
P

S
t

W
a

b

c

a

A
R
R
A
A

K
R
D
S
F
A

1

(
v
a
2
p
p
o
b
t

n
t
l
I
e
s
l

z

0
d

International Journal of Pharmaceutics 419 (2011) 314– 321

Contents lists available at ScienceDirect

International  Journal  of  Pharmaceutics

journa l h omepa g e: www.elsev ier .com/ locate / i jpharm

harmaceutical  Nanotechnology

tructure  and  remodeling  behavior  of  drug-loaded  high  density  lipoproteins  and
heir  atherosclerotic  plaque  targeting  mechanism  in  foam  cell  model

en-Li  Zhanga,  Yan  Xiaoa,  Jian-Ping  Liua,∗,  Zi-Mei  Wub,∗∗,  Xiao  Gua, Yi-Ming  Xuc, Hui  Luc

Department of Pharmaceutics, China Pharmaceutical University, Nanjing 210009, PR China
School of Pharmacy, University of Auckland, Private Bag 92019, Auckland, New Zealand
Atherosclerosis Research Centre, Nanjing Medical University, Nanjing 210029, PR China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 19 April 2011
eceived in revised form 25 July 2011
ccepted 26 July 2011
vailable online 30 July 2011

eywords:
econstituted high density lipoproteins

a  b  s  t  r  a  c  t

This  study  is  one  of  the  first to  test  the  relationship  of  formulation  and  structure  of  reconstituted  high
density  lipoproteins  (rHDL),  drug  behavior  involved  in  remolding  process  and  their targeting  mechanism
in  a foam  cell  model.  Tanshinone  IIA-loaded  rHDL  (TA-rHDL)  with  different  formulations  and  techniques
were  prepared  and  characterized.  The  targeting  mechanism  and  drug  behavior  involved  in  remolding
process  were  undertaken  using  a foam  cell  model.  TA-rHDL  prepared  with  cholesteryl  ester  (CE)  and
glycerol  trioleate  (TG)  were  spheres,  or else  discs.  Guanidine  hydrochloride  denaturation  experiments
showed  increased  stability  with  TA-rHDL,  compared  to  free  apos.  Phagocytosis  tests  demonstrated  that
iscoidal rHDL
pherical rHDL
oam cells
therosclerotic plaque targeting

the spherical  TA-rHDL  had  targeting  effect  for  foam  cells  through  the  scavenger  receptor-BI  and  CE-TG
interchange  with  TG-rich  lipoproteins  pathway  under  cholesteryl  ester  transfer  protein.  Discoidal  TA-
rHDL  could  reconstruct  to spheres  and  target  via  a  similar  route  as TA-rHDL  spheres,  showing  a  higher
targeting  efficiency.  Lipophilic  Tanshinone  IIA could  be  re-entrapped  in rHDL  after  remolding  from  discs  to
spheres  and  uptaken  more  by  foam  cells.  Discoidal  rHDL  may  serve  as  potential  nanocarriers  for  targeting
lipophilic  cardiovascular  drugs  to  atherosclerosis  plaque.
. Introduction

It has been well established that high-density lipoproteins
HDL) play a protective role against the development of cardio-
ascular diseases (Linsel-Nitschke and Tall, 2005) due to their
nti-atherogenic and anti-inflammatory properties (Barter et al.,
004). Reverse cholesterol transport (RCT) is considered as the key
rotective mechanism of HDL toward atherosclerosis. During RCT
rocess, HDL particles enable excess cholesterol from extra-hepatic

r peripheral tissues to be transported within the water-based
loodstream back to the liver for re-utilization or elimination
hrough the biliary system (Lusis, 2000; Viles-Gonzalez et al., 2003).

Abbreviations: rHDL, reconstituted high density lipoproteins; TA-rHDL, Tanshi-
one IIA-loaded reconstituted high density lipoproteins; CE, cholesterol esters; TG,
riglycerides; RCT, reverse cholesterol transportation; Apo, apolipoprotein; LCAT,
ecithin:cholesterol acyl transferase; SR-BI, scavenger receptor-BI; TA, Tanshinone
IA; DLS, dynamic light scattering; EE, entrapment efficiency; TEM, transmission
lectron microscopy; GdnHCl, guanidine hydrochloride; ox-LDL, oxidized low den-
ity lipoproteins; CETP, cholesteryl ester transfer protein; VLDL, very low density
ipoproteins.
∗ Corresponding author. Tel.: +86 25 83271293; fax: +86 25 83271293.

