to ease of amino
acid group interaction with the external environ-
ment then the results indicate that a small am-
phiphatic peptide with two anchors (PEPI) is
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restrained more (i.e. less able to interact with the
external environment) than a large peptide with
two anchors (PEP3) and only one anchor (PEP2)
allows the amphiphatic peptide greatest freedom.
Support for this hypothesis would require experi-
ments at higher peptide concentrations where pH
effects on zeta potential are more easily discerned
(Fig. 3a) and may be enzymatic degradation stud-
ies. Overall the results indicate that the am-
phiphatic peptide is attached to the particle’s
surface and responsive to changes in the external
environment.

In Fig. 4, the effect of alterations in the microe-
mulsion’s lipid components are presented with the
lipid mixtures employed at proportions relative to
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Fig. 4. (a) The effect of microemulsion composition on the diameter and zeta potential of PEP1 microemulsion preparations. Closed
symbols and solid line number mean diameter, open symbols and dashed line zeta potential. ([J) PC:TO:CO, 3:2:1; (O)
PC:SM:TO:CO, 2.5:1:2.4:1.2; (A) PC:SM:UC:TO:CO, 4.4:1.8:1:4.2:2.1. Mean + S.D., n=10. (b) The effect of microemulsion
composition on the diameter and zeta potential of PEP2 microemulsion preparations. Closed symbols and solid line number mean
diameter, open symbols and dashed line zeta potential. ((J) PC:UC:TO:CO, 6.2:1:4.2:2.1; (O) PC:SM:UC:TO:CO, 4.4:1.8:1:4.2:2.1.
Mean + S.D., n=10. (c) The effect of microemulsion composition on the diameter and zeta potential of PEP3 microemulsion
preparations. Closed symbols and solid line number mean diameter, open symbols and dashed line zeta potential. ([J)
PC:UC:TO:CO, 6.2:1:4.2:2.1; (O) PC:SM:UC:TO:CO, 4.4:1.8:1:4.2:2.1. Mean + S.D., n = 10.
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those found in native LDL (Skipski et al., 1967).
The results generally follow the same trends re-
ported in Fig. 2 with some interesting deviations.
Both PEP1 and PEP2 show a reversal of zeta
potential with little change in diameter whilst
PEP3 induces large alterations in both parame-
ters. Within different lipid mixtures only PEPI
exhibited a significant difference in zeta potential
between the lipid formulations even although all
have similar values before incorporation. This
effect may be related to the cholesterol anchor
since in liposomal systems it is known that differ-
ent interactions occur between either PC or PC/
SM mixtures and cholesterol. Solubilisation of
cholesterol by phospholipids is critically depen-
dent on van der Waals interactions between the
steroid ring and the acyl chains (Darke et al.,
1972) and is favoured by saturated hydrocarbons.
The interaction between cholesterol and SM is,
therefore, greater than cholesterol and PC, as the
only unsaturated acid in SM is nervonic acid
compared with oleic, palmitoleic or linoleic in PC.
SM formulations may, therefore, promote interac-
tion resulting at any given concentration in a
greater magnitude of change to zeta potential.
The incorporation of UC into the formulation
would mitigate this effect and the results in Fig.
4a seem to support this hypothesis. When retinoic
acid only is employed as the lipid anchor, PEP2
Fig. 4b, this effect is not evident and no difference
in interaction is seen. The results of PEP3 do not
follow this trend probably because the measured
diameter also changes dramatically on peptide
addition. The results suggest a similar behaviour
of the amphiphatic peptides to apoproteins where
interaction can vary depending upon phospho-
lipid composition. However, this will require fur-
ther investigation to confirm the magnitude of the
interaction.

4. Conclusions

The synthetic amphiphatic peptides employed
in this study incorporate into the surface of lipid
microemulsions in a concentration dependent
manner. The interaction results in changes in par-
ticle size and zeta potential, which can be related

to the amphiphatic peptide’s chemical structure
notably the number and type of lipid anchors and
length of peptide sequence employed. Once at-
tached to the microemulsion particle’s surface, the
amphiphatic peptide is responsive to changes in
the external environment and zeta potential is pH
dependent. If the amphiphatic peptide contains
cholesterol as a lipid anchor the interaction is also
influenced by the microemulsion particle’s lipid
composition. The resultant particles have physico-
chemical properties, which are comparable to na-
tive LDL, with slightly larger diameter but a
controllable zeta potential. The results presented
illustrate that a synthetic analogue of LDL con-
taining a receptor binding sequence from Apo B
can be prepared using this simple technique. Fur-
ther studies will now be conducted to determine
the biological competency of these systems for the
LDL receptor.
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