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Abstract
The pharmacokinetics (PK) and biodistribution of nanoparticles (NPs) are controlled by a complex
array of interrelated, physicochemical and biological factors of NPs. The lipid-bilayer core
structure of the Lipid-Calcium-Phosphate (LCP) NPs allows us to examine the effects of the
density of polyethylene glycol (PEG) and the incorporation of various lipids onto the surface on
their fate in vivo. Fluorescence quantification estimated that up to 20% (molar percent of outer
leaflet lipids) could be grafted on the surface of LCP NPs. Contrary to the common belief that
high level of PEGylation could prevent the uptake of NPs by the reticuloendothelial system (RES)
organs such as liver and spleen, a significant amount of the injected dose was observed in the
liver. Confocal microscopy revealed that LCP NPs were largely localized in hepatocytes not
Kupffer cells. It was further demonstrated that the delivery to hepatocytes was dependent on both
the concentration of PEG and the surface lipids. LCP NPs could be directed from hepatocytes to
Kupffer cells by decreasing PEG concentration on the particle surface. In addition, LCP NPs with
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) exhibited higher accumulation in the
hepatocytes than LCP NPs with dioleoylphosphatidylcholine (DOPC). Analysis of the proteins
bound to NPs suggested that apolipoprotein E (apoE) might serve as an endogenous targeting
ligand for LCP-DOTAP NPs, but not LCP-DOPC NPs. The significant uptake of NPs by the
hepatocytes is of great interest to formulation design for oncologic and hepatic drug deliveries.
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1. Introduction
Nanoparticle (NP) therapeutics possess desirable features for medical applications including
(i) protection of the cargo from enzymatic or hydrolytic degradation, (ii) increased solubility
and drug loading capacity, (iii) sustained and controlled release of drugs, and (iv)
preferential accumulation at the site of interest through the enhanced permeability and
retention (EPR) effect [1]. Over 20 NP therapeutics have been approved by the FDA for
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clinical use and many more are in late-phase clinical trials [2, 3]. Despite these advantages,
injected NPs are generally eliminated rapidly by the reticuloendothelial system (RES) after
administration and accumulate in the liver and spleen. To be useful in vivo, NPs must avoid
opsonization and subsequent recognition by macrophages. This can be accomplished
through the coupling of polyethylene glycol (PEG) to the surfaces of NPs, a process known
as PEGylation [4].

The success of PEGylation critically depends on the steric stabilization conferred by PEG
chains on the surface of the NPs. Stabilization is achieved through the highly hydrophilic
and flexible nature of the PEG chains, which provide repulsive interactions with biological
components in vivo. The ways in which grafted PEG forms a well hydrated barrier layer on
the surface, sterically hindering protein adsorption, can be described by relatively
straightforward theories of polymer physics that originated from Flory [5] and De Gennes
[6]. Surface-grafted PEG adopts two different statistical conformations: “mushroom” and
“brush,” which are dictated by the relationship between the distance of two grafting sites (D)
and the radius of the random coil the polymer forms in solution (Flory radius, RF = aN3/5,
where N is the degree of polymerization and a is the persistence length of the monomer).
The polymer assumes a randomly oriented, mushroom-like conformation at D > 2RF. When
the density of the grafted PEG increases, the polymer chains begin to interact and assume a
configuration in which they extend out from the surface. A brush-like conformation appears
when D < RF [7]. The two conformations do not represent sharply separated regimes, but
undergo smooth transitions through mushroom/brush intermediates as D and RF values
become closer [8]. The brush configuration is favored for drug delivery because it ensures
that the entire surface of the NP is covered, leaving few gaps where opsonin proteins can
freely penetrate and bind [9, 10]. Many studies indicate that PEG chains must have a
minimum molecular weight of 2000 to achieve RES-avoidance characteristics, therefore
PEG2000 is the most frequently used PEG polymer [9, 11, 12]. Essentially, the grafting
density of PEG chains determines the efficiency of PEGylation and thereby the capability of
the resultant NPs to repel proteins. To date, there is no direct method available for
quantifying the number of PEG molecules bound to the surface of NPs or for determining
the density of PEG [13]. Thus, the exact, density-dependent influence of PEG on NP
biodistribution remains unknown.