∗∗ Corresponding author. Tel.: +64 09 923 1709; fax: +64 09 367 7192.
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In healthy individuals, about thirty percent of blood cholesterol is
carried by HDL.

Natural HDL have a Stoke’s diameter of 5–17 nm (Assmann and
Nofer, 2003) and exist in two  different forms: one is nascent in
discoidal shape, the other is mature in spherical shape. The for-
mer  consists of apos, phospholipid bilayer and little cholesterol.
The latter has a hydrophobic core of triglycerides (TG) and choles-
terol esters (CE) covered with a monolayer of phospholipids in
which apolipoprotein (apos) are embedded (Ajees et al., 2006;
Libby et al., 2008; Thomas et al., 2008). The most abundant apo
in HDL is apoA-I, a highly �-helical, 28.3 kDa polypeptide, taking
up approximately 70% of the HDL protein mass (Vaisar et al., 2007).
ApoA-I promotes cellular cholesterol efflux, binds lipids, activates
lecithin:cholesterol acyl transferase (LCAT), and interacts with spe-
cific receptors, together with other apos such as apoA-II and apoE,
plays a principal active role in HDL-therapy of coronary artery dis-
ease (Saito et al., 2004; Song et al., 2009). Acting in conjunction
with LCAT which converts free cholesterol to cholesteryl ester,
modulated by many factors, nascent discoidal HDL are converted
and yield spherical HDL through remodeling the internal structure
(Pownall and Gotto, 1992).
In the past decades, reconstituted HDL (rHDL) have been inves-
tigated as a delivery vehicle for many lipophilic drugs (Lou et al.,
2005; McConathy et al., 2008; Oda et al., 2006) due to their attrac-
tive attributes. It was reported (Feng et al., 2008a,b; Lou et al., 2005)

dx.doi.org/10.1016/j.ijpharm.2011.07.039
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:liujianpingljp@hotmail.com
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hat the central components of spherical rHDL can be replaced
y hydrophobic drugs, while still maintaining the globular shape.
n the other hand, the drug may  be also entrapped in the phos-
holipid bilayer of the rHDL, forming liposome-like or discoidal
tructure. In addition, the discoidal rHDL administered systemically
ave high affinity with LCAT, resulting in subsequent remodeling
f the rHDL from the discoidal form to the spherical like the nat-
ral HDL (Nanjee et al., 1999). However, up to date there are no
eports available investigating the exact structures of drug loaded
HDL with different compositions or the drug behavior during rHDL
onversion. This conversion is envisioned to cause the drug leak out
r re-entrapped into lipid cores of the remodeled spherical rHDL,
esulting in different fates in vivo.

Recently, there are growing evidences showing the potential of
argeting effect of drug-free rHDL for atherosclerosis plaque. Skajaa
t al. (2010) have found that iron oxide core-HDL particles were
ble to circulate as single entities and enter the plaque sites indi-
idually, in a similar manner as native HDL in vivo. One possible
echanism of rHDL for other targeting tissues is considered to

e associated with direct targeting of apoA-I to the ABCA1 pro-
ein, ABCG-I and scavenger receptor-BI (SR-BI) receptors on the
oam cells in the arteries (Collet et al., 1999; Fitzgerald et al., 2010;
annis et al., 2006). While given the consideration of lipids transfer
etween HDL and different lipoproteins (Skajaa et al., 2010), the
ther mechanism may  be similar to the indirect targeting effect
Collet et al., 1999) realized by other TG-rich lipoproteins (e.g. very
ow density lipoproteins) in the blood. Atherosclerotic lesions are
haracteristic of many lipid-laden “foam cells” (Bobryshev, 2006),
hich are derived from the monocytes that invade the intima of

esion-prone areas in arteries and consequently become phagocytic
nd accumulate lipid. So far, the mechanisms by which the rHDL
arget atherosclerosis plaque have not been defined, neither have
rug-loaded rHDL.

The present study was to develop a drug-loaded rHDL system
ith dual roles of targeting the drug to atherosclerosis plaque

nd simultaneously providing therapeutic effect of the carrier.
anshinone IIA (TA), a well-known traditional Chinese medicine
or treating atherosclerosis, was selected as a model drug. In the
revious study from the laboratory (Zhang et al., 2010), TA-NLC
Tanshinone IIA loaded nanostructured lipid carriers) was  recon-
tituted only with lipid components of native HDL, which could
ompete for apos of native HDL in vitro. However, formulations with
he apos and their targeting potential or bionic function were not
onsidered. In this study, TA-loaded rHDL (TA-rHDL) with different
tructures have been constituted and characterized from the stand-
oint of a new drug delivery system including the particle size,
ntrapment efficiency, structure, and the apos–lipid interactions.
pecially, TA-rHDL with magnified size served as a tentative model
f native HDL to allow visualization of its structure and remodeling
ehavior. The study also aimed to explore the targeting potential of
A-rHDL as well as the mechanisms and structure factors involved
sing an in vitro foam cell model mimicking the atherosclerosis
laque.

