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Novel Self-assembly Endows Human Serum Albumin Nanoparticles

with an Enhanced Antitumor Efficacy
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Abstract. Protein-based nanomedicine plays an important role in tumor chemotherapy due to their merits
in bioavailability, biocompatibility, biodegradability, and low toxicity. In this study, we developed a novel
method of preparing human serum albumin (HSA) nanoparticles for targeted delivery of paclitaxel (PTX)
to tumors. HSA-PTX nanoparticles (NPs-PTX) were fabricated via unfolding of HSA in appropriate
solution to expose more hydrophobic domains and consequent self-assembling into nanoparticles with
added PTX. Via this self-assembly method, a desirable particle size (around 120 nm), a high drug loading
(>20%), and a high encapsulation efficiency (near 100%) were obtained. PTX dispersed as an amorphous
state in NPs-PTX and the secondary structures of HSA were maintained. In a cytotoxicity study, NPs-PTX
displayed an enhanced cytotoxicity in MCF-7 and A549 cells. Confocal microscopy and flow cytometry
revealed that the uptake of NPs-PTX was mediated by secreted protein acidic and rich in cysteine and
“caveolar” transport. In H22 tumor-bearing mice, NPs-PTX displayed an increasing and everlasting tumor
distribution, leading to slower tumor growth and longer mice survival than PTX. Therefore, this novel self-
assembly method offers a much easier method to prepare PTX nanoparticles, provides better antitumor
efficacy in vitro and in vivo, and more importantly, sets up a delivery platform for other hydrophobic drugs
to improve their effectiveness in cancer therapy.
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INTRODUCTION

Nowadays, it is of considerable interest and necessity to
encapsulate clinically authorized drugs into nanoscale delivery
vehicles such as liposomes, dendrimers, micelles, and
polymer—drug conjugates for cancer chemotherapy (1,2).
Nanocarriers have been shown to accumulate within solid
tumors due to the enhanced permeability and retention
(EPR) effect arising from the abnormalities in blood and
lymphatic vasculatures in tumor (3-6). However, only a few
of them, such as Doxil® (pegylated doxorubicin liposome)
and Myocet® (doxorubicin liposome), were approved by the
Food and Drug Administration (FDA) for clinical use (1). A
majority of nanocarriers failed in preclinical research or were
terminated in clinical trials (7-10), since they were not able to
simultaneously control their stability, biocompatibility,
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biodegradability, and toxicity (1,11-13). Thus, greater efforts
are still needed to achieve a more ideal drug delivery system
(easily fabricated, stable, biodegradable, biocompatible, and
nontoxic) (2,4,14,15).

Current researches are focusing upon protein-based
nanocarriers, which employ endogenous protein such as
albumin and transferrin as a template to encapsulate
different drugs into particles (14). Proteins are nontoxic
and able to degrade into amino acids which could be utilized
by peripheral tissue (16). Besides the traditional features
such as passive targeting and extended half-life (8,17), active
targeting delivery is also integrated within protein-based
nanoparticles. For example, albumin was reported to show
high affinity with gp60 and secreted protein acidic and rich in
cysteine (SPARC) that are overexpressed on tumor cell
surfaces and, thereby, could be used for tumor targeting
(18,19).

Many strategies have been reported for fabricating
protein-based nanoparticles, including emulsification, self-
assembly, desolvation, and thermal gelation (16). Among
them, emulsification had been extensively evaluated (16),
and an outstanding case, Abraxane®, which was an albumin-
based nanoparticle for the delivery of paclitaxel (PTX), was
successfully approved by the FDA in 2005 for the treatment of
breast cancer (18,20). The preparation method highly relied
on subjecting a mixture of protein and drug to a high-pressure
homogenizer to achieve a nanoscale emulsion. However, the
high pressure and complicated procedure may not be suitable
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for some temperature-sensitive agents and proteins (16).
In addition, the organic solvent (dichloromethane) employed
in preparation is also an issue since a little amount of
residual is toxic to the liver, kidney, lungs, and neural system
(21).

Apart from emulsification, extensive attention has been
paid to self-assembling nanoparticles. This self-assembly
strategy commonly employs covalent conjugations, which
could improve the hydrophobicity of proteins and drive them
to self-assemble into nanoparticles (17,22). For instance,
albumin has been conjugated with doxorubicin (DOX) for
self-assembling into nanoparticles (22-24). Recombinant
elastin-like polypeptides were also reported to attach to
DOX and self-assemble into nanoparticles (2,17,25). These
conjugations were achieved by the covalently attached
maleimide group of DOX to cysteine residues. Nonetheless,
there are still many limitations for this covalence-based
self-assembly. First, complicated chemical synthesis was
commonly employed in fabricating conjugations (2,22).
Second, the toxicity of residual chemical cross-linking agents in
conjugations remains a major problem (16,26).

