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ABSTRACT: Achieving long circulating delivery of nano-
particles (NPs) is important for efficient drug therapy, but it is
difficult due largely to proteins adsorption (opsonization) or/
and nonsufficient stability of NPs. In this present work, we
aimed to address the above issues by constructing a
phospholipid and BSA-based nanocomplex system, namely
BSA−phospholipid NPs (BSA-PL-NPs). Combining sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, X-ray
photoelectron spectroscopy and proteins adsorption property,
we confirmed that some BSA molecules were fixed on the inner surface of BSA-PL-NPs via hydrophobic interactions and the
others were located in the core area. This special configuration allowed BSA-PL-NPs to not only maintain the antiadsorption and
low phagocytosis properties but also have the slow zero-order drug release and the enhanced nanostructure stability.
Interestingly, we found that BSA-PL-NPs had no cytotoxicity to mouse L929 fibroblasts but could stimulate the cells’ growth
instead. In conclusion, BSA-PL-NPs have a great potential to be developed as a long-circulation drug delivery system, and the
ready availability, biocompatibility and nontoxicity of phospholipids and albumin give this system great promise for practical use.
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■ INTRODUCTION

In the past few decades, nanoparticles have attracted worldwide
attention due basically to their particular properties, like their
nanoscale size and large surface area. That is, these properties
give nanoparticles quite different behaviors compared to their
bulk materials.1−3 With the rapid development of nano-
technology, the great potential of nanoparticles in biomedicine
and drug delivery has also been explored. It has been found that
encapsulating drugs into nanoparticles is an effective approach
to enhance drug solubility and bioavailability.4−6 In addition,
nanoparticles are used as an important carrier for targeting
delivery of therapeutic molecules.6−10 Despite the wide
applications of nanoparticles, their short circulating time in
the bloodstream after intravenous administration is a big
problem for further development and practical use. Lots of
reasons can result in such a problem, among which, rapid
uptake by the mononuclear phagocyte system and intrinsic
instability of the nanoparticles contribute a lot to the short
circulation.
It is well-known that nanoparticles will be covered with

plasma proteins immediately after their entry into the
blood.11−15 These spontaneously formed proteins corona
becomes the material that organs and cells really “see”, and
thus changes the in vivo fate of nanoparticles.16,17 One of the
most undesired changes is the rapid clearance of nanoparticles
from the blood due to the adsorption of opsonins after
intravenous injection. To avoid or reduce the formation of

proteins corona and to achieve long circulation, polyethylene
glycol (PEG)ylation is commonly used to improve the surface
properties of nanoparticles. Although progress is made, the
results vary in different reports.18−21 In addition, the
reproducibility of PEGylation is relatively low, leading to a
less possibility for practical use. Therefore, searching for a
material that is readily available and possesses the similar effect
to PEGylation may be an approach to address the above issue.
Phospholipids, an important surfactant in our body, have a

hydrophilicity property similar to PEG. Most importantly, they
are the main composition component in the cell membrane,
indicating their safety as well as possibility for use as a carrier.
Their intrinsic antiadhesion properties can inhibit the
formation of proteins corona.22−24 In addition, our previous
works have demonstrated their ability to encapsulate drug
molecules in the form of nanoparticles.25,26 Theoretically,
phospholipids could be an ideal material for fabrication of long-
circulation nanoparticles. However, their fast drug release and
short blood half-life indicate that the stability of phospholipids
nanoparticles is too low to enable long-term circulation in the
bloodstream.22,26,27 Therefore, a proper stabilizer is needed to
prepare long-circulation phospholipids based nanoparticles.
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Albumin, the most abundant protein in plasma, has lots of
important functions, like maintaining plasma osmotic pressure
and detoxification. It has been developed as a carrier to deliver
various drugs due to its nontoxicity, ready availability and long
half-life.28 In our previous work, we have demonstrated the
protective effect of albumin coating on hydrophobic polymeric
nanoparticles.13 According to the configuration, the hydro-
phobic domain of albumin can interact with the hydrophobic
part of other molecules, like the fatty acid tail of phospholipids.
Thus, albumin may be a potential stabilizer for phospholipids
nanoparticles. It is noticeable that both phospholipids and
albumin are approved materials for pharmaceutical use,
implying that the nanocomplex based on them has a great
potential for practical use in the future.
Therefore, in this present work, we aim to use BSA as a

functional stabilizer to develop a nanocomplex system
consisting of BSA and phospholipids (BSA-PL-NPs), whose
special configuration is disclosed for the first time (Scheme 1).