. Materials and methods

.1. Materials

Tanshinone IIA (98% pure) was purchased from Xi’an hon-
on biotechnology Co., Ltd. (China). Lipoid S 100 was  obtained
rom Lipoid GmbH (Germany). Cholesterol and cholesteryl oleate

as purchased from Sigma–Aldrich chemie GmbH and Alfa
escar/Johnson matthey Co., Ltd., respectively. Glycerol trioleate
as product of Tokyo Kasei Kogyo Co., Ltd. (Japan). The whole

pos (97% pure) in HDL with 59% as apoA-I were isolated from the
 Pharmaceutics 419 (2011) 314– 321 315

industrial waste during production of albumin in our laboratory.
Sephadex G50 was purchased from Pharmacia (Sweden). Human
plasma was supplied by Nanjing Red Cross. RAW 264.7 cells were
obtained from American Type Culture Collection. Native HDL and
very low density lipoproteins were prepared by ultracentrifugation
in our laboratory. Oxidized low density lipoproteins of human were
purchased from Yuanyuan Biotechnology (Guangzhou, China).
Lipid-free BSA (A2000) was  supplied by APPLYGEN Technologies
(Beijing, China). Pancrelipase were obtained from Sigma–Aldrich
(L3126). �-Mercaptoethanol were purchased from Sigma–Aldrich.
All other reagents used in this study were of analytical grade except
methanol of chromatographic grade.

2.2. Preparation of drug-loaded spherical and discoidal rHDL

The preparation process consisted of construction of the lipid
cores and subsequent formation of TA-rHDL by incubation of the
lipid cores with apos. Formulations of lipid cores as nanoparticles
or liposomes were prepared with or without cholesteryl oleate (CE)
and glycerol trioleate (TG) using the following techniques.

The lipid cores of TA-rHDL were prepared by a nanoprecipita-
tion/solvent diffusion method as previously described (Zhang et al.,
2010) with (named as cores of TA-rHDLa) or without (named as
cores of TA-rHDLb) CE and TG except that sodium cholate was
added in the water phase to mediate later coupling with pro-
teins. Briefly, Tanshinone IIA, TG, cholesterol with or without CE
were dissolved in acetone (8 mL)  by sonication (DL-720, Shang-
hai, China), then soybean lecithin dissolved in 2 mL  of absolute
ethanol was  added to acetone to form an organic phase main-
tained at 60 ± 2 ◦C. Then the organic phase was  injected slowly
into an aqueous phase of the same temperature, which contains
0.1 M KC1, 1 mM  EDTA and 0.01 M Tris–HCl, pH 8.0 in double dis-
tilled water (30 mL). Then a semi-transparent pre-emulsion was
obtained under constant magnetic agitation. After ultrasonication
for 200 s using Ultrahomogenizer (JY 92II, Ningbo, China), the dis-
persion was transferred to a rotary evaporator to remove organic
solvent at 65 ◦C under reduced pressure. The prepared lipid cores of
TA-rHDL were filtered through 0.22 �m filters after cooling down
to room temperature.

Thin-film dispersion method was alternatively employed to pre-
pare the cores of TA-rHDL without CE and TG (named as cores of
TA-rHDLc). Briefly, TA, soy lecithin, cholesterol and sodium cholate
were dissolved in dehydrated alcohol and dried in an eggplant-
shaped flask. 0.01 M Tris buffer (0.1 M KC1, 1 mM EDTA, pH 8.0)
was  added, then the mixture was  vortexed thoroughly for 5 min,
followed by ultrasonication for 300 s using an Ultrahomogenizer (JY
92II, Ningbo, China) until a clear suspension was obtained. The dis-
persion was  then filtered through 0.22 �m filters to remove larger
particles and the filtrate was dialyzed to remove the free sodium
cholate using dialysis bags (MW  cut off 14,000 Da).

The lipid particles obtained above were incubated with the apos
to form TA-rHDL. A preliminary study was  performed to determine
the optimal conditions in order to achieve the highest apo coupling
efficiency for TA-rHDL. Ultimately, 2 mL  of cores of TA-rHDLa were
incubated with 14 mg  apos under 600 rpm stirring at 37 ◦C for 8 h.
Cores of TA-rHDLb or T-rHDLc were incubated at low temperature
instead (4 ◦C) to ensure their intact structures.