To overcome the previously mentioned limitations, we
herein report a novel self-assembling human serum albumin
(HSA) nanoparticle for targeted delivery of PTX. In this
study, HSA was unfolded to expose more hydrophobic
domains and self-assembled into nanoparticles with PTX
(27). This strategy efficiently eliminates the defects in
complicated synthesis as well as the toxicity of residual
conjugating agents and organic solvents in Abraxane® and
other formulations. The physicochemical characteristics,
in vitro cellular uptake, and real-time in vivo biodistribution
of HSA-PTX nanoparticles (NPs-PTX) were investigated,
while their in vitro and in vivo antitumor efficacies were
evaluated and compared with Abraxane®.

MATERIALS AND METHODS

Materials

PTX was purchased from Zelang Medical Technology
Co., Ltd. (Nanjing, China). HSA was bought from CSL
Behring (Marburg, Germany). Abraxane® was purchased
from Jingwei Pharmacy Co., Ltd. (Nanjing, China). p-
Mercaptoethanol (B-ME) and methyl-B-cyclodextrin (3-CD)
were bought from SunshineBio Co., Ltd. (Nanjing, China).
Coumarin-6 (Cou-6) and NIR-775 were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Other organic solutions
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China). Human breast cancer cell line MCF-7,
human lung cancer cell line A549, and murine hepatic
carcinoma cell line H22 were cultured by the State Key
Laboratory of Pharmaceutical Biotechnology (Nanjing,
China). Male ICR mice (6-8 weeks of age and weighting 18—
22 g) were purchased from Qinglongshan Experimental
Animal Center (Nanjing, China). ICR strain mice are from
the Swiss Hauschka mice group and developed by the
American Institute for Cancer Research (Washington, DC,
USA). All studies were carried out in accordance with the
Institutional Animal Care Committee at Nanjing University.
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Preparation of NPs-PTX

HSA was dissolved in water (2 mg/mL) and mixed with
B-ME. Then, PTX (10 mg/mL, dissolved in ethanol) was
slowly added into the denatured protein solution according to
various drug/protein ratios. The color of the solution changed
into slight blue and PTX-loaded HSA nanoparticles were
formed. After that, the mixed solution was dialyzed against
water for 24 h to remove B-ME and then freeze-dried for
further use.

Characterization of NPs-PTX
Size, Zeta Potential, and Morphology of NPs-PTX

The mean diameter and size distribution of NPs-PTX
were determined by dynamic light scattering (DLS) with a
particle size analyzer (90Plus, Brookhaven Instruments
Corporation, Holtsville, NY, USA). The zeta potential of
nanoparticles was measured with a zeta potential analyzer
(ZetaPlus, Brookhaven Instruments Corporation, Holtsville,
NY, USA). Each sample was diluted to a protein concentration
of 0.2% (w/v) with water before the measurements of triplicate
samples.

The morphology of NPs-PTX was investigated by
transmission electron microscopy (TEM, JEM-2100, JEOL,
Tokyo, Japan) and scanning electron microscopy (SEM,
S-3400N, HITACHI, Tokyo, Japan). In TEM examination,
NPs-PTX were dissolved in water and dried overnight on a
copper grid before observation. For SEM examination, NPs-
PTX were dispersed in 0.65% glycerol, spread onto a cover
slide, immobilized in 2% formaldehyde, and dehydrated in a
graded series of ethanol-water solutions. Finally, it was coated
with a layer of platinum before being subjected to SEM.