In comparison to bulk biomaterials, NPs have extremely high surface-to-volume ratios.
Therefore, control of the surface properties of NPs critically affects their in vivo
performance. When NPs come into contact with biological mediums, they are immediately
covered by proteins [14, 15]. The absorption of proteins to the surface of NPs confers a new
“biological identity,” which is what cells, tissues and organs actually “see” when interacting
with the NPs [16]. This new interface between the NPs and the biological tissues determines
cellular and tissue responses and biological consequences [17, 18]. Surface characteristics,
such as charge, hydrophilicity and curvature, dictate the extent and specificity of protein
binding [16, 19]. Specific protein binding is one of the key elements that affect the
biodistribution of NPs [20, 21]. Indeed, a detailed knowledge of NP-protein interactions is
critical to their rational formulation, design and optimization. The complete plasma
proteome is expected to contain as many as 3700 proteins [18], of which only approximately
50 have been found to be associated with the surface of nanoparticles [16, 22]. For example,
opsonins, like fibrinogen, Immunoglobulin G (IgG), or complement factors, are believed to
facilitate phagocytosis and remove the NPs from the circulation. On the other hand,
dysopsonins, like human serum albumin (HSA), generally prolong circulation time in the
blood [23]. The mechanism by which PEG decreases protein interactions is non-specific
[24].
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We have developed a Lipid-Calcium-Phosphate (LCP) NP formulation (∼35 nm in
diameter) to effectively deliver siRNA [25, 26], cDNA and small molecule drugs [27, 28] to
both solid and metastatic tumors. The unique, bilayer core-structure allows for surface
modification with different lipids and various amounts of PEGylation (Figure 1A). The in
vivo biodistribution and pharmacokinetic studies of LCP NPs modified with different
amounts of PEGylation and surface lipids were conducted in normal and tumor-bearing
mice. We investigated how these surface characteristics would influence the in vivo behavior
of LCP NPs. We believe these findings will benefit the rational design and application of
PEG and other hydrophilic polymers for the development of effective drug carrier systems.

2. Materials and methods
2.1. Materials

22-mer double-strand oligonucleotides (sense sequence, 5′-
CAAGGGACTGGAAGGCTGGG-3′,) labeled with Texas Red (excitation/emission
wavelengths of 550/600 nm) were purchased from Sigma, Inc. Oligonucleotides were
labeled with 3H through hydrogen exchange with 3H2O at the C8 position of the purine
oligonucleotide [29]. The specific radioactivity of the labeled oligonucleotides was 1.03 ×
109 cpm/μmol. The radiolabeled compound is stable in biological systems [29]. Both Texas
Red and 3H-labeled oligonucleotides were used to mimic siRNA.
Dioleoylphosphatidylcholine (DOPC), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), dioleoylphosphatydic acid (DOPA), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[poly(ethylene glycol)2000] (DSPE-PEG2000), Rhodamine-
dioleoyl-phosphatidylethanolamine (Rhodamine-DOPE), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[poly(ethylene glycol)2000-N′-carboxyfluorescein] (DSPE-PEG-
CF) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).

2.2. Preparation of LCP NPs
LCP NPs were prepared according to the methods described in previous publications [25]
with minor modifications. We first prepared two water-in-oil microemulsions: 1) 100 μL of
500 mM CaCl2 and 16 μL of 2 mg/mL Texas Red or 3H-labeled oligonucleotides in 8 mL
cyclohexane oil phase (71% cyclohexane with 29% Igepal CO-520 as surfactant), and 2)
100 μL of 100 mM pH 9.0 Na2HPO4 in 8 mL cyclohexane oil phase with 320 μL of 20 mM
DOPA added as the inner leaflet lipid. After mixing the two microemulsions for 45 min, 30
mL of absolute ethanol was added and the mixture was centrifuged at 12,500 g for 15 min to
precipitate the CaP cores. The precipitated pellets were then washed with ethanol 2–3 times,
dispersed in 500 μL of chloroform, and stored in a glass vial for further modification. To
create the outer leaflet lipid coating, 200 μL of 20 mM cholesterol, 200 μL of 20 mM
DOPC, and 100 μL of 20 mM of DSPE-PEG2000 were mixed with the cores. After the
removal of the chloroform, the core was suspended in a small volume of ethanol and then
dispersed in water.