2.3. Size, Zeta potential and drug entrapment efficiency

Size and Zeta potential of TA-rHDLa, TA-rHDLb and TA-rHDLc

were measured with dynamic light scattering (DLS) using a Zeta-

sizer 3000 HSA (Malvern, UK). Samples were diluted appropriately
with aqueous phase prior to the measurements.

Drug entrapment efficiency was  determined using the mini-
column centrifugation method (Fry et al., 1978; Jain et al., 2008).
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enerally, to prepare the mini-columns, absorbent cotton was
nserted in the bottom of the 5-mL plastic syringes which was then
lled with swollen Sephadex G50. Then the column was  inserted

nto a test tube. Excess water was removed by centrifugation at
000 r/min for 6 s, and 400 �L of the TA-rHDL suspensions were
dded dropwise to the center of the column, followed by centrifu-
ation at 1000 r/min for 5 min. Distilled water (400 �L) was  added
nd centrifugation was applied to force the TA-rHDL through the
olumn into the test tube while the free drug was retained in the
ephadex matrix. TA-rHDL particles were recovered from the first
nd second stages of centrifugation.

Secondly, concentrations of TA entrapped in the TA-rHDL (C)
nd the total drug in TA-rHDL suspension (C0) were determined
y HPLC, respectively, after dilution with absolute ethanol. Entrap-
ent efficiency (EE) was calculated with the following formula:

E (%) = C

C0
× 100 (1)

.4. Visualization by transmission electron microscopy (TEM)

The TA-rHDL particles before (i.e. the lipid cores) and after incu-
ation with apos were diluted appropriately with aqueous phase. A
rop of each sample was applied to a copper grid coated with carbon
lm and air-dried; 2% (w/v) phosphotungstic acid (PTA) solution
as then dropped onto the grids. After being negative stained and

ir-dried at room temperature, the samples were visualized by TEM
H-7650, Hitachi, Japan).

.5. Structure certification of TA-rHDL lipid cores

Since calcein can only be entrapped in the aqueous cavities of
iposomes but not in the lipophilic spheres, the internal structure
eature of TA-rHDL and the change during conversion from lipid
ores to rHDL can be revealed by the calcein content and its varia-
ion, respectively.

Calcein, an aqueous fluorescent marker, was dissolved in Tris
uffer and used as aqueous phase during preparation of TA-
HDL. Then un-capsulated calcein was separated from the particles
hrough a 5 mL  minicolumn of Sephadex G50 by centrifugation as
escribed in Section 2.3 and the concentrations were determined
y fluorescence spectrophotometry (Shimadzu RF-5301PC). The
ontents of calcein in various TA-rHDL and their cores were subse-
uently determined to interpret the internal structures of TA-rHDL
nd the structural changes before and after incubation with apos.

.6. Guanidine hydrochloride denaturation experiments

Guanidine hydrochloride (GdnHCl) solutions were prepared in
he standard Tris buffer (pH 8.0) devoid of NaCl and was pre-
armed to 25 ◦C. 0.5 mL  of apos alone or TA-rHDL particles with
rotein concentrations around 0.15 mg/mL, also pre-equilibrated to
5 ◦C, was added to the GdnHCl solution to give the stated GdnHCl
oncentration of 2 M.  The first scan of fluorescence spectrum was
tarted 30 s after mixing and completed within 2 min. The sam-
les were kept at 25 ◦C and scanned again at 0.5, 1, 2, 4, 6, 10 and
4 h. The �em shift of fluorescence at each time point using 280 nm
xciting light was recorded to observe the denaturation of apos.

.7. Phagocytosis tests
Mouse macrophage cell line RAW264.7 and foam cell derived
rom macrophage were employed to study the mechanism of
argeting and the relationship between structures of rHDL and
hagocytosis.
 Pharmaceutics 419 (2011) 314– 321

2.7.1. Cell culture
Mouse macrophage cell line RAW 264.7 were routinely cultured

in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma, St. Louis,
USA) containing 10% fetal bovine serum with penicillin (100 U/mL)
and streptomycin (100 pg/mL) at 37 ◦C in humidified, 5% CO2, 95%
air. The macrophage cells were seeded in 24-well tissue culture
plates at 1 × 105 cells/well. To obtain foam cells, the macrophage
cells were treated with 100 �g/mL oxidized low density lipopro-
teins (ox-LDL) for 24 h (Xie et al., 2009). Fluorescence microscopic
examination of these macrophages revealed a significant accumu-
lation of oil red O in the cells, indicative of lipid accumulation and
formation of foam cells.

