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Chondroitin sulfate-mediated albumin corona nanoparticles were readily prepared without
any chemical reaction, and their active tumor targeting and therapeutic effects were
examined. Negatively charged chondroitin sulfate (CS) and positively charged doxorubicin
(DOX) self-assembled into nanoparticles (CS-DOX-NPs) via electrostatic interactions. Bovine
serum albumin (BSA) was then adsorbed on the surface of CS-DOX-NPs to form albumin
corona nanoparticles (BC-DOX-NPs) protected from endogenous proteins. Due to the dual
effect of BSA and CS, BC-DOX-NPs interacted with the gp60, SPARC and CD44 receptors
on tumor cells, facilitating their rapid and efficient transcytosis and improving their
accumulation and uptake within tumor tissues. The simultaneous presence of BSA and CS
also allowed BC-DOX-NPs to target CD44 efficiently, leading to greater cellular uptake and
cytotoxicity against 4T1 cells than CS-DOX-NPs or free DOX. Intravenous injection of BC-
DOX-NPs into orthotopic 4T1 tumor-bearing mice led to greater drug accumulation at the
tumor site than with CS-DOX-NPs or free DOX, resulting in significant inhibition of tumor
growth and lower exposure of major organs to the drug.
© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

repeating disaccharide units of glucuronic acid and N-acetyl
galactosamine. CS, a part of the extracellular matrix, has
been clinically approved for wound dressings and used for

Chondroitin sulfate (CS) is a biocompatible, biodegradable adjuvant treatment of joint pain and atherosclerosis. CS
anionic glycosaminoglycan with low toxicity consisting of and its proteoglycans have shown strong affinity for CD44
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and P-selectin receptors [1], which play an important role
in inhibiting tumor angiogenesis and metastasis and in
promoting tumor cell apoptosis [2-4]. In particular, CD44 is a
membrane protein involved in tumor growth and metastasis
[5,6], and is highly expressed on the surface of various cancer
cells, such as breast, prostate and colon cancer cells [7-9],
making it a well-established tumor targeting receptor.

CS bears many carboxyl and sulfonyl groups, which
can be easily chemically modified for various applications.
For instance, a chondroitin sulfate A-polyethylene glycol
conjugate was synthesized and adsorbed on the surface of
docetaxel crystals, affording nanocrystals with improved
stability, long circulation and CD44 targeting ability [10].
Additionally, phenylboronic acid-functionalized chondroitin
sulfate A nanoparticles were prepared to target tumors
and release drugs in response to the acidic tumor
microenvironment. [11]. Although these derivatives can
be used to formulate targeted delivery systems, they still
have several drawbacks such as low biocompatibility, safety
issues with synthetic materials and incomplete elimination
of toxic molecules during the reactions. Furthermore, once
injected into circulation, the nanoparticle surface can be
shielded by endogenous proteins, which interferes with the
ability of targeting ligands to bind their cognate receptors,
thus reducing targeting efficiency [12,13].

Albumin is commonly used to formulate various
nanoparticles [14-16], which show good biocompatibility, low
immunogenicity, good biodegradability and other desirable
properties [17-19]. Albumin can also bind to the gp60 receptor,
a glycoprotein expressed on the surface of endothelial cells;
in this way, albumin can help nanoparticles cross the
endothelial barrier and penetrate into tumors [20]. Moreover,
albumin interacts with the so-called “secreted protein acidic
and rich in cysteine” (SPARC), allowing it to accumulate at the
tumor, where it serves as an energy source [17,20,21].

