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ABSTRACT - Purpose: To develop a simple method to extract the whole apolipoproteins (apo) including
apoA-I in native high density lipoproteins (HDLs) and prepare discoidal Tanshinone IIA-loaded
reconstituted HDL (TA-rHDLs) as a dual functional drug delivery system with plaque-site target and
therapeutic promises in atherosclerotic lesions. Methods: A method based on isoelectric precipitation
coupled with organic solvent precipitation was developed to isolate the whole apolipoproteins (apos).
TA-rHDLs were prepared by incubating the resultant apos with liposomes and the incubation conditions
were optimized using fluorescence quenching experiment. TA-rHDLs were characterized in terms of size,
zeta potential, morphology, interaction between lipid and apos, safety, and bionic function. Results: The
extraction results showed that the yield of the HDL apos was 82.4%, with 59% being apoA-I type, similar
ratio of apoA-I in the native apos. TA-rHDL prepared were disc-like with an average diameter of 157.6 + 4.8
nm, zeta potential of -20.90 + 0.15 mV, and entrapment efficiency of (90.13 + 1.4) %. The interaction
between the lipids and apos was electrostatic and hydrophobic force and was associated with amino acid
sequence. Haemolysis and cytotoxicity assays showed good biocompatibility of TA-rHDL. Sterol efflux
assay from macrophages mediated by TA-rHDLs and structure remodeling behavior from discs to spheres
proved that TA-rHDL could resemble the biological activity of native nascent HDL irrespective of the size.
Conclusions: The simple approach to isolate apos may provide a convenient and economical resource to
support the development of rHDL as a potential targeting nanocarrier for lipophilic cardiovascular drugs.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page.

INTRODUCTION cells and remodel their structure, yielding spherical

HDL under lecithin:cholesterol acyl transferase
It has been well established that high-density (LCAT) which convert free cholesterol to
lipoproteins (HDLs) are the main actor in the cholesteryl ester (CE) (4). In the past decades,
process known as reverse cholesterol transportation reconstituted HDLs (rHDLs) in nascent form have
(RCT), in which HDLs promote the transportation shown therapeutic promise for regression of
of excess cholesterol from extra-hepatic or atherosclerotic lesions (5, 6). Recently, rHDLs have
peripheral tissue to the liver for elimination through been utilized as delivery carriers due to its
the biliary system (1, 2). Natural HDLs, with a attractive attributes (7, 8) such as capability
Stoke’s diameter of 5-17 nm (3), exist in two (hydrophobic cores or phospholipids bilayers) for
different forms: one is nascent in discoidal shape, lipophilic drugs (9, 10), prolonged half-life and

the other is matured in spherical shape. The endogenesis. In our previous studies, reconstituted
discoidal HDLs consist of hydrophobic lipid HDL nanocarriers (11, 12) in two forms have
bilayers (phospholipid and cholesterol) wrapped shown therapeutic effect of carriers and also

with apolipoproteins (apos). The spherical HDLs
have a hydrophobic core of triglycerides and

cholesterol esters coated with a monolayer of ) ) 0 ;- »
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target specificity towards the diseased vasculature
in atherosclerotic rabbits (13).

Early studies have shown that isolated apoA-I
could spontaneously interact with
phosphatidylcholine at its phase transition
temperature and form discoidal complexes (14), in
the presence of the detergent sodium cholate. And
the RCT role was reported to be mainly related to
the phospholipid bilayer and apoA-I-mediated
reaction (15). Hence, our hypothesis was that the
size of discoidal rHDLs was not supposed to
influence their structure and RCT effect as long as
phospholipids bilayer and apoA-I were ensured.
And more drugs would be loaded if the size of
rHDLs was enlarged. Although apoA-I is the most
abundant protein (roughly 70% of the HDL protein
mass) (16) component of HDLs, other apos in
HDLs such as apoA-II, apoE also play an essential
role in HDL-therapy of coronary artery disease (17,
18). Therefore, the whole apos in HDLs were
preferred to the single apoA-I to constitute the drug
delivery system with carrier therapeutic effect.
However, one of issues for rHDL preparation is the
necessity to isolate apos as a starting material by
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consuming huge amount of human serum (19) or
resort to cell expression systems that secrete
recombinant human apos (20, 21). In the latter, the
procedures to gain apos are very sophisticated in
order to avoid immunological responses aroused by
heterology.