2.3. Particle size, Zeta potential and PEGylation analysis
The LCP NPs prepared using the described methods contain excess lipids (e.g. DOPC/
DOTAP, cholesterol and DSPE–PEG2000). To determine the accurate concentration of
DSPE–PEG2000 on the surface of LCP NPs, sucrose density gradient centrifugation was
used to separate LCP NPs from the excess lipids. The discontinuous sucrose gradient was
created with 0.9 mL each of 50%, 30%, and 10% sucrose, as well as deionized water layered
consecutively from bottom to top in a 4 mL ultracentrifuge tube. The mixture containing
LCP NPs and excess lipids was applied between the layers of 10% sucrose and water. The
gradients were centrifuged using a Beckman Coulter SW 60Ti rotor at 50,000 rpm for 4 h at
20°C and separated into aliquots removed from top to bottom. The fractions were then
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diluted with an ethanol and lysis buffer (0.1% Triton-100 and HCl, pH=2.5) for further
measurements. The particle size and Zeta potential of the purified LCP NPs were
determined by a Malvern ZetaSizer Nano series (Westborough, MA).

To measure the molar ratio of DSPE-PEG2000 in the total, outer leaflet lipid, Rhodamine-
DOPE, DSPE-PEG2000-CF and 3H-labeled oligonucleotide were used to label the outer
leaflet lipid, PEG2000-DSPE and CaP cores, respectively. The LCP NPs were prepared and
purified as described above. The fractions were analyzed with a fluorescence spectrometer
and a liquid scintillation counter.

2.4. Pharmacokinetics and biodistribution of 3H-labeled LCP NPs
All work performed on animals was in accordance with and approved by the University of
North Carolina Institutional Animal Care and Use Committee. Pharmacokinetic and
biodistribution studies of LCP NPs with 20% PEG were performed in normal athymic nude
(nu/nu) mice (National Cancer Institute) and mice carrying H460 (ATCC), human lung
cancer xenografts. Tumors were allowed to grow to a size of around 0.2 cm3 before
injections. Studies of the biodistribution of LCP-DOTAP NPs and LCP-DOPC NPs that had
different densities of PEG were performed in CD-1 mice (National Cancer Institute).
Animals were intravenously injected with LCP NPs containing 3H-labeled oligonucleotide
at a dose of 0.25 mg/kg. At given time intervals, four animals were sacrificed for blood and
tissue collection. Radioactivity was measured using liquid scintillation counting.

2.5. Confocal microscopy of frozen tissue sections of liver
Mice were intravenously injected with Texas Red-labeled oligonucleotide encapsulated in
different LCP NPs four hours before sacrifice and tissue collection. Tissue blocks were
immediately frozen in OCT (Tissue-Tek, Dublin, OH) on dry ice, allowing the generation of
ten-μm-thick cryosections. The tissue sections were then mounted on Superfrost Plus slides
(Fisher Scientific Co., Houston, TX). After brief rinsing with PBS (to remove any surface
embedding medium), as well as fixation with acetone at -20°C, tissue sections were stained
with Alexa Fluor 488 phalloidin (Life Technologies) and mounted in a medium containing
DAPI (Vector Lab.). Images were captured using an Olympus FV1000 MPE confocal
microscope under three channels: DAPI for nuclei, Alexa Fluor 488 for phalloidin, and
Texas Red for oligonucleotides.