In this study, we aimed to prepare self-assembled CS-
based nanoparticles without any chemical modification.
Doxorubicin (DOX) was used as a model drug because of
its excellent antitumor activity [22]. Commercially available
DOX-HCI was desalted to expose its free amino groups, then
it was combined with the negatively charged CS to form CS-
DOX-NPs by electrostatic interactions. Given that CS has good
affinity for various proteins, such as Neisseria heparin binding
antigen (NHBA) [23] and albumin [24,25], we used bovine
serum albumin (BSA) to generate a protective protein corona
on the CS-DOX-NP surface, forming CS-mediated albumin
corona nanoparticles (BC-DOX-NPs). In this way, BC-DOX-
NPs were prepared via a stepwise method based on the
electrostatic interaction between positive DOX and negative
CS and the strong affinity between glycosaminoglycans and
proteins (Fig. 1). The rationale of this approach was that
after intravenous administration, BC-DOX-NPs would bind
to the gp60 receptor on the surface of tumor vascular
endothelial cells and activate the caveolin-1 protein. Then
the nanoparticles would be transcytosed across endothelial
cells. Finally, the nanoparticles would bind to SPARC and
CD44 receptors on cancer cells to accumulate in the tumor
interstitium and be efficiently taken up by other tumor
cells.
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Fig. 1 - Schematic illustration showing of BC-DOX-NPs for
transporting and exerting therapeutic effects in vivo.
Soybean oil as hydrophobic core was used to promote DOX
aggregation to form a positively charged core, and the
negatively charged polysaccharide chain CS was entangled
with the core during agitation (CS-DOX-NPs). BSA adsorbed
on the CS-DOX-NPs surface forming BC-DOX-NPs and
formed protein corona on the surface of nanoparticles.
Meanwhile some CS were exposed alternately with BSA.
BSA could reduce the interference of endogenous proteins
on BC-DOX-NPs. In addition, the binding of BSA to gp60 on
endothelial cells activates the cytoplasmic protein
caveolin-1, which causes BC-DOX-NPs to cross the
endothelial barrier in vesicles. BC-DOX-NPs is accumulated
in tumor stroma due to the binding of BSA and SPRAC, and
targets to tumor cells thanks to the interaction of CS and
CD44. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)

2. Materials and methods
2.1. Materials

CS was purchased from Aladdin biochemical technology
Co., Ltd. (Shanghai, China); Doxorubicin hydrochloride was
purchased from Meilun Biotechnology (Dalian, China); BSA
(Albumin Bovine V) was purchased from BioFroxx (Einhausen,
Germany); Soybean oil for injection was purchased
from Yuanye Bio-Technology Co., Ltd. (Shanghai, China);
Solutol HS15 was purchased from BASF (Ludwigshafen,
Germany); 3-(4,5-Dimethyl-2-thiazolyl)—2,5-diphenyl-2H-
tetrazolium bromide (MTT), 4,6-diamidino-2-phenylindole
(DAPI), monensin sodium and genistein were purchased
from J&K Scientific Ltd.; Mouse antibodies including anti-
CD44, FITC anti-CD44 and Rhodamine-labeled secondary
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antibodies were purchased from Affymetrix eBioscience (San
Diego, USA). rabbit anti-CD31 antibody and Alexa Fluor 647
conjugated goat anti-rabbit IgG were purchased from Abcam
(Cambridge, UK). Other reagents were analytical or HPLC
grade and purchased commercially.

2.2 Preparation of BC-DOX-NPs and CS-DOX-NPs

DOX-HCl (20mg), 500pl ammonia (12.5ppm) and 600pul
soybean oil for injection were mixed in 10ml ethanol and
sonicated in a water bath for 20min to obtain suspension
A. 33.6mg CS (MW 113kDa), 125 mg HS-15 were dissolved in
20ml deionized water to obtain solution B. Suspension A was
added dropwise to solution B and the mixture was stirred
at room temperature for 1h. The suspension was sonicated
for 10 min (250 W), and then it was homogenized using high
pressure homogenizer (1100 bar for 2 min) to obtain uniform
nanoparticles. The final suspension with a volume of 5 ml was
obtained after removing the ethanol using rotary evaporation.
Adding deionized water to a constant volume of 15ml to
obtain CS ion-pairing nanoparticles (CS-DOX-NPs). 62.7 mg
BSA was dissolved in 7ml CS-DOX-NPs and stirred at room
temperature for 1h to obtain BC-DOX-NPs. All formulations
were filtered through 0.22 pm sterile filter and stored at 4 °C.

2.3. Fluorescence spectroscopy of BSA

To further demonstrate the binding between BSA and CS-
DOX-NPs, we recorded the fluorescence spectra of BSA,
BC-DOX-NPs and CS-DOX-NPs using a spectrophotometer
(RF6000, Shimadzu, Kyoto, Japan). The concentration of BSA
or BC-DOX-NPs is 100 pg/ml and the concentration of DOX is
10 pg/ml. The fluorescence emission spectra were recorded at
25 °C in range of 200-600 nm at an excitation wavelength of
280 nm. We also recorded the fluorescence spectra of BC-DOX-
NPs (BSA, 100 pg/ml) with different mass ratios of BAS to CS
(1:0.167, 1:0.125, 1:0.100, 1:0.067). These fluorescence emission
spectra were recorded at 25 °C in range of 290-500nm at an
excitation wavelength of 280 nm.