In this paper, an economical and alternative
method to obtain whole apos on HDLs from
industrial waste during the production of albumin
was introduced. The resultant product was used in
the formulation of size-enlarged discoidal rHDLs
using Tanshinone ITA (TA) as a model drug, a
naturally occurring anti-atherosclerotic agent. To
test the activity of extracted apos and prove the
bionic function of size-enlarged rHDL, TA-rHDLs
were prepared under mild conditions and tested by
studying the sterol efflux mediated function and
structure remolding behavior resembling native
HDLs. The properties of TA-rHDLs such as
morphology, entrapment efficiency (EE), size and
distribution, interaction between apolipoproteins
and lipid cores, biocompatibility were also
characterized. The main contents of this work are
presented graphically in Figure 1.
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Schematic diagram of preparation procedure and bionic characterization for discoidal TA-rHDLs.
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MATERIALS AND METHODS

Materials

Tanshinone ITA (98% pure) was purchased from
Xi’an honson biotechnology Co., Ltd. (Xi’an,
China). Fraction IV (FIV) precipitate (the raw
material for extraction of apos) was kindly gifted
by Tonrol Bio-Pharmaceutical Co., Ltd (Anhui,
China). The precipitate is white powder and
preserved at -70 °C before use. Lipoid S 100 was
obtained from Lipoid GmbH (Ludwigshafen,
Germany). Egg lecithin PC-98T was supplied by
Advanced Viecle Technology L.T.D. Co (Shanghai,
China).  Cholesterol was  purchased from
Sigma-Aldrich Co., Ltd (Shanghai, China).
Sephadex G50 was purchased from Pharmacia
(Uppsala, Sweden). RAW 264.7 cells were obtained
from American Type Culture Collection. Native
HDLs were prepared by two-step ultracentrifuge in
our laboratory (22). All other reagents used in this
study were of analytical grade except methanol of
chromatographic grade.

Extraction of apolipoproteins in HDLs

A so called FIV precipitate, generated as waste
during industrial production of albumin in human
serum, was employed to extract apos in HDLs.
Approximately, 50% of in vivo apoA-I was retained
in FIV precipitate.

In our study, a novel method based on
isoelectric  precipitation coupled with organic
solvent precipitation method was adopted to isolate
whole apos in native HDLs from the FIV
precipitate: Firstly, 15 g FIV was suspended in 150
ml phosphate buffer saline (PBS, 0.02 M, pH=5.5)
allowing sufficient dissolution of the soluble
impurities. Anhydrous ethanol was added (final
concentration 20%), and the resulted suspension
was centrifuged at 13 000 r/min and 4 ° C for 20
min (Hitachi Himac CR 21G, Tokyo, Japan). The
sediment was collected and resuspended in 100 ml
PBS (0.05 M, pH=6.6), then 10 ml anhydrous
ethanol was added and a second centrifugation step
was performed with the same condition. The
supernatant was pooled and filtered through 0.8 um
filters. The filtrate was adjusted to pH=5.5 using
PBS (1.65 M, pH=3.6) containing 18% ethanol and
centrifuged with the same condition to get the
sediment, which was expected to be HDLs.

To separate the apos from the lipids in the
HDLs, the HDLs were suspended in 1 ml Tris-HCl
buffer (0.01 M, pH 8.0) and added dropwise into 50
ml ethyl ether: ethanol (2:3) allowing delipidation

for 12 h. The apos were obtained from the
precipitate after centrifuge. The solid apos were
obtained after lyophilization and stored at -70 °C
until use. FIV was also delipidated with the same
procedure in order to estimate the extraction yield.

Verification of the extracted apolipoproteins

To ensure the apos extracted were free of lipid and
to determine their composition, the delipidation
efficiency was determined by Bradford method (23).
The extracted HDLs before delipidation were
stained by Sudan Black and determined by agarose
gel electrophoresis as described previously (12),
and the delipidated FIV precipitate and the
extracted apos were both applied for sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) as described previously (12). After
completion of electrophoresis, the gels were
photographed with gel image system (GelDoc 2000,
Bio-Rad, Hercules CA, USA). The molecular
weight of protein was calculated by linear
regression between migrated distance and logarithm
of molecular weight.

Western blotting was employed to confirm the
extracted apos containing apoA-I. After being
separated by SDS-PAGE, apoA-I was transferred to
nitrocellulose membranes (100 V, 4 ° C, 90 min)
and detected with a polyclonal goat anti-human
apoA-I antibody (Abcam, cambridge, UK),
followed by a horseradish peroxidase-conjugated
donkey anti-goat IgG (Santa Cruz, CA, USA).
Detection was performed using the enhanced
chemiluminescence (ECL) method.