HPLC Analysis of PTX, Drug Loading Content, and
Encapsulation Efficiency

NPs-PTX with different drug/protein ratios were prepared
and lyophilized according to the method in the “Preparation of
NPs-PTX” section. The reconstituted nanoparticles were
diluted in tenfold volume of acetonitrile (high-performance
liquid chromatography [HPLC] grade, Merck, Whitehouse
Station, NJ, USA), and vortexed for 1 min, centrifuged at
16,000 rpm for 5 min, and then the supernatant was injected into
the HPLC system with a HC-C18 column (250x4.6 mm, 5 pm,
C18, Agilent, Santa Clara, CA, USA). The mobile phase
consisted of 40/60 water/acetonitrile (HPLC grade, Merck,
Whitehouse Station, NJ, USA). The flow rate was set as
1.0 mL/min, while the UV detection wavelength was 227 nm.
The drug loading content and encapsulation efficiency were
calculated by Egs. 1 and 2, respectively:

Drug loading content % (1)
Weight of the drug in nanoparticles
= - . x 100%
Weight of the nanoparticles
Encapsulation efficiency % (2)
_ Weight of the drug in nanopaticles < 100%

Weight of the feeding drug
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In Vitro Stability of NPs-PTX

We employed bovine serum and isotonic solutions
including 0.9% NaCl and 5% glucose to evaluate the stability
of NPs-PTX by detecting their mean diameter at 37°C and
room temperature, respectively. Briefly, nanoparticles were
reconstituted in 0.9% NaCl and 5% glucose at 25°C as well
as in bovine serum at 37°C with a protein concentration of
5 mg/mL. In the following 1, 3, 6, 12, 18, 24, and 36 h, mean
particle diameters were investigated by DLS.

Detection of Status of PTX and HSA in NPs-PTX

X-ray powder diffraction (XRD) was utilized to detect the
status of PTX. There were five samples in this examination,
including PTX crystal, HSA powder, and the physical mixtures
of PTX and HSA (1:9, w/w) and NPs-PTX (1:9 PTX/HSA, w/w)
and Abraxane®. After being fully mulled, they were examined
under an X-ray diffractometer (XTRA/3KW, ARL, Ecublens,
Switzerland), while the wavelength was 1.5418 A and the
incidence angle 260 was from 3° to 45°.

Also, we employed the circular dichroism spectrum (CD)
to investigate the change in secondary structures of HSA
before and after the fabrication of NPs-PTX and compare
with Abraxane®. Briefly, Abraxane®, HSA, and NPs-PTX
were dissolved in water with the concentration of protein at
10 pg/mL and subjected to a CD spectropolarimeter (J-810,
Jasco, Tokyo, Japan), while the ellipticity was measured at the
wavelength from 190 to 250 nm. Then, the respective
proportions of different secondary structures, such as « helix,
B sheet, and random coil, were calculated according to the
method of Yang et al. (28,29).

In Vitro Cytotoxicity of NPs-PTX

The in vitro cytotoxicity of NPs-PTX on human breast
cancer cell line MCF-7 and human lung cancer cell line A549
was evaluated by the MTT assay (30). Briefly, 2,000 cells/well
were seeded in 96-well plates (CoStar, Washington, DC,
USA) and then incubated for 12 h at 37°C for cell adhesion.
Then, 10 pL of a serial concentration of PTX (dissolved in
Cremophor EL/ethanol 1:1 v/v and diluted with phosphate-
buffered saline [PBS]), NPs-PTX, and Abraxane® with
equivalent PTX concentrations were added to each well, with
10 pL PBS in medium as control, and incubated for another
48 h. In the following, 30 nL of MTT indicator dye (4 mg/mL
in PBS, pH 7.4) was added into each well, and cells were
incubated for another 4 h. Then, the medium was removed
and 150 pL.. DMSO was added in each well to dissolve the
crystals of dye. Finally, the solution was measured at a 490-nm
test wavelength and a 690-nm reference wavelength on a
microplate reader (Safire, Tecan, Ménnedorf, Switzerland).
Value obtained was expressed as a percentage of the control
cells. Based on the results, the ICs, values were calculated.

Cellular Uptake of NPs-PTX

To detect the MCF-7 cellular uptake of NPs-PTX, Cou-6
was employed as a fluorescent marker (31,32). Briefly, PTX
and Cou-6 (100:1, w/w) were added simultaneously to form
NPs-PTX-Cou-6 during the preparation of nanoparticles.
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MCF-7 cells were seeded into six-well plates (CoStar,
Washington, DC, USA) and incubated for 12 h at 37°C for
cell adhesion and incubated for another 4 h with added NPs-
PTX-Cou-6. In the following, cells were rinsed with cold PBS
to stop the uptake, fixed with 4% paraformaldehyde for
20 min, and stained by 4’,6-diamidino-2-phenylindole
(DAPI) for 15 min before being observed under the confocal
laser scanning microscope (CLSM, FV1000, Olympus, Tokyo,
Japan). To investigate whether nanoparticles interacted with
tumor cells via HSA receptors overexpressed on tumor cells
(18,33), MCF-7 cells cultured in serum-free media were
preincubated with low (0.4 mg/mL) and high (4 mg/mL)
concentrations of free HSA for 2 h before they were exposed
to NPs-PTX-Cou-6. On the other aspect, MCF-7 cells were
preincubated with low (1 mM) and high (2 mM) concentrations
of p-CD for 1 h before they were exposed to NPs-PTX-Cou-6.