We also investigate the protective effect of BSA on
phospholipid-based nanoparticles, and evaluate the potential
of BSA-PL-NPs for developed as long circulating nano-
formulations.

■ EXPERIMENTAL SECTION
Materials. Phospholipids (soybean lecithin for injection use, with

phosphatidylcholine content higher than 70%) was purchased from
Shanghai Tai-Wei Pharmaceutical Co. Ltd. (Shanghai, China). Bovine
serum albumin (BSA) was purchased from Amresco (Solon, OH,
USA). Fetal bovine serum (FBS) was purchased from HyClone
(Logan, UT, USA). Coumarin-6 (C6) was purchased from Sigma (St.
Louis, MO, USA). All other chemical reagents used in this study were
of analytical grade or better.
Animals. The healthy male Kunming mice (20−25 g) were

purchased from Experimental Animal Centre of Sichuan University
(Chengdu, China). All the animal experiments were approved by the
Institutional Animal Care and Ethic Committee of Sichuan University.
The mice were housed in cages (10 mice per cage) under controlled
conditions (∼25 °C, ∼55% air humidity) with free access to food and
tap water.
Preparation of Original Phospholipids Nanoparticles (PL-

NPs) and BSA−Phospholipids Nanoparticles (BSA-PL-NPs). The
PL-NPs were prepared according to the previous method with some

modifications.26 Briefly, the weighed phospholipid was dissolved in
absolute ethanol serving as the organic phase. Under rapid magnetic
stirring, the resulting organic solution was injected into distilled water
at a volume ratio of 1:10, followed by sonication for five times at the
power of 20%. The PL-NPs suspension was obtained after evaporation
at 45 °C for 20 min. When BSA-PL-NPs was prepared, the distilled
water was replaced by 20 mg/mL BSA solution and the other
procedures were the same as above. The coumarin-6 loaded NPs (C6-
PL-NPs and C6-BSA-PL-NPs) were prepared by codissolving C6 and
phospholipid in ethanol followed with the same other procedures as
above.

Characterization of PL-NPs and BSA-PL-NPs. The particle size,
size distribution and ζ-potential of nanoparticles were measured by
dynamic light scattering (DLS) and electrophoretic light scattering
(ELS) technologies, respectively, using the instrument of Zetasizer
Nano ZS90 (Malvern Instruments Ltd., Malvern, U.K.). The particle
size was presented by intensity distribution, and polydispersity index
(PDI) was used to evaluate the size distribution. The morphology of
nanoparticles was observed by scanning electron microscopy (SEM,
INSPECT F, FEI, Eindhoven, The Netherlands). One drop of the
properly diluted nanoparticles suspension was placed on a clean glass
sheet, followed by air-drying. The samples were coated with gold
before SEM.

Interaction of NPs with Proteins. The protein adsorption
properties of PL-NPs and BSA-PL-NPs were investigated using BSA as
a representative protein or diluted mouse serum. Briefly, the freshly
prepared PL-NPs were mixed with BSA solution (20 mg/mL) and
incubated for 2 h at room temperature, and the freshly prepared BSA-
PL-NPs were stilly placed because it was already in the BSA solution.
Meanwhile, PL-NPs and BSA-PL-NPs were incubated with 5-fold
diluted mouse serum, followed with size measurement at fixed time
intervals. In addition, the adsorption ratio of BSA was also determined.
Briefly, after incubation with BSA for 2 h, the resultant suspension was
filtered through membranes (0.22 μm). The initial drops of filtrate that
may contain very small size nanoparticles were discarded and the later
filtrate was collected and properly diluted for free BSA (Ff) content
determination by fluorescent spectrometry (excitation, 280 nm;
emission, 332 nm). The total BSA (Ft) content was quantified in
the same manner. The nonadsorption ratio can thus be calculated by
Ff/Ft.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophore-
sis (SDS-PAGE) of PL-NPs and BSA-PL-NPs. To confirm the
existence of BSA in the BSA-PL-NPs, 12% SDS-PAGE was used to
separate the associated BSA. The BSA-PL-NPs were separated by
centrifugation (16 krcf, 5 min) and washed three times to get rid of
free BSA. Then, PL-NPs and the treated BSA-PL-NPs were subjected
to 12% SDS-PAGE.13

X-ray Photoelectron Spectroscopy (XPS). To estimate the
location of BSA in BSA-PL-NPs, surface element analysis was
performed using XPS. Briefly, PL-NPs and BSA-PL-NPs were
condensed by filtering through a microporous membrane, respectively.
The BSA-PL-NPs were washed with large quantity of water to remove
the free BSA. After naturally drying, the chemical elements carbon
(C), nitrogen (N), oxygen (O) and phosphorus (P) of these samples
were analyzed using XPS.