The concentrations of proteins in delipidated
FIV precipitate and extracted apos were determined
using Coomassie kits (Jiancheng Bioengineering
Institute, Nanjing, China) based on the protocol
provided. Densities and areas of band signals on
SDS-PAGE gels were quantified using software
Quantity One (version 4.0, Bio-Rad) to determine
the percentage (D;) of apoA-I in the extracted apos
or the percentage (Dy) of apoA-I in the defatted FIV.
By the mean of apoA-I, the extraction yield of apos
(P) was calculated based on the following formula:

Q)

Where M, is the average mass of extracted
apos from each batch and M,,, is the average mass
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of total protein in the defatted FIV precipitate from
each batch.

Preparation of TA-rHDLs

Two procedures were implemented to prepare
TA-rHDL discs: construction of the TA liposomes
(named as TA-rHDL cores) and subsequent
incubation with apolipoproteins.

The TA liposomes were prepared by a thin-film
dispersion method. Briefly, TA, lecithin and
cholesterol (weight ratio=0.5:3:6) were dissolved in
dehydrated alcohol and dried in an eggplant-shaped
flask. Tris-HCI buffer (15 ml, 0.1 M KC1, 1 mM
EDTA, pH 8.0) with or without sodium cholate was
added to hydrate the thin-film, then the mixture was
vortexed thoroughly for 5 min, followed by
ultrasonication  for 300 s using an
Ultrahomogenizer (JY 921II, Ningbo, China) until a
clear suspension was obtained. The TA liposomes
were then obtained by filtering through 0.22 pm
filters to remove larger particles.

The TA-rHDL discs were prepared by the
sodium cholate reconstitution method (14). The TA
liposomes obtained above were incubated with the
extracted apos with or without sodium cholate
(Sodium cholate could be added either in the
hydration medium or in the preformed TA
liposomes suspension). Fluorescence quenching
experiment was performed to determine the optimal
conditions in order to achieve the highest apos
coupling efficiency for TA-rHDLs. In the last,
TA-rHDLs were dialyzed to remove sodium cholate
using dialysis bags (MW cut off 14,000 Da) against
0.15 M NaCl, 1 mM sodium EDTA, and 0.01 M
Tris-HCI buffer.

Formulation and technique optimization of
TA-rHDLs

The intrinsic fluorescence quenching experiments
can reveal the interaction of tryptophan residues in
apos with lipid cores, which reflects the apos
coupling efficiency with lipids in TA-rHDLs.
Fluorescence spectra and integrated intensities were

recorded with a  Shimadzu  RF-5301PC
fluorescence spectrophotometer using 282 nm
exciting light and 5 nm  excitation and
emission slit widths. Specifically, spectra were

recorded at 25 °C by adding same concentration of
TA-rHDLs into KI with concentrations ranging
from 0 to 0.3 M. The 2.5 M KI stock solutions
contained 1 mM NaxS;04 in order to prevent I3
formation. The results were analyzed by the
Stern-Volmer equation as modified by Lehrer (24):

@

where Fy is the initial integrated fluorescence
intensity, 4F is the difference between Fy and the
observed fluorescence intensity at each KI
concentration, f, is the fraction of exposed
tryptophan residues, and K is the Stern-Volmer
constant.

The percentage of apos anchoring to the
TA-rHDL cores were estimated through f, which
can be calculated from the y-axis intercept of the
linear plot of F,/AF against 1/[KI]. Therefore, a
low f, value would indicate low ratio of exposed
tryptophan residues in TA-rHDLs, which reflects
high coupling efficiency between the apos and
lipids in TA-rHDLs. Different types of lecithin
from soybean and egg, quantity of sodium cholate
and apolipoprotein, order of adding sodium cholate
during or before incubation with apos, incubation
duration period were screened by comparing
apolipoprotein coupling efficiency. Specifically,
apos powder were dissolved in TA-rHDL core
suspensions, then stirred (600 rpm) at 4 ° C (The
formulation design was listed in Table 1). Then the
fluorescence quenching experiments described
above were carried out to calculate exposure ratio
of tryptophan residues f,. The optimal preparation
conditions would be determined by the lowest ;.