2.6. Determination of serum protein adsorption by SDS-PAGE and MALDI-TOF-MS
LCP NPs with different surface lipids and PEG densities were prepared and purified as
described above. Samples were incubated with 20 or 80% mouse serum for 1.5 h at 37 °C.
After the incubation, the samples were centrifuged to pellet the particle-protein complex.
The pellets were washed three times with PBS to remove loosely bound proteins and then
re-suspended in PBS and a protein loading buffer. Gel electrophoresis was performed at
120V, 400mA for approximately 60 min. The gels were treated with Coomassie blue
staining and then destained overnight in 50% methanol, 10% acetic acid [30, 31].

After the separation of proteins by SDS/PAGE, bands were excised from the gel and
digested with trypsin. The resulting peptide mixtures were separated and analyzed using
MALDI-TOF-MS (ABI 4800 MALDI TOF/TOF). Spectra were analyzed by MASCOT
software to identify tryptic peptide sequences matched to the NCBI database (http://
www.ncbi.nlm.nih.gov/).

2.7. Biodistribution of LCP NPs in wild-type and apoE-/- mice
ApoE-deficient mice (ApoE-/-, stock #002052) and wild type C57BL/6 mice were obtained
from Jackson Laboratories (Bar Harbor, ME). LCP NPs containing 3H-labeled

Liu et al. Page 4

Biomaterials. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/


oligonucleotides were administered intravenously via the tail vein at a dose of 0.25 mg/kg.
Four hours after the injection, major organs were collected from animals and processed for
measurements of radioactivity.

2.8. Statistical analysis
Data were presented as Mean ± (standard deviation) SD. A two-tailed t-test was performed
when comparing two groups. Statistical significance was defined by a value of P < 0.05.

3. Results and discussion
3.1. Characterization of LCP NPs

LCP NPs formulation has two distinctive advantages for studying the effect of PEGylation;
first, the unique membrane-core structure allows for modification of the surface with various
amounts of PEGylation (Figure 1A). Second, LCP NPs can be purified based on the density
difference between the particle and the extra excipient, which permits accurate surface
characterizations of PEGylation. To determine the accurate concentration of DSPE–PEG2000
on the surface of LCP NPs, sucrose gradient centrifugation was used to separate LCP NPs
from the extra lipids (Figure S1). Rhodamine-DOPE, DSPE-PEG2000-CF and 3H-labeled
oligonucleotide were used to label the outer leaflet lipid, PEG2000-DSPE and CaP core,
respectively. The LCP NPs containing dense CaP cores banded tightly at the interface
between the layers of 10 and 30% sucrose, while the unassociated lipids were present as a
smear from the top of the gradient to the interface between 10% and 30% sucrose (Figure
S1). It was found that the isolated LCP NPs contain around 80% tritium (by liquid
scintillation) and calcium (by inductively coupled plasma mass spectrometry, ICP-MS).
Rhodamine-DOPE, DSPE-PEG2000-CF and trace amounts of tritium were detected in the
fractions of lower sucrose concentrations, suggesting that extra lipids could be separated
from the dense NPs using this method. Quantification of DSPE-PEG2000-CF on purified
LCP NPs is summarized in Figure 2. The incorporation of PEG-lipid into the outer leaflet of
LCP NPs linearly increased with the input amount of the PEG-lipid until 20% of the total
lipid. Beyond this level, there was no more increase in the incorporation, suggesting a
saturation of the PEG-lipid in the outer leaflet. The bulk lipid composition did not influence
the efficiency of PEGylation; both DOPC and DOTAP composition showed the same
saturation at 20%. Other characteristics of purified LCP NPs are summarized in Table 1. All
NPs were PEGylated at a maximal density of 20 mol % of the total outer leaflet lipid. Both
LCP-DOTAP and LCP-DOPC NPs had a hydrodynamic diameter of ∼30 nm. When the
particles were formulated with DOPC as the major outer leaflet lipid, the zeta potential was
approximately -10 mV. When DOTAP was employed, the surface potential was ∼15 mV.
These results were an indication of PEG modification on the NPs, since the zeta potential of
non-PEGylated DOPC and DOTAP liposomes were about -20mV and 70 mV, respectively.
The presence of PEG on the surface of LCP NPs was also confirmed by X-ray photoelectron
spectroscopy (data not shown).