Moreover, flow cytometry (FCM) was utilized to
quantitatively confirm if NPs-PTX was internalized into tumor
cells. MCF-7 cells were preincubated with PBS, low (0.4 mg/mL)
and high (4 mg/mL) concentrations of free HSA for 2 h, as well
as PBS, low (1 mM) and high (2 mM) concentrations of B-CD
for 1 h, respectively. Afterwards, they were exposed to NPs-
PTX-Cou-6 for 4 h incubation. Cells with no treatment were set
as the control. All mediums were removed and trypsin was
added to digest the cells, after which they were centrifuged
and rinsed with cold PBS. Finally, FCM (FACScalibur, BD,
San Jose, CA, USA) was employed to detect the fluorescence
intensity of cells.

Real-Time Biodistribution of NPs-PTX

The real-time in vivo biodistribution of NPs-PTX was
evaluated by near infrared fluorescent system (NIRF). NIR-
775 was utilized to label NPs-PTX. Briefly, in the preparation
process, NIR-775 was dissolved in the PTX solution and was
co-assembled into nanoparticles (NPs-PTX-NIR-775).
Meanwhile, the H22 tumor model was developed by
subcutaneously inoculating H22 cells to the ICR mice at the
right axilla. In the following, free NIR-775 and NPs-PTX-
NIR-775 with equivalent NIR-775 concentration were injected
into tumor-bearing mice via the tail vein. At different time
intervals (0.5, 1, 3, 6, 10, 24, 48, and 72 h) after intravenous
(i.v.) administration, the biodistribution was imaged utilizing
the IVIS® Lumina System (Xenogen, Alameda, CA, USA)
with an excitation wavelength at 745 nm. The NIRF images at
800 nm were collected and exposure time was set as 1 s.

In Vivo Antitumor Efficacy of NPs-PTX

In the H22 tumor model, tumor was measured by a vernier
calipers each day and its volume (V) was calculated as V=d*xD/2,
where d and D are the shortest and the longest diameters of the
tumor in millimeters, respectively. Treatments were started when
tumor reached a volume of about 100 mm® (designated as day 1).
Mice were randomly divided into three groups (n=4-5). On days 1
and 3, mice were administered intravenously with PTX, NPs-PTX,
and Abraxane®, respectively. PTX was given at its MTDs
(134 mg PTX/kg) (19), while NPs-PTX and Abraxane® were
administered at the PTX doses of 30 mg/kg. The control group
was given saline only. Afterwards, the mean tumor volumes were
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measured every day and the survival rate of animals was also
recorded.

Statistical Analysis

Results were presented as the meanz+standard deviation
(SD) if there is no special explanation. Data were analyzed by
one-way analysis of variance. When overall statistical significance
was achieved (P<0.05), Dunnett's multiple range test was used to
compare each of the doses to the vehicle control. Probability
values <0.05 were considered to be significant.

RESULTS AND DISCUSSION

Preparation of NPs-PTX

In this study, we pioneered a novel self-assembly method
via protein unfolding to encapsulate antitumor drugs into
nanoparticles. This method avoided the complexity of
fabrication procedure and the toxicity of residual chemical
agents encountered in the fabrication of Abraxane®, as well
as provided a mild preparation condition for drugs and
proteins. HSA was a global molecule with hydrophobic
domains in the inner core and hydrophilic domains in the
surface layer (34,35). When unfolded in p-ME, disulfide
bonds were reduced. Thus, hydrophobic domains were
exposed and consequently interacted with hydrophobic PTX,
which finally self-assembled into nanoparticles. This process
was demonstrated by the color change of the solution from
achromatism to slight blue (Supplementary Fig. 1).

Characterization of NPs-PTX

Size, Zeta Potential, Morphology, and PTX Analysis
of NPs-PTX

The DLS experiment indicated the formation of NPs-
PTX with a hydrodynamic diameter around 120 nm and a
relatively narrow size distribution (polydispersity<0.1)
(Fig. 1a). This size is a bit smaller than that of Abraxane®,
making nanoparticles a bit easier to accumulate in tumors due
to the EPR effect (11). The representative TEM and SEM of
NPs-PTX were shown, respectively. In the TEM and SEM
images, NPs-PTX was spherical and smooth (Fig. 1b, c).