Interaction of apolipoproteins with lipid cores

To investigate the binding interaction between the
lipid cores and apos, neutral (without sodium
cholate), negative-charged (sodium cholate was
added in hydration medium before incubation with
apos) and positive-charged lipid particles
(octadecylamine was added with phospholipid
before incubation with apos) were prepared to
incubate with apos. Denatured apos with altered
space conformation obtained by heating at 95 °C
were also employed to explore the influence of
protein conformation and amino acid sequences on
binding force. After incubating different TA-rHDL
cores (TA liposomes) with apos denatured or not,
intrinsic fluorescence quenching experiments were
undertaken to determine the binding force by
comparing the exposure ratio of tryptophan
residues f;.

Size, zeta potential and entrapment efficiency
Size and zeta potential of TA-rHDLs were
measured with dynamic light scattering (DLS)
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using a Zetasizer 3000 HSA (Malvern, U.K.).
Samples were diluted appropriately with aqueous
phase prior to the measurements.

Drug entrapment efficiency was determined
using the mini-column centrifugation method (25).
The concentrations of TA entrapped in the
TA-rHDLs (C) and the total drug in TA-rHDLs
suspension (Cp) were determined by HPLC,
respectively, after dilution with absolute ethanol.
Entrapment efficiency was calculated with the
following formula:

C
EE(%) = o X 100
0 3)

Visualization by transmission electron microscopy
(TEM)

The microstructures of rHDLs before and after
incubation with apos were all examined by TEM
(H-7650, Hitachi, Japan) with negative stain
method. Samples were diluted appropriately with
aqueous phase before preparation for TEM. A drop
of each sample was applied to a copper grid coated
with carbon film and air-dried; 2% (W/v)
phosphotungstic acid (PTA) solution was then
dropped onto the grids. After being negatively
stained and air-dried at room temperature, the
samples were accomplished for the TEM
investigation.

Haemolysis tests

Fresh rabbit blood was centrifuged at 1500 rpm for
15 min. The supernatant was removed and the
resultant concentrated red blood cells (RBCs) were
washed with 0.9% sodium chloride solution. This
process was repeated twice and RBCs were
resuspended with normal saline to an approximate
concentration of 2% (v/v). TA-rHDLs, their lipid
cores (TA liposomes) and blank rHDLs all before
and after dialysis, normal saline (as negative
control) and distilled water (as positive control)
were mixed with a suspension (2%, w:v) of fresh
rabbit red blood cells. TA formulations were
diluted by normal saline with the dilution factors of
5, 6.25, 8.3, 12.5, and 25 to obtain different drug
concentrations of 1.2, 1.5, 2, 3 and 6 pg/ml. Drug
loading was all kept at 4.6%, therefore, the lipid
concentrations were 24.9, 31.1, 41.5, 62.2, 124.4
pug/ml, respectively. The blank HDLs were also
diluted to the same lipid concentrations. After

incubation at 37 °C for 3 h, the sample was
centrifuged at 1500 rpm for 15 min. The
absorbance of released hemoglobin in the
supernatant for different samples was measured by
UV spectrophotometer at 577 nm and the
morphology of incubated red blood cells was
visualized under a microscope (Nikon eclipse Ti-S,
Japan). The absorbance of positive control was set
as 100% haemolysis while that of negative control
indicates 0% haemolysis. The following equation
was used in order to determine the percentage of
haemolysis:

Structure remodeling of TA-rHDLs under the
action of LCAT

Since the cholesterol was converted to ester during
structure remodeling, cholesterol residue after
reaction under LCAT could be used to evaluate the
structure remolding degree of TA-rHDLs. LCAT
were extracted by the method reported by Matz and
Jonas (26). The average specific activity was
assayed with Genmed LCAT kit (Genmed
scientifics U.S.A) around 38 nmol CE/min/ml.
LCAT were added in 100 pL blank rHDLs and 100
pl mercaptoethanol in pre-equilibrium buffer and
incubated on a shaking-bed (SHZ-82A, Jintan,
China) under 120 rpm at 37°C for 10 min, 20 min,
30 min, 45min, 60 min, respectively. After that, the
reaction was stopped by adding cyclohexane to
extract cholesterol from incubation solution. Then
the cholesterol in cyclohexane was determined by
pre-column derivation method as described above.

Blank rHDLs and TA-rHDLs with the same
size and different drug-loading levels (0%, 1.2%,
3.1%, 4.6%) were prepared and employed to
investigate the effect of drug loadings on structure
remodeling. Then the remolding reaction was
conducted under the same condition and cholesterol
residue was measured as described above.