2.7.2. Plasmid amplification and foam cell transfection
Plasmid DNAs expressing human cholesteryl ester transfer pro-

tein (CETP) were amplified in DH-5� Escherichia coli and purified
using a Genomic DNA kit (Tiangen Biotech). Then foam cells
were transfected with plasmid using LipofectAMINETM LTX reagent
(Invitrogen, Carlsbad, CA). Twenty-four hours after the transfec-
tion, the cells expressing CETP were used for phagocytic uptake
experiment.

2.7.3. Quantification of phagocytic uptake
In order to figure out the role of apos, both spherical TA-rHDL

with and without apos (30 �g/mL, calculated by the TA content,
200 �L) were added to transfected foam cells expressing CETP
and macrophages in the presence of lipid-free BSA (5 mg/mL)
and �-mercaptoethanol (4 mM),  respectively. To the foam cell
model, very low density lipoproteins (VLDL, 2 mg/mL, 200 �L)
were added as a giver of interchangeable lipids. At the meantime,
CETP were added and followed by direct treatment by pancreli-
pase (80 mIU/mL). In another experiment, discoidal TA-rHDL were
added to macrophages and transfected foam cells expressing CETP,
respectively. In foam cell model, LCAT were investigated as a
promoter for structure changes of discoidal TA-rHDL during phago-
cytosis. After an incubation periods of 1, 2 and 3 h, respectively,
cells were washed three times with D-PBS to remove the non-
phagocytosed drug. The washed cells were subject to five cycles
of freezing (−40 ◦C) and thawing (37 ◦C) to split before dissolved
in methanol (100 �L/well). The drug uptake was determined by
analyzing the TA in the supernatant using HPLC as described pre-
viously (Zhang et al., 2010). The experiments were performed in
triplicate.

2.7.4. Effects of LCAT by fluorescent microscopy
In order to confirm the morphological change of rHDL discs dur-

ing cell incubation, fluorescently labeled rHDL discs were prepared
by adding rhodamine 123 (100 �L) in absolute alcohol to the lipid
phase or calcein (2 mg)  in Tris buffer to the aqueous phase, respec-
tively. The fluorescently labeled rHDL discs were obtained after the
lipid cores were incubated with apos and the free fluorescent mak-
ers were removed using mini column centrifugation as described
in Section 2.3.

The fluorescently labeled rHDL discs were added to foam cells
expressing CETP in the presence or absence of LCAT and incubated
for 1 h, 2 h and 3 h. VLDL and pancrelipase, essential to uptake,
were added to the culture medium (DMEM). Then foam cells were

washed and rinsed three times with D-PBS medium to remove
the non-phagocytosed rHDL discs. The adhered cells phagocytozing
labeled rHDL discs were visualized under a microscope equipped
with epifluorescence optics (Nikon eclipse Ti-S, Japan).
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Table 1
Average diameter, Zeta potential values, entrapment efficiency and drug loading (mean ± SD, n = 3) of TA-rHDL.

Formulation Zeta potential (mV) Size (nm) EE% Drug loading

Before incubation After incubation Before incubation After incubation

 ± 2.5
 ± 3.3

 ± 3.4

2

t
s

3

3

w
a
l
p
T
A
m

3

l

F
c

TA-rHDLa −28.80 ± 0.15 −38.6 ± 0.10 58.4
TA-rHDLb −4.50 ± 0.08 −10.43 ± 0.15 60.2
TA-rHDLc −4.60 ± 0.04 −16.37 ± 0.12 63.8

.8. Statistical analysis

Statistically significant differences were determined using two-
ailed Student’s t-test (SPSS, version 10.0). The p values for
ignificance were set at 0.05 or 0.01.

. Results

.1. Size, Zeta potential and entrapment efficiency

Table 1 shows that the size of TA-rHDLa, TA-rHDLb and TA-rHDLc

ere similar (p > 0.05) before (∼60 nm)  and after incubation with
pos (∼160 nm). However, the sizes of three formulations were all
arger than that of the native HDL (5–17 nm). As expected, the cou-
ling of apos also influenced the Zeta potential of the particles.
he surface charge in TA-rHDL was all increased after incubation.
nd the surface charge in TA-rHDLa (−38.6 ± 0.10) was significantly
ore than that of native HDL (−12.4 ± 0.1).
.2. Visualization by transmission electron microscopy