Our group [32] and others in the early 1990s [33-35] demonstrated that liposomes with PEG
incorporated on their surface could achieve RES evasion and prolonged the circulation half-
life. This method employs PEG-phospholipid which could be inserted into the lipid
membrane by hydrophobic interaction. Due to the amphiphilic nature of the PEG-
phospholipid, the degree of surface PEGylation is quite limited, usually less than 6% if the
lipid membrane integrity is to be preserved [36]. However, a high density of PEG is
necessary to achieve steric shielding of the NPs' surface and create the “stealth” property. By
labeling DSPE-PEG2000 with a green fluorescent dye, it was determined that LCP NPs could
tolerate as much as 20% PEG-phospholipid. In the LCP formulation, the inner leaflet lipid
(DOPA) is known to strongly interact with the Ca ions on the surface of the core. Such
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strong interaction provides increased stability for the supported bilayer, allowing a high
amount of incorporated DSPE-PEG2000, which is a detergent-like surfactant. A supported
bilayer has greater stability than the unsupported, conventional liposomal bilayer [37, 38].
This platform provides an opportunity to modify the formulation with a high-density PEG
coating and explore the impact of a PEG coating on the in vivo behavior of NP formulation.

3.2. Pharmacokinetics and biodistribution studies in normal and tumor-bearing mice
The aim of this study was to evaluate pharmacokinetics and biodistribution of LCP NPs with
20% PEGylation using the encapsulated 3H-labeled oligonucleotide as a marker. To our best
knowledge, the in vivo behavior of NPs with 20% PEG2000 incorporated has never been
determined in the previous studies. Blood was collected through parallel sampling. The
concentration of NPs in the blood was calculated by assuming that the total blood volume in
the mouse is 7% of its body weight. As shown in Figure 3A, no significant differences in the
pharmacokinetic profiles were observed between the tumor free and the tumor-bearing mice
treated with LCP NPs. NPs in both types of mice showed a rapid distribution phase, in
which serum concentrations dropped dramatically within the first 30 min. Following the
initial period, concentrations remained relatively steady at least until 4 h after injection. The
surface lipid could influence the rate of clearance in the β phase. LCP-DOPC NPs possessed
a longer half-life in the β phase than their DOTAP counterparts.

Figure 3B shows the tissue distribution of LCP NPs with 20% PEG 4 h post-injection. The
particles were distributed mainly in the liver and spleen. The 3H signal in the liver and
spleen reaches a plateau about 1 h after injection (data not shown). About 5% ID was
observed in the tumor. This observation is consistent with the fact that these tissues are lined
with a discontinuous or “leaky” endothelium that allows for the passive entrapment of
foreign particulates [39]. The rapid distribution is not surprising, considering their small size
and that their accumulation was mainly caused by their passive entrapment through the
discontinuous endothelium of the liver. Extravasation in the liver is plausible because of the
presence of fenestrae in the liver sinusoid, which measure 100 nm in diameter in mice [40].

Despite their accumulation in the tumor, biodistribution profiles of the LCP NPs in tumor-
bearing mice were not significantly different from those of the normal controls. The surface
lipids did not significantly change the global tissue distribution pattern. Interestingly,
however, the accumulation level of NPs in the liver was significantly increased by DOTAP
compared with DOPC (p < 0.05). It is likely that the faster clearance of LCP-DOTAP NPs in
the β phase is due to this enhanced uptake by the liver. Since radioactivity could potentially
come from disassembled NPs or metabolized components of the NPs, we previously
utilized 111In incorporated into the core of LCP NPs to label the vesicle. The distribution
of 111In were very similar to that of 3H [41]. The agreement between the label of the drug
(3H-oligonucleotides) and that of the drug carrier (111In) suggested that this biodistribution
pattern accurately represented the in vivo behavior of LCP NPs.