To evaluate the effect of drug/protein ratio on particle
characteristics, a series of nanoparticles with ratios from 0% to
30% (w/w) were prepared (Table I). The mean particle size of
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HSA (no drug) was around 15 nm and it was increased to
about 130 nm when the ratio went up to 5%. From 5% to
20%, the mean diameter was not significantly changed, while
it exceeded 160 nm when the ratio was increased from 20% to
30%. We speculated that this step-increasing profile of particle
size might be due to the fact that there were still large amounts
of single HSA molecules when adding only 5% PTX. They
could be involved in forming more nanoparticles when the
ratio was within 20%, thereby no increase in mean particle
size was observed. When the ratio went beyond 20%, no
single HSA was available; hence, PTX had to interact with
existing nanoparticles, thus increasing the mean particle size.
The drug loading capacity was slowly and linearly increased
with the increase of PTX and could be encouragingly high up
to over 20% when the drug/protein ratio approached 30%.
The encapsulation efficiency also varied with different drug/
protein ratios. It was increased to near 100% when the ratio
reached 15%, which meant nearly all drugs were encapsulated
into the nanoparticles, but gradually decreased when the ratio
surpassed 15%. This might result from the fact that the
interaction between protein and drug was attenuated upon
existing binding of PTX, causing that nanoparticles could not
encapsulate more PTX. In all NPs-PTX with various drug/
protein ratios, their zeta potential stayed stable at about —20 to
=30 mV. This might result from the fact that the solution's pH
was higher than the isoelectric point of HSA, thus giving
negative charges to proteins. The negative charges guaranteed
the stability of nanoparticles in aqueous surroundings. In this
study, NPs-PTX with drug/protein ratio at 15% was
utilized in the following experiments if there is no special
explanation.

In Vitro Stability of NPs-PTX

To evaluate the stability of NPs-PTX, the changes of
particle size were recorded in different solutions. In 0.9%
NaCl and 5% glucose, mean particle size of NPs-PTX
remained constant for 36 h at 25°C, while that in bovine serum
remained steady for 24 h at 37°C and rose a little thereafter
(Fig. 2). This suggested that NPs-PTX was more stable.
Stability was one of the most crucial factors for the clinical
use of drug formulation since the drug might slowly escape
from nanoparticles and formed secondary aggregates, thereby
possibly leading to the blood vessel occlusion and making
them more susceptible to clearance by the mononuclear
phagocytic system cells (36). The high stability also ensured
that NPs-PTX could have a long circulation time in vivo, an

Fig. 1. Characterization of NPs-PTX. a Particle size and size distribution of NPs-PTX determined by
DLS. b TEM image of NPs-PTX. The scale bar stands for 100 nm. ¢ SEM image of NPs-PTX. The
scale bar stands for 400 nm
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Table I. Characteristics of NPs-PTX with Varying Drug/Protein Ratios (n=3)
PTX/HSA ratios (w/w) Diameter” (nm)/PI Zeta potential (mV) DL (%) EE (%)
0 16.23+1.47/0.031 —4.21+4.04 N.A. N.A.
5% 131.47+6.66/0.050 —28.27+6.78 3.45+0.04 74.5+0.9
10% 123.86+8.23/0.083 -32.27+11.84 7.77+0.01 84.6+0.1
15% 120.13+6.87/0.053 —24.65+9.36 12.16+0.01 98.4+0.1
20% 135.47+8.46/0.057 —27.31+£3.32 16.91+0.06 89.4+0.3
30% 162.4+11.69/0.061 —35.56+2.65 20.67+0.03 88.3+0.1

PI means polydispersity index, DL drug loading content, EE encapsulation efficiency

“Mean diameter in purified water was measured by DLS

increased accumulation in tumors, and better control of drug
release (36,37). In addition, we speculated that certain
components in the serum, such as opsonin, could bind to the
surface of nanoparticles, thereby slightly increasing the
particle size in bovine serum at the beginning of investigation
(38).