The structure remolding behavior of TA-rHDLs
was also observed by TEM. TA-rHDLs (100 pnl)
were incubated with LCAT in 100 pl
mercaptoethanol in pre-equilibrium buffer and
incubated on a shaking-bed under 120 rpm at 37°C.
Then the enzymatic reaction was stopped after
optimum duration by adding vitamin C before
observation. Then the TA-rHDLs were taken to
prepared transmission electron microscopy (TEM)
samples as routine procedure.
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Haemolysis(%) =

STATISTICAL ANALYSIS

Data reported were arithmetic mean values +
standard  deviation.  Statistically  significant
differences were determined using two-tailed
Student’s t-test with p< 0.05 as a level of
significance.

RESULTS AND DISCUSSION

Identification of extracted apos

Native HDLs and extracted HDLs presented one
same band in agarose gel electrophoretic pattern
(Figure 2 A), which indicated high purity of
isolated HDLs without other lipoproteins. The apos
delipidated from isolated HDLs were white powder
with a protein rate of 96.81% determined by
Coomassie kit, indicating efficient delipidation.
SDS-PAGE (Figure 2 B) for both extracted apos
and proteins in FIV precipitate showed a major
band at the molecular weight (MW) of 28.7 KDa,
which is corresponding to the molecular weight of
apoA-I. This was further confirmed by positive
western blot assay (Figure 2 C). The percentage of
apoA-I in the total proteins of FIV and the extracted
apos determined by Quantity One software were
19.3% and 58.8%, respectively. The increased ratio
of apoA-I suggested that the apos belonging to
HDL were refined from FIV precipitate. The ratio
of apoA-I in the extracted apos was similar to that
reported in the native apos of HDLs (58.8% v.s.

450
50 —

E0

184 —
Ll ——

% 100 )

ABS positive control ~APF nsgative control

70%). Given 85 mg of apos was obtained from 15
g FIV precipitate, the yield of apoA-I, therefore,
was calculated according to equation (1) as 82.4%.

Preparation of TA-rHDLs

Lipid cores (TA liposomes) were more stable and
little drug leaked out at low temperature in our
preliminary experiments. In addition, sonication
method which could facilitate apo binding with
lipids might result in denaturation of apos due to
the cavitation stress it involved for local
temperature extremes (27) and free radical
formation (28). To ensure the activity of apos and
high EE of TA-rHDL, a mild rate of 600 rpm was
employed at 4 °C alternatively for all the following
formulation studies.

Judging from the results of fluorescence
quenching experiments as shown in Table 1,
incubation time had no effect on apo coupling
efficiency evidenced by no significant f, between
formulation No. 1, 9, and 10. Therefore, 4 h was
chosen as optimal incubation period. Although the
coupling efficiency was slightly smaller when apos
used were 14 mg compared to 7 mg, the apo
coupling quantity (total mass of apos x apo
coupling efficiency) was the most (Formulation No.
1, 7, 8), so 14 mg of apos was utilized. Lecithin
(Formulation No. 2 v.s. 1), order of adding sodium
cholate (Formulation No. 3 v.s. 1) and quantity of
sodium cholate (Formulation No. 4, 5, 6 v.s. 1) all
significantly affected apo coupling efficiency.

C

— 1pﬂ.’t-l

Figure 2. Agarose gel (A), SDS-PAGE (B) and Western blotting (C) electrophoretic patterns for different samples. 1:
native HDLs, 2: extracted HDLs, 3: molecular weight standards, 4: apos in the extracted HDLs, 5: apos in the FIV
precipitate, 6: apoA-I in native HDLs, 7: apoA-I in the extracted HDLs.
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Ultimately, the optimal conditions (Formulation No.

7) were determined with the highest apo coupling
quantity for TA-rHDLs: 5 mg sodium cholate was
added in the water phase during lipid potion
preparation (before incubation) and 2 ml of
TA-THDL cores (TA liposomes) prepared with
soybean lecithin were incubated with 14 mg apos
under 600 rpm stirring at 4 °C for 4 h.