We varied the density of PEGylation on the surface of LCP NPs and systematically
observed the effects on the tissue and cell-type-specific distribution in the liver. Clearance
from the blood and uptake of LCP NPs into the spleen following injection showed a marked
PEG density dependence, with % ID in the blood increasing and spleen uptake decreasing as
PEG density increased. LCP-DOPC NPs showed a longer circulation time in the blood than
LCP-DOTAP NPs, with around 40% ID remaining in the circulation 4h after administration.
On the other hand, the amount of the injected dose that was observed in the kidneys, lungs
and heart was generally independent of PEG density. Interestingly, the % ID of LCP NPs
accumulated in the liver was also independent of PEG density. On the average,
approximately 50% ID of LCP-DOTAP NPs that had various amounts of PEGylation
accumulated in the liver, while only about 30% ID of non-PEGylated LPC-DOPC NPs
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accumulated. To obtain direct evidence illustrating whether the LCP NPs that accumulated
in the liver entered the hepatocytes or were sequestered by Kupffer cells, we injected mice
with LCP NPs containing Texas Red-labeled oligonucleotide and studied the tissue sections
with confocal microscopy.

3.3. Cell-type localization of LCP NPs within the liver
Cell-type specific distribution of LCP NPs in the liver and its correlation with surface
chemistry of LCP NPs was explored. Confocal microscopy of liver sections taken from mice
4 h after the injection of NPs containing Texas Red-labeled oligonucleotide are shown in
Figure 5. Tissue sections were stained with Alexa488-phalloidin (green) to visualize the
cytoskeleton of hepatocytes and with DAPI (blue) for all nuclei. Significantly, preferential
accumulation of the Texas Red-labeled oligonucleotide in hepatocytes (also called liver
parenchymal cells, which contain large nuclei) was observed in mice treated with LCP NPs
containing a high density of PEG (Figure 5A and 5B 5-6). Distribution was generally
homogenous throughout the different zones and different liver lobules. In general, the
replacement of DOTAP with DOPC on the NPs resulted in the significant reduction of
hepatocyte uptake (Figure 5A and 5B). Decreasing the amount of PEG on the surface of the
NPs markedly reduced hepatocyte uptake. LCP NPs without PEG, or with a lower density of
PEG, rarely entered hepatocytes (Figure 5A2-3 and 5B2-4). Instead, they experienced
phagocytic uptake by Kupffer cells and reside in the hepatic sinusoids (a region between
hepatocytes as indicated by the arrows in Figure 5A2-3 and 5B2-4). These results are
evidence that delivery to the hepatocytes is afforded by grafting a dense PEG layer on the
surface of LCP NPs. They also suggest that PEG concentration determines cell-type-specific
localization at the tissue level. We conclude that LCP NPs with a high (∼20%) PEG density
completely evaded RES and accumulated primarily in the hepatocytes.

These results and the plausibility of extravasation in the liver suggest that the distribution of
small, long-circulating NPs to tissues with discontinuous endothelium could become a
competing kinetic process, which are dependent on the properties of the NPs, the vasculature
permeability, and blood flow within the tissues. A highly perfused organ with a
discontinuous endothelium, such as the liver, can thus become the major distribution site of
NPs. The significant uptake by the hepatocytes is of great interest to formulation design in
biomedical application due to its importance in many infectious and metabolic disorders. On
the other hand, it highlights a potentially important complication in the development of NPs
for imaging and therapeutic delivery to extrahepatic tissues, such as the tumor. Recently,
increasing evidence indicates that small NPs, in the range of 10-30 nm in diameter, can more
effectively penetrate the interstitial matrix and the physiological barriers imposed by tumor
vasculature than the larger ones [42, 43]. Avoiding rapid distribution to the liver will be
another critical design criterion for future NP systems targeting tumor sites. Furthermore,
the ongoing interest in NPs based on cationic lipids for the delivery of siRNA, antisense, or
plasmids requires the examination of how these systems interact with the biological
environment [44].