X-ray Powder Diffraction and Circular Dichroism Spectrum

The physical state of the PTX formulated in NPs-PTX
was compared with PTX crystal and Abraxane® using XRD.
As shown in Fig. 3, PTX powder displayed a few typical
diffraction peaks at 5.6°, 9.9°, and 12.7° (a), suggesting that it
was crystalline (39). Meanwhile, the physical mixture of PTX
and HSA retained the characteristic peaks of PTX, indicating
that PTX in the mixture was also crystalline (c). However,
typical diffraction peaks of PTX disappeared in NPs-PTX (d)
and Abraxane® (e) and their diffraction patterns were the
same as that of HSA (b), suggesting that the PTX dispersed in
both NPs-PTX and Abraxane® were in a noncrystalline,
amorphous state (18,30,40). This was a readily bioavailable
state which allowed fast drug release from nanoparticles
following i.v. administration (18,30). More importantly, this
result suggested that we had prepared nanoparticles where
PTX could be as bioavailable as in Abraxane®.
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Fig. 2. Stability of NPs-PTX in different conditions. NPs-PTX
(5 mg/mL) were reconstituted in 0.9% NaCl, 5% glucose, and bovine
serum, respectively

CD was utilized to examine the change in HSA secondary
structures in NPs-PTX and Abraxane®. From Fig. 4a, it was
revealed that there was scarcely any difference in far
ultraviolet range from 190 to 250 nm for NPs-PTX compared
with natural HSA. Furthermore, calculating the data on the
basis of the method of Yang er al. (28,29), we obtained the
proportions of various secondary structures, including « helix,
B sheet, and random coil of HSA. The result showed that
there was also nearly no variance between NPs-PTX and
native HSA (Fig. 4b).

In Vitro Cytotoxicity

To evaluate whether NPs-PTX could enhance the
cytotoxicity of PTX, in vitro experiments of PTX, NPs-PTX,
against MCF-7 and A549 cell lines were performed. In MCF-7
cells, a dose-dependent cytotoxicity was observed, as shown in
Fig. 5a. With the increase of PTX concentration, NPs-PTX and
Abraxane® began to display cytotoxicity at 27 ng/mL, while this
concentration for PTX was 2.7 ng/mL. Ranging from 27 to
270 ng/mL, NPs-PTX and Abraxane® displayed relatively
the same cell inhibition as PTX, indicating an equivalent
cytotoxicity. This was demonstrated by the calculated ICs
values between all formulations, where NPs-PTX even showed
a lower ICsy value (27.7 ng/mL) than PTX (74.1 ng/mL) and
Abraxane® (65.4 ng/mL) (Fig. 5b). Similarly, a dose-dependent

Intensities (abr. units)
e

2 theta (degree)

Fig. 3. XRD patterns of NPs-PTX. a PTX; b HSA; c physical mixture of
PTX and HSA (1:9, w/w), the arrows point out typical diffraction peaks
of PTX in the mixture; d NPs-PTX (1:9 PTX/HSA, w/w); e Abraxane®
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Fig. 4. Secondary structure of NPs-PTX. a CD spectrum of HSA, NPs-PTX, and Abraxane®; b
percentages of various secondary structures of HSA, NPs-PTX, and Abraxane®

cytotoxicity of NPs-PTX, Abraxane®, and PTX against A549
cells was also observed from Fig. 5c. Calculation also revealed
a much lower ICsy value of NPs-PTX (31.0 ng/mL) and
Abraxane® (19.2 ng/mL) than PTX (191.9 ng/mL), and
both differences were statistically significant (P<0.05)
(Fig. 5d). The cytotoxicity difference among various cell
lines may be attributed to the differences in their genetic
background and biological behavior (30). Based on these
results, we speculated that NPs-PTX could increase the
pharmacological effectiveness of PTX to different extents
against various tumor cells, and this improvement was as high
as Abraxane®.
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In Vitro Cellular Uptake of NPs-PTX

The cellular uptake study of NPs-PTX was conducted on
MCEF-7 cells. First, the intracellular distribution of NPs-PTX-
Cou-6 in MCF-7 cells was examined by CLSM. As shown in
Fig. 6a, d, the green fluorescence (Cou-6) was closely around
the nuclei (blue, stained by DAPI), suggesting that NPs-PTX-
Cou-6 were internalized by MCF-7 cells and distributed in the
cytoplasm. In addition, we obtained a series of merged
pictures from top to bottom at the z-axis direction of the cells
(Supplementary Fig. 2), which further demonstrated this point
of view.
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Fig. 5. In vitro cytotoxicity of NPs-PTX. a Cell viability of MCF-7 against PTX, NPs-PTX, and
Abraxane® for 48 h co-incubation; b calculated ICsy values of PTX, NPs-PTX, and Abraxane®
against MCF-7 cells; ¢ cell viability of A549 against PTX, NPs-PTX, and Abraxane® for 48 h co-
incubation; d calculated ICsy of PTX, NPs-PTX, and Abraxane® against A549 cells. The results
represent the mean+SD (n=3-4). *P<0.05 compared with PTX
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.