Morphology of TA-rHDLa, TA-rHDLb and TA-rHDLc and their
ipid cores was compared. As seen in Fig. 1, the increased size scale

ig. 1. Microphotographs of three TA-rHDL before (apo−) and after (apo+) incubation wi
ores  of TA-rHDLb; (C) lipid cores of TA-rHDLc; (D) TA-rHDLa; (E) TA-rHDLb; (F) TA-rHDLc
 160.8 ± 5.6 97.8 ± 1.2 6.68 ± 0.02
 164.3 ± 5.3 82.6 ± 1.6 4.43 ± 0.05
 162.1 ± 6.8 91.3 ± 1.4 4.20 ± 0.15

of three lipid cores after incubation coincided with the DLS data.
Lipid cores of TA-rHDLa prepared with CE and TG were typical
nanospheres and the spherical structure was  still maintained after
coupled with apos except that a brush shell was crowned. In com-
parison, the lipid cores of TA-rHDLb and TA-rHDLc prepared only
with cholesterol and phospholipids with different techniques were
both liposomes with a bilayer and vesicle structure. Interestingly,
a dramatic structural change after coupling with apos from round
vesicles to discoidal stacks was  observed with both TA-rHDLb and
TA-rHDLc.

3.3. Structure certification of TA-rHDL lipid cores

As shown in Table 2, both TA-rHDLa and their lipid cores pre-
sented low fluorescence intensity, compared to TA-rHDLb and
TA-rHDLc. The fluorescence intensities of the calcein in TA-rHDLb
and TA-rHDLc were 4–5 times higher than that of TA-rHDLa. More-
over, there was no significant difference in fluorescence intensity
between TA-rHDLa before and after incubation (p > 0.05). In con-

trast, leakage of calcein from TA-rHDLb (34%) particularly TA-rHDLc

(48.8%) during incubation was  observed. It was also notable that
despite fluorescence intensity in the lipid cores of TA-rHDLc was
higher than that of TA-rHDLb, the loss of calcein from TA-rHDLc

th apos by transmission electron microscope. (A) Lipid cores of TA-rHDLa; (B) lipid
.
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Table 2
Fluorescence intensity of calcein in different TA-rHDL before and after incubation
with apolipoproteins (mean ± SD, n = 3).

Formulation Fluorescence intensity Rate of change

Before incubation After incubation

TA-rHDLa 102.22 ± 3.49 111.19 ± 3.05 8.78 ± .0.03%
TA-rHDLb 402.42 ± 6.35* 264.95 ± 5.20** −34.16 ± 0.04%
TA-rHDLc 476.35 ± 9.01** 243.95 ± 3.47* −48.79 ± .0.03%

* Significant differences with TA-rHDLb vs TA-rHDLc in the same incubation state
(p  < 0.05).

** Significant differences with before vs after incubation in the same formulation
(p  < 0.05).
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Fig. 3. Drug uptake of lipid cores of TA-rHDLa (a and c), TA-rHDLa (b, d and e) and
TA-rHDLc (f–i) by macrophages (e and f) and foam cells expressing CETP (a–d and
g–i)  after different incubation periods. (a, b and h) In the presence of VLDL, (i) in the
presence of VLDL and LCAT. Results (mean ± SD, n = 3) are expressed as the amount
ig. 2. Influence of GdnHCl on the fluorescence emission spectrum of apos free in
olution and in the spherical and discoidal TA-rHDL.

as more significant. In addition, the calcein contents in TA-rHDLb
264.9) and TA-rHDLc (243.9) were virtually similar.

.4. Guanidine hydrochloride denaturation experiments

Fig. 2 shows the fluorescence data of the apos denaturation by
dnHCl over 24 h. The maximal �em of apos either in free or lipid-
ound form was close to 333 nm.  The addition of GdnHCl resulted

n apos denaturation with red shift of �em. Seen from the curves in
ig. 2, free apos were completely denatured by 2 M GdnHCl at 0.5 h,
hereas the apos in the TA-rHDL presented slower increase of �em

ore significantly in the TA-rHDLc than in the TA-rHDLa.

.5. Phagocytosis tests

The results in Fig. 3 show that coupling apos with the lipid cores
ignificantly increased the foam cell drug uptake for the spherical
A-rHDL irrespective of the VLDL in the culture medium (a vs b; c
s d). The presence of VLDL had significant influence on phagocy-
osis uptake of the spherical TA-rHDL by foam cells (b vs d). It was
lso noted that the uptake of TA-rHDLa without VLDL by foam cells
as higher than that by macrophages (d vs e). In contrast, the drug
ptake in the lipid cores by foam cells was weakened by VLDL in the
edium (a vs c). Different from the spherical TA-rHDLa, there was

o further increase in TA-rHDLc uptake when VLDL were added (g
s h), however, boosted after exposure to LCAT (h vs i). Further-
ore, the uptake of the discoidal TA-rHDLc by the foam cells was

igher than that of TA-rHDLa at the same conditions (h vs b, g vs d).

lso, the uptake of both spherical and discoidal TA-rHDL decreased
ith time of incubation.