In Vitro Release Study. The NPs stability also influences the drug
release. Therefore, the in vitro release property of C6-PL-NPs and C6-
BSA-PL-NPs was investigated using the dynamic dialysis method.4

Briefly, 1 mL of C6-PL-NPs or C6-BSA-PL-NPs was added into a
dialysis bag. After tightly bundled at two ends, the sample loaded
dialysis bags were soaked in 8 mL of release medium (PBS containing
0.5% (m/v) of the Tween 80, pH 7.4) and placed on a horizontal
shaker (70 rpm, 37 ± 1 °C). At fixed time intervals, the release
medium was collected and replaced with 8 mL of fresh medium. The
collected samples were stored at −80 °C for further analysis by
fluorescent spectrophotometry (excitation, 464 nm; emission, 502
nm).

Accelerated Stability of PL-NPs and BSA-PL-NPs. The
accelerated stability was conducted under high speed centrifugation,
and C6 loaded NPs (C6-PL-NPs and C6-BSA-PL-NPs) were involved

Scheme 1. Schematics of Structure Difference between PL-
NPs and BSA-PL-NPsa

aPL-NPs are smaller in size and their structure is instable. In the
presence of BSA, some BSA molecules are fixed on the inner surface of
BSA-PL-NPs and the others are incorporated in the inner space,
leading to the larger size and higher stability.
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in this experiment. Briefly, C6-PL-NPs and C6-BSA-PL-NPs were
centrifuged at 16 krpm for 10 min. The supernatant (0.5 mL) was
taken and diluted to 5 mL with dimethyl sulfoxide (DMSO), and the
leaked C6 was quantified by fluorescent spectrophotometry (ex-
citation, 464 nm; emission, 502 nm). Similarly, 0.5 mL of the NPs
suspension before centrifugation was diluted to 5 mL with DMSO and
the total C6 content was measured. The stability (S) was then
calculated using the following equation: S = (A1 − A0)/A0 × 100%,
where A0 and A1 were the fluorescent intensity before and after
centrifugation, respectively.
In Vitro Metabolic Stability in Liver Homogenate. To find out

the impact of BSA on the stability of PL-NPs under physiological
environment, we investigated the in vitro metabolic stability of PL-NPs
and BSA-PL-NPs in mouse liver homogenate that was prepared based
on a previous report.29 First, the liver was separated from the sacrificed
mice and washed with cold water to get rid of the blood on the surface.
Subsequently, the liver was mixed with cold PBS (containing 100 × 10
000 U/mL penicillin G sodium, 10 000 mg/mL streptomycin sulfate
and 25 mg/mL amphotericin B as fungizone, pH 7.4) at the weight
ratio of 1:5 followed by homogenization. After centrifugation at 4 °C
(12 krpm, 10 min), the supernatant was used immediately or stored at
−80 °C for further use.
The C6-PL-NPs or C6-BSA-PL-NPs with equal content of C6 were

dispersed in 0.2 mL liver homogenate prepared above followed by
incubation at 37 °C with shaking at 100 rpm. At fixed time intervals,
the C6 remained was extracted with a mixed solvent (methanol:ethyl
acetate = 1:1) twice. The organic solution was collected and dried by
air-flow at 37 °C and the residue was reconstituted in methanol by
vortex. After centrifugation, the supernatant (50 μL) was injected into
a high performance liquid chromatography (HPLC) system with a
fluorescent detector (excitation, 464 nm; emission, 502 nm). The C6
content was determined with an internal standard method, in which
coumarin-7 served as the internal standard.
In Vitro Phagocytosis by Raw264.7 Cells. The C6-PL-NPs and