0.4 mg/mL HSA 4 mg/mL HSA

1 mM B-CD 2 mM B-CD

Fig. 6. Confocal image of NPs-PTX-Cou-6 distribution in MCF-7
cells. Cells were preincubated with a PBS, b 0.4 mg/mL HSA, ¢
4 mg/mL HSA, d PBS, e 1 mM p-CD, and f2 mM B-CD, respectively,
before they were subjected to NPs-PTX-Cou-6. All scale bars stand
for 50 pm

In the following, HSA and p-CD were utilized to
block MCF-7 cellular uptake of NPs-PTX-Cou-6. When
co-incubated with 0.4 mg/mL HSA (Fig. 6b), less NPs-
PTX-Cou-6 (green) was internalized into MCF-7 cells
compared with PBS (Fig. 6a), revealing that MCF-7 cell
uptake was inhibited by free HSA. We also observed a
dose-dependent inhibition on the uptake of NPs-PTX-
Cou-6 (Fig. 6a—c) when the concentration of HSA
increased from 0.4 to 4 mg/mL. Moreover, it was revealed
that the uptake of NPs-PTX-Cou-6 could also be dose-
dependently suppressed by p-CD from 0 mM (PBS) to
2 mM (Fig. 6d-f).

Afterwards, to further confirm the inhibition effects of
HSA and p-CD on MCF-7 cellular uptake of NPs-PTX, we
conducted the FCM examination. It was seen that 0.4 and
4 mg/mL HSA could shift the cells' fluorescence—count curve
to the left in a dose-dependent manner (Fig. 7a). By
calculating the mean fluorescence intensity of 10,000 cells in
each sample, we found that it decreased 39% and 69% by 0.4
and 4 mg/mL HSA, respectively. Finally, 1 and 2 mM p-CD
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could also shift the cells' fluorescence—count curve to the leftin a
dose-related style (Fig. 7b) and the mean fluorescence intensity
of 10,000 cells decreased 40% and 57% by 1 and 2 mM p-CD,
respectively.

The combination of results from CLSM and FCM
examinations on cellular uptake strongly indicated that NPs-
PTX was internalized into tumor cells through the specific
interaction between HSA of nanoparticles and HSA
receptors, such as SPARC receptors (18,19). SPARC is a
secreted glycoprotein highly expressed on cell surfaces of
various tumors, including breast, prostate, liver, lung, kidney,
gastric, colorectal, skin melanoma, efc., which could be
blocked by free HSA (41). Moreover, according to the fact
that p-CD was an inhibitor of “caveolar” and p-CD's
inhibition on cellular uptake demonstrated in the CLSM and
FCM examinations, we speculated that NPs-PTX might also
be internalized into tumor cells via “caveolars” after binding
with HSA receptors on cell surfaces. Both the HSA-SPARC
interaction and “caveolars” mediated the internalization of
NPs-PTX into tumor cells.

Real-Time Biodistribution of NPs-PTX

To monitor the real-time distribution, excretion, and
tumor-targeting efficiency of NPs-PTX in vivo, noninvasive
near infrared fluorescence optical imaging technology was
employed in this study. Mice bearing the H22 tumor were
selected as the animal model and a near infrared fluorescence
dye, NIR-775, was employed as the imaging agent. Near
infrared dyes could enable deep tissue imaging with high
penetration but low tissue absorption and scattering (42). To
simulate the same physicochemical characteristics of
nanoparticles, only 10% of NIR-775 (NIR-775/PTX, w/w)
was co-packaged into NPs-PTX. Equivalent dosages of free
NIR-775 and NPs-PTX-NIR-775 were injected into H22
tumor-bearing mice, after which near infrared fluorescence
signals were clearly and quickly observed, as shown by
Fig. 8. In the first 3 h, a high level of fluorescence intensity
was detected in the liver when mouse were injected with NPs-
PTX-NIR-775, which was similar to free NIR-775. However,
this high fluorescence intensity quickly disappeared in the
following hours due to metabolism (12,30). On the other
aspect, an accumulation of NPs-PTX-NIR-775 was observed
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Fig. 7. Quantification of cell uptake for NPs-PTX-Cou-6 by FCM. NPs-PTX-Cou-6 and different
concentrations of free a HSA and b p-CD were co-incubated with MCF-7 cells. The mean
fluorescence intensities of 10,000 cells were determined. All results revealed the fluorescence of
cells at 527 nm and the exciting wavelength was set at 490 nm (FLH-1)
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Fig. 8. The NIRF images of H22 tumor-bearing mice following i.v. injection of free NIR-775 and