The recombination behavior of structure of discoidal rHDL
as further studied by fluorescent microscopic observations
of  TA phagocytozed with respect to 1,000,000 cells. Statistical significances (p < 0.05)
between *: a and c; �: b and d; #: c and d; �: d and e; : h and i. Table shows different
conditions for phagocytosis test.

(Figs. 4 and 5). The green stains were foam cells which have phago-
cytosed fluorescent rHDL. In Fig. 4, rhodamine 123-labeled rHDL
were phagocytosed even more actively when exposed to LCAT as
revealed by the bright and diffuse pattern of fluorescence. On the
contrary, calcein-labeled rHDL (Fig. 5) appeared to have less calcein
phagocytosed after addition of LCAT.

4. Discussion

In this study, we prepared TA-loaded rHDL (TA-rHDL) with dif-
ferent structures and characterized from the standpoint of a new
drug delivery system. We  employed the rHDL as a targeting and
functional carrier to deliver the cardiovascular drug.

The exact structure of TA-rHDL with different compositions was
testified different from what is reported by other researchers (Feng
et al., 2008a,b; Lou et al., 2005), possibly due to the discrepancies
in drug polarity and content influencing the core structure. It was
found that rHDL prepared with cholesteryl ester (CE) and glycerol
trioleate (TG) were solid spheres, or else discs with a liposome-
like structure. TA cannot substitute for CE to form the hydrophobic
cores of rHDL, possibly loaded between lipid bilayers instead. This
can be visualized by TEM photos and verified quantitatively by
calcein tests. The low fluorescence intensity indicated little or no
liposomal structures but rather a solid lipid sphere core existing in
TA-rHDLa. The slight increase for TA-rHDLa fluorescence intensities
than their cores showed no differences (p > 0.05), which suggested
high stability of TA-rHDLa core during the incubation process. The
slight increase (8.7%) after incubation may  be due to the adsorption
of calcein to the amphiphilic apos. In contrast, the higher fluores-
cence intensities of the calcein in TA-rHDLb and TA-rHDLc implied

the existence of liposomal cores in the formulations. In addition,
leakage of calcein from TA-rHDLb, particularly TA-rHDLc, before
and after incubation suggested that the change in the main liposo-
mal  vesicular structures in TA-rHDLb and TA-rHDLc had occurred
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Fig. 4. Micrographs of foam cells after the uptake of rhodamin 123-

uring coupling with apos. This may  result from shrinked water
avities in TA-rHDLb and TA-rHDLc after incubation while convert-
ng from liposomes to discs (Fig. 1). The cores of TA-rHDLb and
A-rHDLc were prepared by two different methods. Their fluo-
escence intensities were different possibly due to their different
ntrapment efficiencies for calcein. However, the loss of calcein
rom TA-rHDLc and TA-rHDLb after incubation with apos suggested
he resemblance in their internal structures.

The increase in particle size after incubation may  result from

 more hydrophilic surface (Ogino et al., 2010) and confirm the
ormation of a complex with the lipid core surrounded by the apos
n the structure. The increase of the surface charge observed in TA-
HDL after incubation also indicated that apos, being amphipathic

Fig. 5. Micrographs of foam cells after the uptake of calcein-labeled rH
d rHDL discs for 1 h, 2 h and 3 h incubation. Magnification: 10 × 10.

and negative-charged at pH 8.0, had been anchored on the surface
of lipid cores.

In order to further ensure the formation of complex, stability
of apos in free and lipid-bound forms was evaluated, respectively.
The apos in the TA-rHDL presented an increased stability than free
apos due to the presence of phospholipid (Reijngoud and Phillips,
1982; Sparks et al., 1992). It was  convinced that the amphipathic �-
helices of apos were embedded between phospholipid molecules
with their hydrophobic faces in contact with phospholipid acyl

chains (Segrest and Qarber, 1994) or presented in “double-belt”
and/or “hairpin” model. Moreover, the different structural organi-
zations of apoA-I on discoidal and spherical rHDL, as supported by
fluorescence quenching results, led to different GdnHCl tolerances.