Characterization of TA-rHDLs

The population of TA-rHDLs cores (TA liposomes)
was relatively more homogeneous in size, with poly
distribution index (PDI) increased after incubation
with apos. As expected, the coupling of apos
influenced the zeta potential values. The increased
absolute value of zeta potential in TA-rHDLs after
incubation further proved the incorporation of the

amphipathic apos, which was negative charged in
Tris-HCI buffer (pH=8.0). The increased size was
also confirmed by TEM, which indicated that
TA-rHDLs might form a complex of lipid cores
coated with apos. TA-rHDL cores (TA liposomes)
(Figure 3 A) were demonstrated liposomes but
changed to heterogeneous discoidal stacks and
stacked together (26) after incubation with apos
(Figure 3 B), which offered an explanation for the
particle size heterogeneity. It has been proposed
that apos would adopt a helical “hairpin” model
which make liposomes discoidal (29) after binding
with liposomes. The structural change after
incubation from round vesicles to discoidal stacks
may be the main reason for decreased EE after
incubation and were same with our previous study

(13).

Table 1. Fluorescence quenching results of TA-rHDL prepared with different formulae and technique (mean + SD, n=3).

Quantity of Quantity of
Order of adding Incubation
No. type of lecithin . sodium cholate apolipoproteins . Ja
sodium cholate period (h)
(mg) (mg)
o Added before
1 Soy lecithin ) ) 5 7 4 0.264+0.01
incubation
. Added before
2 Egg lecithin* . . 5 7 4 0.380+0.01
incubation
. Added during
3 Soy lecithin ] ) 5 7 4 0.502+0.02
incubation*
. Added before
4 Soy lecithin . . 2.5% 7 4 0.318+0.01
incubation
. Added before
5 Soy lecithin . . 10%* 7 4 0.428+0.03
incubation
. Added before
6 Soy lecithin ) ) 20%* 7 4 0.422+0.03
incubation
o Added before
7 Soy lecithin ] ) 5 14 4 0.297+0.01
incubation
. Added before
8 Soy lecithin . . 5 21%* 4 0.546+0.01
incubation
. Added before
9 Soy lecithin ) ) 5 7 8 0.267+0.01
incubation
. Added before
10 Soy lecithin . ) 5 7 12 0.268+0.01
incubation

*means significant differences vs formulation 1.
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Table 2. Size, PDI, zeta potential, and EE of different TA formulations (means + SD, n=3).

Formulations Size (nm) PDI Zeta potential (mV) EE (%)
TA liposomes 51.9+£23 0.132+0.017 -0.31+£0.04 98.25+ 1.1
TA-rHDLs 157.6 £4.8* 0.347 £0.015 -20.90 £ 0.15* 90.13+ 1.4

*means significant differences vs TA liposomes.

Figure 3. Representative TEM photographs of TA-rHDL cores (A), TA-rHDLs (B) and TA-rHDLs after incubation
with LCAT in 100 pL mercaptoethanol in pre-equilibrium buffer for 30 min at 37 °© C (C and D). D is higher

magnification for C.

Interaction of apolipoproteins with lipid cores

The f, values (fraction of exposed tryptophan
residues) of the fluorescence  quenching
experiments (Table 2) suggested that an increased
ratio (about 1/4) of the fluorophores from 0.744 to
0.966 in the free apos after denaturation were
accessible to be quenched by KI. After denaturation,
all the tryptophan residues in the sequence of

apoA-I were exposed without spatial hindrance and
could be quenched by KI. If the contributions to the
overall fluorescence by all four tryptophan residues
in apoA-I are similar, then only one tryptophan
residue (1/4) appears to be inaccessible in spatial
structure to the environment. This suggested the
apos used for reconstitution of TA-rHDLs had the
similar ratio of Trp residues to that of the
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commercial pure apoA-I (30). Although the apos
used in this study were mixture in which apoA-I
accounted for ~60%, other kinds of apo seemed not
to contribute to f, value. Therefore, the fluorescence
quenching method could apply to study the binding
of the whole apos in the HDL with lipid cores.
Generally, the interactions between the apos
and lipid cores in the native HDLs are considered to
be non-covalent binding (29, 31). The interaction of
apos with lipid cores could be investigated by the
decreased f. (fraction of exposed tryptophan
residues) in the TA-rHDLs since tryptophan
residues of apos interacted with the lipid cores
could not be quenched by KI. It was found that the
negatively charged lipid cores prepared with
sodium cholate had higher binding with apos than
those prepared with octadecylamine or no
surfactant. This was possibly due to the stronger
electrostatic interaction between lipid bilayers and
the positively charged residues of apos in apoA-I.
The differences in affinity were not simply related
to the distribution of charge residues along the axis
of the helix of the apos but also related to their
hydrophobic moment (31). A lower f, for neutral
rHDLs compared to free apos proved this point. It
was reported (29) that the amphipathic a-helices
separated by Pro residues allow the interaction of
the protein with phospholipids through its
hydrophobic face, while the hydrophilic face of the
helices interacts with aqueous phase. In addition,
TA-rHDLs prepared with denatured apos had less
accessible tryptophan residues to quench than
denatured apos in free form, suggesting that its

lipid-binding was more associated with amino acid
sequence than spatial conformation.