3.4. Determination of the protein corona composition
To investigate mechanisms of increased uptake of LCP-DOTAP NPs by hepatocytes, LCP-
DOTAP and -DOPC NPs with different amounts of PEGylation were incubated with serum
and the resulting protein corona was analyzed for protein identification. NPs were incubated
with 20 and 80% mouse serum. The NP-protein complexes were washed three times to
remove the proteins with low affinity for the NP surface. The washed complexes were
further analyzed. We hypothesize that LCP NPs with 20% PEG could gradually shed their
PEG coating, exposing the substrate lipid after administration, due to the sink conditions
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provided by the serum proteins [45, 46]. Thus, we had prepared LCP NPs with both 20 and
5% PEGylation for the study.

SDS-PAGE gel analysis of serum proteins obtained from LCP NP-protein complexes is
shown in Figure 4. The main bands on the gels were albumin, IgG, and the apolipoproteins.
For particles made of DOPC with different PEG densities, the qualitative compositions of
the patterns of plasma protein adsorption were similar. This observation was consistent with
some data that has been previously published indicating that despite the net decrease in the
amount of proteins bound with PEGylated NPs, protein profiles of the PEGylated NPs were
not significantly different than their uncoated controls [31]. When increasing the PEG
content in the NPs to 20 %, a decrease in Complement C3 adsorption was achieved. Since
C3 is a major opsonin [47], a decrease in C3 adsorption should bring about reduced uptake
of LCP NPs by the RES. This was indeed the case as shown by the data in Figure 5. Specific
bands of apolipoproteins Apo E and Apo A-II (Figure 6, band 5 and 7) were observed in
LCP-DOTAP NPs with 5% PEGylation. Thus, we hypothesized that NPs based on cationic
lipids may recruit ApoE as an endogenous ligand in vivo. Once attached to the surface of
hepatocytes, LCP-DOTAP NPs with Apo E can enter the cells via receptor-mediated
endocytosis. In contrast, LCP-DOPC NPs could merely transiently associate with the liver
and were re-distributed out of this organ without significant internalization. Multiple
receptors have been associated with ApoE-mediated uptake, such as low-density lipoprotein
receptors (LDLR) and scavenger receptors, which are also expressed on the surface of
hepatocytes. The formulations of these systems usually contain less than 5 mol % PEG-lipid
in total [48]. However, with 20% PEG on the surface, the substrate lipid still plays a critical
role in determining the in vivo fate of NPs. The exact mechanism for this observation needs
to be elucidated by further experiments. One possible explanation is that the PEG coating is
gradually shed during circulation and, consequently, the presence of surface charge may
facilitate specific, protein-membrane interactions. PEG shedding from liposome surface has
been previously proposed to control the circulation time of stealth liposomes [45, 49]. This
proposed mechanism was summarized in Figure S2.

3.5. ApoE dependency of LCP NPs
To determine whether apoE is indeed responsible for the specific delivery of LCP NPs to the
hepatocytes, biodistribution studies were performed in wild-type and apoE−/− mice. The
enhanced liver uptake of LCP-DOTAP over LCP-DOPC NPs occurred in the wild-type mice
(p < 0.05). However, this is not observed in the apoE−/− mice. The biodistribution in apoE−/
− mice demonstrated identical levels of hepatic accumulation for both LCP-DOTAP and
LCP-DOPC NPs (Figure 7). No significant differences were found in the signals detected in
other major organs. These results validated the findings regarding protein adsorption, and
suggested the possibility of an Apo E-dependent uptake of LCP-DOTAP NPs by
hepatocytes.