2.4. Cellular uptake

We examined cellular uptake of BC-DOX-NPs and CS-DOX-
NPs by flow cytometry (FCM) and CLSM. For flow cytometry,
B16F10 and 4T1 cells (1 x 10> cells per well) were seeded in
12-well plates. After 24h, cells were treated with free DOX,
BC-DOX-NPs and CS-DOX-NPs with DOX concentration at
S5pg/ml for 1, 2 and 4h, respectively. Afterward, the cells
were trypsinized, washed twice with PBS, and resuspended
in 0.5ml PBS. Mean fluorescence intensity and positive rate
of cells were measured by flow cytometry. For CLSM, 4T1
cells were seeded on coverslips 24h before treatment with
free DOX, BC-DOX-NPs and CS-DOX-NPs. After 2h and 4h
incubation, cells were rinsed thrice with cold PBS, fixed with
4% paraformaldehyde for 15 min, stained with DAPI for 10 min
and observed by CLSM.

To prove that the cell uptake of nanoparticles is due
to CD44 receptors, we blocked the receptors on 4T1 and
B16F10 cells and examined uptake by flow cytometry.
Briefly, cells were seeded in 12-well plates and precultured
free media without or with 10mg/ml CS for 1h. After

1h, cells were incubated with free DOX, BC-DOX-NPs and
CS-DOX-NPs for 2h, washed and resuspended in PBS for
analysis.

2.5. Intracellular localization under CLSM

The CD44 location of BC-DOX-NPs and CS-DOX-NPs was
studied in 4T1 cells by confocal laser scanning microscopy
(CLSM) (TCS SP5, leica, Germany). Cells (1 x 10%) were seeded
on round glass coverslips overnight and incubated with free
DOX, BC-DOX-NPs and CS-DOX-NPs at a DOX concentration of
0.1pg/ml for 1h. Then cells were rinsed thrice with cold PBS,
fixed with 4% paraformaldehyde for 15 min, washed with 10%
FBS (PBS, v/v) as blocking solution for 1h and incubated with
CD44 antibodies in blocking solution overnight at 4 °C. After
this, cells were incubated with Rhodamine-labeled secondary
antibodies for 1h and stained with DAPI for 10 min. Confocal
microscope was used to observe the images of samples.

2.6.  Cytotoxicity

4T1 cells were seeded in 96-well plates at a density of 1 x 10%
per well. After 24 h, cells were incubated with 100 pl free media
containing varying concentrations of free DOX, BC-DOX-NPs,
CS-DOX-NPs and blank carries for 24 or 48 h at 37 °C. The blank
carries were prepared in the same way as the corresponding
nanoparticles, but without DOX, and their added volume is
equal to the corresponding nanoparticles. Afterward, the cells
were incubated with 100l MTT (0.5 mg/ml) for 4h at 37 °C
and 150 pl dimethyl sulfoxide (DMSO) was added to develop
color. The absorbance was recorded using a microplate reader
at 490 nm. Cell viability was calculated using Eq. 1.

Viability (%) = (Atext — Aplank)/ (Acontrol — Aplank) x 100% 1
2.7.  Biodistribution and tumor penetration

4T1 cells at a density of 2x10° per mouse were
subcutaneously injected into the right flank of female
balb/c mice weighting 18+ 2g. The experiment began when
the tumor volume reached 200-500mm?3. Free DOX, CS-
DOX-NPs and BC-DOX-NPs (5 mg/kg DOX) were administered
intravenously via tail vein. After 1 and 4h injection, the mice
were sacrificed to collected major organs (heart, spleen, liver,
lung and kidney) and tumor (n=4 per each group). These
samples were weighted and homogenized with 3-fold of
physiological saline (g/ml). The DOX in tissues was extracted
with acetonitrile - methanol (5:1, v/v) and measured by LC-MS.
In another set of experiment, after 5min, 1h and 4 h injection,
the tumors were harvested and prepared for frozen sections.
Tumors were fixed 4% paraformaldehyde, dehydrated with
20% and 40% sucrose in that order. After that the tumors
were cryosectioned into 10 pm, then, cryosections were taken
twice every 0.2cm deep. The cryosections incubated with
rabbit anti-CD31 antibodies in blocking solution overnight at
4 °C, and stained with Alexa Fluor 647 conjugated goat anti-
rabbit IgG. Nuclei were stained with DAPI. The sections were
observed by CLSM for tumor accumulation and penetration
study.
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Fig. 2 - Size distributions and morphology of nanoparticles analyzed by DLS and TEM respectively. Unlike CS-DOX-NPs,
BC-DOX-NPs has an extra translucent film with a thickness of about 10 nm.