Haemolysis tests

As shown in Figure 4, despite the same
concentration of drug in TA-rHDLs and their cores
(TA liposomes), their haemolysis effect was quite
different. It was found that TA-rHDLs with apos,
irrespective of dialysis, only caused less than 5%
haemolysis at all concentrations. Moreover, the red
blood cells manifested intact and biconcave shape
visualized by a red point in the middle of cells
(Figure 5 E, F), except that their aggregation status
was a little different. The aggregation of red cells
may be induced by sodium cholate or exposed apos
on TA-rHDLs before dialysis. However, TA-rtHDL
cores (TA liposomes) could lead to 16% haemolysis
even at the lowest concentration and the haemolytic
effect ~was  concentration-dependent. ~ Their
haemolysis toxicity aggravated after dialysis, which
could be explained by the possible drug leakage
from TA-rHDL cores (TA liposomes) during
dialysis. Inferred from nonhaemolytic drug free
rHDLs irrespective of dialysis (Figure 5 C, D) and
the drug concentration-dependent haemolytic
toxicity, the drug exposure on the membrane of
TA-tHDL cores (TA liposomes) should be
responsible for the haemolysis. TA-rHDLs formed
a structure (11) of TA-rHDL cores surrounded by
amphiphilic apos which can prevent drug leakage
and isolate drug from interaction with red blood
cells.

Table 3. Fluorescence quenching results of apolipoproteins by KI in different forms and binding with different

kinds of TA-rHDL cores (mean + SD, n=3).

Sample Jfa
Apoliporoteins (free form) 0.744+0.006
Denatured apos (free form) 0.966+0.017*
TA-rHDL (apos with neutral TA-rHDL cores) 0.501+0.004*
TA-rHDL (apos with negative-charged TA-rHDL cores) 0.262+0.002*
TA-rHDL ( apos with positive-charged TA-rHDL cores) 0.816+0.006*
TA-rHDL ( denatured apos with neutral TA-rHDL cores) 0.387+0.005*

*means significant differences vs apolipoproteins in free form.
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Figure 4. Haemolytic effect of different formulations after incubation with 2% (w:v) fresh rabbit red blood cells for 3 h
at 37 ° C (mean = SD, n=3). C: blank rHDLs without dialysis; D: blank rHDLs after dialysis; E: TA-rtHDLs without
dialysis; F: TA-rHDLs after dialysis; G: TA-rHDL cores without dialysis; H: TA-rHDL cores after dialysis.

Sterol efflux from cells

Cholesterol efflux capacity from macrophages, a
metric of HDL function, has a strong inverse
association with both carotid intima—media
thickness and the likelihood of angiographic
coronary artery disease (32). This study was
employed to investigate whether the drug-loaded
rHDLs with extracted apos still can mediate sterol
efflux from macrophages and exert potential
antiatherosclerotic effect of the carriers. The results
in Figure 6 shows the sterol content left in
macrophages after incubation with different
formulations. The less sterol content indicates
stronger sterol efflux capacity. It was found that
TA-rHDLs and TA-rHDL cores (TA liposomes)
both led to sterol efflux. The efflux was increased
with time and became steady after 24 h. TA-rHDLs
with lowest concentration (TA-rHDLI) significantly
promoted sterol efflux by 6.16%, which was more
than that of TA-rHDL cores (TA liposomes) with
high concentration (3.53%). However, BSA as the
negative control and free drug showed no
differences between various incubation periods,
which suggested no interference on sterol efflux by