C6-BSA-PL-NPs were also involved in this experiment. Briefly, the
mouse macrophages (Raw264.7) were supplied with RPMI-1640
culture medium containing 10% FBS and cultured under standard
conditions (37 °C, 5% CO2). Then, the cells suspension (50 000 cells/
ml) was prepared, 1 mL of which was mixed with 0.5 mL of the diluted
NPs in centrifuge tubes. The final C6 concentration in the resultant
mixture was 0.3125, 0.625, 1.25 or 2.5 μg/mL. After incubation at 37
°C for 1 h, the free NPs were separated from cells by centrifugation
(3000 rpm, 3 min), and the C6 content in the supernatant was
measured by fluorescent spectrophotometry after proper dilution
(excitation, 464 nm; emission, 502 nm). The phagocytosed amount of
NPs was therefore calculated by the C6 content difference between the
total C6 amount and the free C6 amount. In addition, the cells were
resuspended and subjected to fluorescent microscopy to observe the
fluorescent signal in cells.
In Vitro Cytotoxicity. The cytotoxicity of PL-NPs and BSA-PL-

NPs were evaluated using the real-time cell analysis system (RTCA,
xCELLigence DP).30,31 The proliferation of mouse L929 fibroblasts
was examined. Briefly, the cells were plated onto the specially made
16-well cell culture plates (Eplate 16) at a density of 10 000 cells per
well and cultured at 37 °C/5% CO2 for 24 h in RPMI-1640 culture
medium containing 10% fetal bovine serum (FBS). Then, the culture
medium was replaced with PL-NPs or BSA-PL-NPs contained
medium that contained no FBS (four particle concentrations were
involved: 112.5, 225, 450 and 900 μg/mL). Cell proliferation, before
and after exposure to nanoparticles, was recorded by RTCA system.
Statistical Analysis. In this present work, all the data are

presented as mean ± s.d. (standard deviation). The one-way analysis

of variance was used to compare the difference between groups, which
was considered to be statistically significant when the p-value was less
than 0.05.

■ RESULTS AND DISCUSSION

Characterization of PL-NPs and BSA-PL-NPs. As shown
in Table 1, the size of BSA-PL-NPs is about 185 nm,
significantly larger than that of PL-NPs (P < 0.001). There are
two possibilities for the larger size: one is from the BSA layer
adsorbed around the NPs surface; on the other hand, BSA is
incorporated in the inner space of NPs, making these particles a
little bloated. In addition to particle size, the polydispersity
index (PDI) is another important parameter to evaluate NPs,
which is the lower the better. In this work, BSA-PL-NPs have a
significantly lower PDI than PL-NPs (P < 0.05), indicating that
the size distribution of BSA-PL-NPs is more narrow. In another
word, BSA-PL-NPs are more homogeneous in size (Figure
1AB). More interestingly, the ζ-potential of BSA-PL-NPs is
much smaller than that of PL-NPs (P < 0.01, Table 1 and
Figure 1CD). It is assumed that some of the incorporated BSA
molecules, which are negatively charged, interact with the
hydrophobic tail of phospholipids by a hydrophobic effect.

Table 1. Size and ζ-Potential Test of PL-NPs and BSA-PL-NPsa

samples size (nm) PDI ζ-potential (mv) pH

PL-NPs 160.5 ± 3.5 0.389 ± 0.043 −35.6 ± 1.9 6.71 ± 0.05
BSA-PL-NPs 184.9 ± 2.8b 0.289 ± 0.025c −11.8 ± 0.2d 6.98 ± 0.09

aData are presented as mean ± s.d. (n = 3). Significant difference between NPs and NPs-BSA. bP < 0.001. cP < 0.05. dP < 0.01.

Figure 1. Characterization of PL-NPs and BSA-PL-NPs. (A, B)
Typical size distribution of PL-NPs and BSA-PL-NPs, respectively. (C,
D) Typical ζ-potential distribution of PL-NPs (pH 6.75) and BSA-PL-
NPs (pH 6.90), respectively. (E, F) SEM images of PL-NPs and BSA-
PL-NPs, respectively (scale bar: 1 μm).
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These negatively charged BSA molecules are therefore fixed on
the inner surface of NPs (Scheme 1), leading to a lower
potential difference.
The morphology of NPs was observed by SEM. As shown in