DL discs for 1 h, 2 h and 3 h incubation. Magnification: 10 × 10.
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A major challenge we addressed in this study was  to figure
ut the targeting mechanism to atherosclerotic plaque with TA-
HDLa and TA-rHDLc of different structures. There were probably
wo kinds of targeting mechanism. One was the direct apoA-I act
n the receptors in the foam cells such as ABCA1 protein, ABCG-

 and SR-BI (Collet et al., 1999; Fitzgerald et al., 2010; Hiltunen
t al., 1998; Zannis et al., 2006), which was inferred from the sig-
ificantly increased drug uptake of TA-rHDLa by foam cells after

ncubation with apos. The other was indirect targeting act through
LDL after structure remodeling of TA-rHDL. The presence of VLDL
ad remarkably increased uptake of TA-rHDLa by transfected foam
ells expressing CETP, which implied that remodeling of spherical
A-rHDL may  have contributed to specific targeting of TA-rHDLa.
uring the remodeling process, TA-rHDLa may  undergo a CE-TG

nterchange with VLDL under the action of CETP and lipase (Collet
t al., 1999). Then the drug loaded in VLDL was taken up via the VLDL
eceptors by foam cells. It was reported that VLDL and SR-BI recep-
ors in foam cells are related to cellular uptake of native HDL, SR-BI
eceptors for macrophages (Mahley and Innerarity, 1983). It was
lso noted that the uptake of TA-rHDLa without VLDL by foam cells
as higher than that by macrophages (d vs e). This coincided with

he findings (Hiltunen et al., 1998) that SR-BI and VLDL receptors
n atherosclerotic lesions were both highly induced during choles-
erol feeding to normal rabbits, and VLDL receptors upgraded faster
nitially. In contrast, the drug uptake in the lipid cores by foam cells

as weakened by VLDL in the medium (a vs c), which may  result
rom competitive effect of VLDL with their receptors.

Regarding discoidal TA-rHDL, two important conclusions may
e drawn from aforementioned phenomena: (1) Discoidal TA-
HDLc may  undergo a structure transformation from bilayer-discs
o spheres, then deliver drug to foam cells in a similar pathway
s TA-rHDLa, which offered an explanation for the LCAT dependent
ncrease of TA-rHDLc uptake. Furthermore, it can be concluded that
he restructured TA-rHDL spheres from discs were more suscepti-
le for internalization than artificial rHDL spheres (h vs b). (2) rHDL
iscs without VLDL and LCAT were speculated to be able to maintain
he polar lipid bilayers, as in cell membranes (Phillips et al., 1997),
herefore they were taken up more easily compared to TA-rHDLa

g vs d).
Also, the uptake of both spherical and discoidal TA-rHDL

ecreased with time of incubation. The likely explanation is that
ells phagocytozing plenty of TA-rHDL had floated in the DMEM
edium after 1 h and were washed away by D-PBS (Feng et al.,

005).
The opposite tendency in Figs. 4 and 5 for two florescent

arkers, one hydrophilic and one lipophilic, further proved the
henomenon of structure recombination from rHDL discs to
pheres in the presence of LCAT (Pownall and Gotto, 1992). The
emolding behavior of TA-rHDL discs were also observed by TEM
specific data will be reported in other paper). Since rHDL discs were
omposed of lipid bilayer, calcein can be loaded in aqueous cavity
f rHDL and easily leaked out when rHDL recombined from discs
o spheres, leading to decreased uptake when exposed to LCAT.
n contrast, rhodamine 123 could still be entrapped in rHDL after
tructure change due to its high lipophilicity and affinity with the
ipids, which was proved by enhanced uptake after exposure to
CAT.

. Conclusions

The present work concerns the development of TA-rHDL to serve

s a model to define structural feature and to explore the target-
ng mechanisms for atherosclerosis plaques. Specifically, the study
nvestigated the new target pathways for atherosclerosis plaque
f spherical and discoidal rHDL. The results showed that TA-rHDL
 Pharmaceutics 419 (2011) 314– 321

prepared with CE and TG were spherical structure with increased
stability of apos after lipid-binding. Phagocytosis studies showed
both TA-rHDL discs and spheres had a target effect to foam cell
through a receptor pathway associated the apos, and the uptake
was  enhanced by VLDL in the presence of CETP. Transformed TA-
rHDL discs were taken up most actively when treated with LCAT.

In conclusion, TA-rHDL keeps discoidal and spherical shapes
of native HDL and shows a preferential target for foam cell.
These results might provide some helpful information to construct
rHDL delivering lipophilic cardiovascular drug. Further studies are
planned to investigate the size effect and in vivo targeting abil-
ity to atherosclerotic plaque, as well as the pharmacokinetics and
pharmacodynamics of TA-rHDL.
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