BSA or the drug. Figure 6 also shows that the
concentration of TA-rHDLs was positively
correlated with its sterol efflux capacity, indicating
the concentration of TA-rHDLs carriers instead of
TA was crucial in mediating sterol efflux. In
contrast, the sterol efflux capacity of native HDLs
was between those of low and middle concentration
of TA-rHDLs. Although higher concentration of
TA-rHDLs contained more cholesterol which was
included in their formulation, their sterol efflux was
higher without being influenced by the slightly
higher initial sterol level. It was reported that there
were ATP-binding cassette A1 (ABCA1)-mediated
(33) and scavenger receptor class B type I
(SR-BI)-mediated (34) cholesterol efflux with
apo-Al-containing rHDLs. Furthermore,
SR-Bl-mediated cholesterol efflux is
size-dependent in that large rHDLs promote more
efflux than small rHDLs (34). The enhanced efflux
of large rHDLs is probably due to a combination of
greater phospholipid content and more favorable
apoA-I conformation (35). Therefore, TA-rHDLs
with larger size may mediate cholesterol efflux in
the same way.
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Figure S. Representative micrographs of 2% (w:v) rabbit red blood cells incubated with different samples for 3 h at 37
° C. A: normal saline (negative control); B: distilled water (positive control); C: blank rHDLs without dialysis; D: blank
rHDLs after dialysis; E: TA-rHDLs without dialysis; F: TA-rHDLs after dialysis; G: TA-rHDL cores without dialysis;

H: TA-rHDL cores after dialysis.

Structure remodeling of TA-rHDLs

Remodeling of the HDLs from the discoidal form
to the spherical was important process of reverse
cholesterol transport in vivo which was considered
as the key protective and therapeutic mechanism of
HDLs toward atherosclerosis. Here the remolding
process was mimicked by incubating disk-like

TA-rHDLs with LCAT and determined in terms of
decreased cholesterol content and microstructure.

As shown in Figure 7 (A), the percentage of
free cholesterol decreased most after reacting for 30
min, indicating that 30 min may be the optimal
period for structure remolding of rtHDLs.
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Figure 6. Sterol content in 1000 000 macrophages after incubation with different test samples (mean £SD, n=6) for 36
h at 37 ° C. TA-rHDLI: low concentration of TA-rHDLs (1 pg/ml TA); TA-rtHDLm: middle concentration of TA-rHDLs
(2 pg/ml TA); TA-rHDLh: high concentration of TA-rHDLs (4 pg/ml TA); TA-rHDLh cores: high concentration of TA
liposomes (4 pg/ml TA); Free drug solution: 4 pg/ml TA.
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Figure 7. A. Cholesterol residue in TA-rHDLs (drug loading was all kept at 4.6%) after incubation with LCAT for
different time periods at 37 °C (mean £ SD, n=3). B. Cholesterol residue in TA-rHDLs with different drug loadings
after incubation with LCAT for 30 min at 37 °C (mean £ SD, n=3). The initial content of cholesterol in TA-rHDLs at
“0” time point was considered as 100%.
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The concentration of cholesterol residue after 30
min determined by HPLC changed from 0.34 to
0.21 pmol/ml, which decreased 37.37% compared
to the initial cholesterol content (seen as 100%).
However, cholesterol residues were increased after
reacting over 30 min. This may be explained by
renewed generation of cholesterol from CE
hydrolysis for long periods. Hence, 30 min were
selected as the optimal reaction period. As for the
drug loading, compared to blank rHDLs,
cholesterol residue percentages were slightly higher
with drug loaded rHDLs. However, there were no
significant differences (p>0.05) between them and
between different drug-loading levels. This
indicated few effects of drug on structure
remodeling behavior of rHDLs with drug-loading
in the range of 1.2%~4.6%.

The structure remodeling was also observed by
TEM. Seen from Figure 3, TA-rHDLs were
predominately discs before reaction (Figure 3 B).
Then most of them appeared to be round with or
without a water cavity (Figure 3 C, D) after
addition of LCAT for 30 min. From the results of
this study, it was evident that the apos extracted
from FIV precipitate can activate LCAT to catalyze
remolding reaction. Also, TA-rHDL discs with a
magnified size could still remold their structure.

CONCLUSIONS

A simple method was introduced to extract the
whole apolipoproteins (apos) in native HDLs from
industrial waste. TA-rHDLs prepared using the
extractant were demonstrated discs resembling
native nascent HDLs, whereas their cores without
apos were similar to liposomes. Apos corona in
TA-rHDLs increased their structural stability and
biocompatibility. TA-rHDLs with enlarged size
were testified to be bionic to mediate sterol efflux
and remold structure by the action of LCAT, which
were key steps for function of reverse cholesterol
transportation belonging to native HDLs. Therefore,
the extracted apos from FIV precipitate can
maintain the biological function of native HDLs.
rHDLs could be potential nanocarriers for
lipophilic cardiovascular drugs and simultaneously
provide dual therapeutic effects of drug and
carriers.
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