Figure 1E, PL-NPs look flat in appearance, and some particles
are large in size but some of the others are too small, indicating
that the size distribution of PL-NPs is not regular. In contrast,
BSA-PL-NPs are spherical in shape and the particle size is more
homogeneous (Figure 1F). These results are fully consistent
with the PDI values (Table 1) and the size distribution graphs
(Figure 1AB).
Interaction of NPs with Proteins. It is known that the

intrinsic antiadhesion properties of phospholipid can inhibit the
proteins adsorption.22−24 In this experiment, we tested the
protein adsorption properties of PL-NPs and BSA-PL-NPs
using BSA as well as diluted mouse serum. As expected, neither
PL-NPs nor BSA-PL-NPs have substantial change in size after
incubation with BSA (Figure 2A) for 2 h or with mouse serum

for a period of 24 h (Figure 2B). In addition, the BSA
nonadsorption ratio for PL-NPs and BSA-PL-NPs was 99.07 ±
0.06% and 98.75 ± 0.02%, respectively. These results suggest
that the incorporated BSA has no influence on the antiadhesion
properties of PL-NPs and that BSA-PL-NPs maintain the
antiprotein adsorption properties. Therefore, the larger size of

BSA-PL-NPs (Table 1) is likely attributed to the BSA
incorporated in NPs rather than the BSA adsorbed on the
outer surface of NPs.

Confirmation and Localization of BSA in BSA-PL-NPs.
12% SDS-PAGE and XPS were used for confirmation and
localization of BSA in BSA-PL-NPs, respectively. As shown in
Figure 3A, there is no protein band for PL-NPs, whereas an

Figure 2. Interaction of PL-NPs and BSA-PL-NPs with proteins. (A)
Size change after incubation with BSA (20 mg/mL) for 2 h. (B) Size
change after incubation with mouse serum (5-fold diluted) within 24
h. Data are presented as mean ± s.d. (n = 3).

Figure 3. Confirmation and localization of BSA in BSA-PL-NPs. (A)
12% SDS-PAGE and Coomassie Brilliant Blue staining of BSA (line 1,
BSA standards; line 2, PL-NPs; line 3, BSA-PL-NPs) (B, C) XPS
graphs of surface element analysis for PL-NPs and BSA-PL-NPs,
respectively.
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obvious BSA band is observed for BSA-PL-NPs, indicating the
existence of BSA in BSA-PL-NPs. SDS-PAGE can only confirm
the existence of BSA, whereas XPS can help us confirm the
location of BSA due to its ability of surface chemical elements
analysis. Element signals for C, N, O and P can be found in
both PL-NPs and BSA-PL-NPs but the intensity of the same
element varies (Figure 3BC). The detailed elements analysis is
shown in Table 2. It is interesting to find that the surface

elements content of PL-NPs is substantially different with that
of BSA-PL-NPs. Particularly, the content of elements N and O
increases while the content of C and P decreases in BSA-PL-
NPs. Such changes are undoubtedly resulted from BSA that
contains a large amount of N and O. In another word, BSA
should be located near the surface of BSA-PL-NPs. We have
demonstrated above (Figure 2A) that BSA is not adsorbed on
the outer surface of BSA-PL-NPs. Hence, BSA molecules
should be fixed on the inner surface of BSA-PL-NPs (Scheme
1) so that they can be detected by XPS, which supports the
explanation for the lower ζ-potential of BSA-PL-NPs (Table 1).
In Vitro Release Study. Drug release from NPs is an

important parameter to evaluate the NPs based drug delivery
system. The release behavior of BSA-PL-NPs may be
influenced due to the presence of BSA compared with PL-
NPs. As shown in Figure 4, the release speed of C6-BSA-PL-
NPs is significantly slower than that of C6-PL-NPs, which is
probably due to (a) the block-like effect of the incorporated
BSA and (b) the higher skeleton stability of BSA-PL-NPs.
There are three approaches for drug release from NPs: (a) the
drug molecules adsorbed on the surface of NPs are released via
desorption upon contacting with release medium, (b) the

encapsulated drugs are released by diffusion through the NPs
skeleton or/and (c) following the degradation or disintegration
of NPs.4 In this present work, the incorporated BSA molecules
may act as barriers blocking the diffusion of C6. In addition, the
potential interaction of coumarins with BSA may also
contribute to the slower release of C6-BSA-PL-NPs.32 Mean-
while, the possible higher stability of BSA-PL-NPs may slow C6
diffusion. From Figure 4 we can also see that neither C6-PL-
NPs nor C6-BSA-PL-NPs have initial burst release which is the
common phenomenon for lots of NPs systems.33,34 Further-
more, the release profiles of both C6-PL-NPs and C6-BSA-PL-
NPs are quite close to zero-order release kinetics. In another
word, the release speed is nearly constant, which is the feature
of controlled release systems and can be achieved in a very few
NPs based drug delivery systems.35,36