NPs-PTX-NIR-775

in the tumor area after 3 h post injection. Near infrared
fluorescence intensity in tumor was gradually enhanced
compared to normal tissues after injection, reached its peak
at 24 h, and remained at a relatively high level up to 72 h.
Nonetheless, there was no obvious increase of fluorescence
intensity in tumors of the mouse treated with free NIR-775 up
to 72 h post injection. This tumor accumulation directly
proved the in vivo targeting ability of NPs-PTX and it might
result from the EPR effects (3,11). We speculated that the
HSA-SPARC interaction was also responsible for facilitating
the accumulation of NPs-PTX in tumors in vivo as it has been
recently determined that SPARC binding to albumin was
saturable and specific and might play an important role in
the increased tumor accumulation of albumin-bound drugs
(19).

In Vivo Antitumor Efficacy

To evaluate the in vivo antitumor efficiency of NPs-PTX
on H22 tumor-bearing mice, saline, PTX (13.4 mg/kg),
Abraxane® (30 mg PTX/kg), and NPs-PTX (30 mg PTX/
kg) were intravenously injected into animals on days 1 and
3, respectively. As shown in Fig. 9a, in the saline group,
tumors quickly and continuously grew after injection and
the average tumor volume on day 19 was up to 12.69 cm’
(about 0.1 cm® on day 1). In all other three groups, the curves
overlapped with each other and tumor volumes were
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increased slower than the saline group before day 10. After
day 10, tumors in the three groups grew much more slower
than the saline group and their volumes were more and more
apart from each other, with PTX group the largest
(8.15 cm?), Abraxane® in the middle (6.52 cm?), and NPs-
PTX group the smallest (4.98 cm®) on day 19. Comparing the
mean tumor volumes of saline, the inhibition rate of PTX,
Abraxane®, and NPs-PTX was 35.8%, 48.6%, and 60.8%,
respectively. In addition, the survival curves of tumor-
bearing mice in each group are shown in Fig. 9b. All mice
treated with saline died within 34 days, while three of five mice
in both PTX and Abraxane® groups died on day 31. Only one of
four mice in the NPs-PTX group died at the end of
measurement.

Based on the smallest mean tumor volume, slowest tumor
growth rate, and longest animal survival time, it was clear
that NPs-PTX showed an enhanced in vivo antitumor
effect for PTX. The noticeable enhanced antitumor effect
of NPs-PTX in vivo should be attributed to the following
factors: (1) The existence of negative charges on the
nanoparticles' surfaces (Table I) guaranteed a good stability
for nanoparticles, making them easier to accumulate in tumors
due to the EPR effect. (2) More importantly, as demonstrated
in real-time imaging, NPs-PTX displayed a prominent and
relatively lasting tumor targeting, thus leading to high
PTX accumulation and improvement of therapeutic index
of PTX.
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Fig. 9. Antitumor efficiency of NPs-PTX in H22 tumor-bearing mice. a Tumor volumes after
injection of saline, PTX, NPs-PTX, and Abraxane®. b Survival of tumor-bearing mice in various
groups. ¥*P<0.05 compared with saline



Novel Self-assembly Endows HSA Nanoparticles

CONCLUSION

In summary, novel self-assembling HSA nanoparticles for
targeted delivery of PTX to tumors were successfully
developed in this study. This simple strategy pioneered the
idea of fabricating drug-loaded nanoparticles with protein
unfolding and self-assembly. It eliminated the complicated
preparations and toxicities of residual organic solvents and
cross-linking agents in other formulations. The physicochemical
features, in vitro cytotoxicity and cellular uptake, real-time
biodistribution, and antitumor efficacy were evaluated. These
studies revealed NPs-PTX's readily bioavailable state of PTX,
highly retained HSA secondary structures, HSA receptor-
mediated cellular internalization, enhanced cytotoxicity, lasting
in vivo tumor targeting, and better antitumor effectiveness. This
study not only offers a novel and more efficient strategy for
PTX in tumor chemotherapy but also paves the way for many
other hydrophobic drugs by improving their clinical
effectiveness for cancer therapy.
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