4. Conclusions
In this study, we demonstrated the ability to formulate a membrane-core structured LCP NPs
with varied coverage of PEG on the surface. The implication of high density PEGylation of
NPs was investigated using this platform. LCP NPs that have their surface modified with
different PEG density and lipids exhibit different in vivo behaviors after they were
intravenously injected. This study established a relationship between the physicochemical
properties of LCP NPs and their pharmacokinetics and biodistribution profile, which may
provide important information for a rational formulation development approach. Because of
the diversity of engineered NPs and large variation in their surface coatings, interactions
between proteins and particulate systems might be a useful tool in investigating their
pharmacokinetics, biodistribution, potential therapeutic or toxicological effects.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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List of Abbreviation

apoE apolipoprotein E

DOPA Dioleoylphosphatydic acid

DOPC Dioleoylphosphatidylcholine

DOPE Dioleoyl-phosphatidylethanolamine

DOTAP 1,2-dioleoyl-3-trimethylammonium-propane

DSPE-PEG2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene
glycol)2000]

DSPE-PEG-CF 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene
glycol)2000-N′-carboxyfluorescein

EPR enhanced permeability and retention

LCP Lipid/Calcium/Phosphate

ICP-MS inductively coupled plasma mass spectrometry

LDL low-density lipoprotein

IgG Immunoglobulin G

ID injected dose
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MALDI matrix-assisted laser desorption/ionization

MS mass spectrometry

MW molecular weight

NPs nanoparticles

PAGE polyacrylamide gel electrophoresis

PEG polyethylene glycol

PK pharmacokinetics

RES reticuloendothelial system

TEM transmission electron microscope

XPS X-ray photoelectron spectroscopy

Liu et al. Page 12

Biomaterials. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
(A) Proposed lipid bilayer-core structure; (B) TEM image of CaP cores.
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Figure 2.
Quantification of DSPE-PEG-CF on purified LCP NPs.
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Figure 3.
Pharmacokinetics of LCP- DOTAP NPs (A1) and LCP- DOPC NPs (A2) with 20%
PEGylation. Biodistribution of LCP-DOPC NPs and LCP-DOTAP NPs with 20%
PEGylation in normal (B1) and tumor-bearing mice (B2). Data are shown as % injected dose
(ID). Statistical analysis was carried out using a two tailed t-test. ** P < 0.05 for liver
accumulation of LCP- DOTAP NPs group compared to LCP- DOPC NPs group in both
normal and tumor-bearing mice.

Liu et al. Page 15

Biomaterials. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Biodistribution of LCP-DOTAP NPs (A) and LCP-DOPC NPs (B) with different PEG
density in normal mice (n=4). Data are plotted as % injected dose (ID).
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Figure 5.
Cell-type specific localization of LCP-DOTAP NPs (A) and LCP-DOPC NPs (B) in the
liver. DAPI for nuclei, Alexa 488 for phalloidin, and Texas Red for oligonucleotides.
Percentages indicate amount of PEG-DSPE2000 incorporated in the outer leaflet of the
wrapping lipid bilayer of LCP NPs. Arrows indicate representative Kupffer cell uptake.
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Figure 6.
SDS-PAGE gel of serum proteins obtained from LCP NP-protein complexes following
incubation at different serum concentrations. The molecular weights of the proteins in the
standard ladder are reported on the right for reference. The numbers close to the gel bands
for LCP-DOTAP NPs with 5% PEG in 80% serum indicate that those bands were cut out
and analyzed with mass spectrometry.
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Figure 7.
Tissue distribution of LCP NPs in wild-type and apoE−/− mice (n=4). Statistical analysis
was carried out using a two-tailed t-test. ** P < 0.05 for liver accumulation of LCP- DOTAP
NPs group compared to LCP- DOPC NPs group in wide type mice.
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Table 1

A summary of characteristics of LCP NPs.

PEG 2000

Size(nm) Zeta potential(mV) Maximal PEG Conc.
(molar % of outer leaflet lipids)

DOPC ∼30 -10 ∼ 20

DOTAP ∼30 15 ∼ 20
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Table 2

Representative proteins associated with LCP-DOTAP NPs with 5% PEG incubated in 80% serum, as
identified by LC MS/MS.

Band number Gel band Mw (kDa) Protein identity

1 190 Complement C3

2 150 IgG Apolipoprotein B

3 65 Serotransferrin Clusterin

4 55 Albumin

5 38 Apolipoprotein E

6 28 Apolipoprotein A-I (HDL)

7 16 Apolipoprotein A-II (HDL)
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