Accelerated Stability and Metabolic Stability in Vitro.
The leakage of the loaded drug is one of the defects of NPs
based drug delivery systems, which is tightly related to NPs
stability. The disintegration of the NPs framework will be
accelerated under imposed forces. Here we examined the
accelerated stability of C6-PL-NPs and C6-BSA-PL-NPs under
high speed centrifugation. As shown in Figure 5A, the

percentage of leaked C6 is about 68% for C6-PL-NPs,
significantly higher than that for C6-BSA-PL-NPs (∼58%, P
< 0.05), suggesting the higher stability of C6-BSA-PL-NPs. It is
undoubted the incorporated BSA plays an important role in
reinforcing the NPs structure (Scheme 1). First of all, the BSA
fixed on the inner surface may function as sponge-like buffers,

Table 2. XPS Analysis of Surface Elements of PL-NPs and
BSA-PL-NPs

elements content (%)

samples C N O P

PL-NPs 68.39 4.58 25.74 1.29
BSA-PL-NPs 65.61 6.63 26.85 0.90

Figure 4. In vitro release profiles of C6-PL-NPs and C6-BSA-PL-NPs
in PBS containing 0.5% (m/v) of the Tween 80 (pH 7.4). Insert is the
magnification of release profiles within the first 8 h. Data are presented
as mean ± s.d. (n = 3). *P < 0.05, ***P < 0.001.

Figure 5. In vitro stability of C6-PL-NPs and C6-BSA-PL-NPs under
different conditions. (A) Accelerated stability at high speed
centrifugation (16 krpm, 10 min). (B) Metabolic stability in mouse
liver homogenate. Data are presented as mean ± s.d. (n = 5). *P <
0.05, **P < 0.01, ***P < 0.001.
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weakening the forces from centrifugation. In addition, the BSA
existing in the inner space may play as both buffers and fillers
reducing the compression space and thus supporting NPs
against collapse.
The stability of NPs in organs will influence their metabolic

speed and the elimination rate of a drug. Among the organs, the
liver is the most important one. Here we examined the
metabolic stability of C6-PL-NPs and C6-BSA-PL-NPs in
mouse liver homogenate. The C6 content remaining after
incubation with liver homogenate was quantified to indicate the
stability. As shown in Figure 5B, only ∼80% C6 remains after 8
h for C6-PL-NPs whereas almost no C6 is metabolized during
the same time for C6-BSA-PL-NPs (P < 0.001). The C6
content of C6-BSA-PL-NPs decreases to 80% until 4 d, when,
in contrast, only ∼56% of C6 is intact for C6-PL-NPs (P <
0.001). Furthermore, the C6 content of C6-BSA-PL-NPs is
always over 70% throughout the experiment (∼73% at 7 d).
These results imply that BSA-PL-NPs have a significantly
higher metabolic stability than PL-NPs. In combination with
other results shown above, there are at least three reasons for
the higher metabolic stability of BSA-PL-NPs: (a) the slower
release property of BSA-PL-NPs (Figure 4) reduces the amount
of loaded drug exposed to the liver homogenate in the outer
area of NPs, (b) the solid skeleton of BSA-PL-NPs (Figure 5A)
is helpful to resist the metabolic effect and (c) the BSA fixed on
the inner surface of BSA-PL-NPs also functions as a barrier for
the metabolic enzymes contained in the liver homogenate,
restricting their entry into the inner space of NPs and thus
reducing the amount of metabolic enzymes to which the loaded
drug is exposed.
In Vitro Phagocytosis by Raw264.7 Cells. Cell uptake,

associated with the properties of material, has a significant
impact on the fate of NPs in a biological environment.37,38

Recognition and phagocytosis by macrophages is an important
approach for the body to clear the exogenous particles
including NPs. Therefore, phagocytosis rate has a substantial
impact on the circulation time of NPs. Here we investigated the
phagocytosis of C6-PL-NPs and C6-BSA-PL-NPs by mouse
macrophages Raw264.7. As shown in Figure 6, the fluorescent
signal of C6 in cells becomes from very weak at the lowest NPs
concentration to relatively strong at the highest NPs
concentration, and there is no difference between C6-PL-NPs
and C6-BSA-PL-NPs. The detailed amount of C6 phagocytosed
by macrophages is shown in Figure 7. Consistent with the
fluorescent images shown above, both C6-PL-NPs and C6-
BSA-PL-NPs present a very low phagocytosis rate at low NPs
concentrations and the phagocytosis is concentration depend-
ent. This result indicates that PL-NPs are nearly not recognized
by macrophages at the NPs concentration lower than 2.5 μg/
mL, probably due to the fact that phospholipid is the main
component of cell membrane and to its intrinsic antiadhesion
property. Meanwhile, the incorporated BSA has no influence on
the phagocytosis of PL-NPs. This is a critical property for long-
circulation NPs. It will be ineffective for long circulation if a
large amount of particles are easily recognized and
phagocytosed by macrophages after administration, no matter
how stable they are.
In Vitro Cytotoxicity. The cytotoxicity of PL-NPs and

BSA-PL-NPs was tested using the real-time cell analysis system
(RTCA, xCELLigence DP), in which the cell viability was
presented as the cell index. As shown in Figure 8A, the cell
index increases a little within the first few hours after exposure
to PL-NPs, followed by a slow decrease, and a similar trend is

found in all concentrations of PL-NPs and also in the control.
This result suggests that PL-NPs has little toxicity to mouse
L929 fibroblasts and that its particle concentration has no
significant effect on cytotoxicity. In contrast, however, a
significant increase in proliferation is presented after the cells
are exposed to BSA-PL-NPs (Figure 8B). This result is quite

Figure 6. Fluorescent micrographs of mouse macrophages Raw264.7
exposed to different concentrations of C6-PL-NPs and C6-BSA-PL-
NPs for 1 h. Scale bar: 100 μm.

Figure 7. Phagocytosis amount of C6-PL-NPs and C6-BSA-PL-NPs
with different concentrations after incubation with mouse macro-
phages Raw264.7 for 1 h. Data are presented as mean ± s.d. (n = 3).
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interesting in that BSA-PL-NPs does not show any toxicity to
L929 cells but promotes its proliferation instead. Furthermore,
this promoting effect is presented in an obvious concentration-
dependent manner. BSA must be the origin of this change
because it is the sole component difference between PL-NPs
and BSA-PL-NPs. It has been reported that albumin is able to
stimulate the growth of some types of cells with complicated
and not fully understood mechanisms.39,40 Our finding in this
work is another evidence for the ability of albumin to promote
cell proliferation. In a word, BSA-PL-NPs can be considered as
a noncytotoxic drug delivery system according to the results
above.
There are lots of factors that should be considered when

developing NPs-based long-circulation drug delivery systems,
including proteins adsorption (opsonization), drug release rate,
structural and metabolic stability of nanoparticles system and
the amount and speed of nanoparticles phagocytosed by
macrophages. Accordingly, an ideal nanoparticles system for
long-term drug delivery should address all the issues above. In
this present work, we developed the albumin−phospholipid
nanocomplex system (BSA-PL-NPs) that combined the
antiadhesion property of phospholipids and the stabilization
functions of albumin. We found that some incorporated BSA
molecules were fixed on the inner surface of NPs via the
hydrophobic effects between the fatty acid chain of
phospholipid and hydrophobic domain of BSA, and the others
were located in the core area of NPs. Such special configuration
allows BSA-PL-NPs to not only maintain the antiadsorption

and low phagocytosis properties but also possess slow drug
release and enhanced nanostructure stability. In another word,
BSA is a functional stabilizer for PL-NPs. Therefore, BSA-PL-
NPs have great potential to be developed as a long-circulation
drug delivery system. It should be noted that BSA is a type of
albumin that can only be used for research work and cannot be
used for human applications. Human serum albumin is the one
appropriate for product development and practical use.

■ CONCLUSION
In this present work, we developed a nanocomplex drug
delivery system, namely BSA−phospholipid nanoparticles
(BSA-PL-NPs), in which BSA was incorporated as a functional
stabilizer. Our findings showed that some BSA molecules were
fixed on the inner surface of NPs via the hydrophobic effects
and the others were located in the core area. It is the first time
the special configuration of a nanocomplex is reported.
Although further efforts investigating the in vivo behavior of
the nanocomplex with encapsulating a real drug are needed to
support its great applications for long-term drug delivery, its
properties including antiadsorption, low phagocytosis, slow
drug release, enhanced nanostructure stability and nontoxicity
render it great possibility to achieve that goal. In addition, the
ready availability and nontoxicity of phospholipids and albumin
offer this system a great promise for rapid translation.
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