2.8.  Invivo antitumor efficacy

Balb/c mice (18+2g) bearing 4T1 breast tumor were
established following the protocol described in biodistribution
and divided into 4 groups randomly (n=8). On the fourth day
of inoculation, tumors reached 50-100mm?3 in volume
and saline, free DOX, CS-DOX-NPs and BC-DOX-NPs were
administered into mice intravenously at a dose of 5mg/kg
DOX every 4 d for three times. Tumor volume of each group
was recorded after the first administration and calculated
using Eq. 2.

Volume(mm?) = [length (mm) x widthz(mm)} / 2 ()

After 18 d of inoculation, the tumors were harvested from
the mice and weighted to determined tumor inhibitory. Tumor
inhibitory rate was calculated by following Eq. (3):

Tumor inhibitionrate = (Wggline — Warug)/Waaline X 100%. (3)

2.9.  Statistical analysis

All data are presented as mean with standard deviations (SD).
Survival analysis was performed by SPSS software. In vitro
release data were analyzed through the DDSolver program
[26]. Statistical significance among groups were performed by
ANOVA and a P value of < 0.05 was considered statistically
significant.

3. Results and discussion
3.1. Preparation of CS-DOX-NPs and BC-DOX-NPs

When CS and DOX-HCI are dissolved in deionized water and
stirred for a period of time, they can form nanoparticles
directly without any additional materials. However, we found
that the nanoparticles formed in this way easily dispersed
after dilution. To increase their stability and entrapment,
soybean oil, HS-15 and desalted DOX were added based on
our previous studies [27]. Homogenization of soybean oil into
a hydrophobic core helps DOX aggregate to form the positively
charged core, which can combine with the negatively charged
CS to form the desired CS-DOX-NPs (Fig. 2).

However, CS-DOX-NPs showed weak tumor targeting in our
preliminary studies. Therefore, BSA was adsorbed onto the CS-
DOX-NPs to generate a protein corona (Fig. 2), resulting in BC-
DOX-NPs with improved tumor targeting ability. Meanwhile,
the method of DOX-HCl desalting during preparation was
simplified, and the feeding ratio of CS-to-DOX and the
amounts of excipients and BSA were optimized (Fig. S1),
to make our formulations closer to industrial applications.
Meanwhile, we found that uniform nanoparticles could
not form without the help of positively charged DOX
(Fig. S2).

3.2 Properties of CS-DOX-NPs and BC-DOX-NPs

CS-DOX-NPs and BC-DOX-NPs were uniformly distributed
nano-formulations with a particle size of approximately
100nm (Table 1). The EE of BC-DOX-NPs slightly increased
from 80.7% to 85.1% due to surface-coating BSA, compared
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Table 1 - Characterization of CS-DOX-NPs and BC-DOX-NPs.

Groups Particle size (nm) PDI Zeta potential (mV) DL (%) EE (%)
CS-DOX-NPs 99.71+8.94 0.188+0.02 —7.894+0.65 9.3440.29 80.7+1.2
BC-DOX-NPs 105.16 £ 13.15 0.173+£0.03 —3.52+£0.32 5.42+0.14 85.1+1.4
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Fig. 3 - Properties of BC-DOX-NPs and CS-DOX-NPs. (A) Serum stability of BC-DOX-NPs and CS-DOX-NPs analyzed by
transmittance when mixed in 50% FBS within a 72-h period (mean + SD, n = 3). (B) In vitro release profiles of BC-DOX-NPs,
CS-DOX-NPs and free DOX at 37 °C up to 72h (mean + SD, n=3). **P < 0.01 and ***P < 0.001 compared with free DOX; * P <
0.05 compared with CS-DOX-NPs. (C) Fluorescence emission spectra of BSA, BC-DOX-NPs and CS-DOX-NPs. Excitation
wavelength: 280 nm. (D) Fluorescence emission spectra of BC-DOX-NPs with BSA/CS mass ratios of 1:0.167, 1:0.125, 1:0.100,
1:0.067. Excitation wavelength: 280 nm. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

to CS-DOX-NPs. Both formulations were stable during storage
at 4 °C and 25 °C, and no increase in size or nanoparticle
aggregation was observed under these conditions (Fig.
S3). In serum, the transmittance of BC-DOX-NPs remained
around 90% throughout the 72-h incubation (Fig. 3A),
whereas that of CS-DOX-NPs began to decrease slightly
after 24h, implying that BC-DOX-NPs were more stable in
serum.

In order to examine the effects of CS-DOX-NPs and BC-
DOX-NPs on drug release, each formulation or free DOX
was incubated in PBS for 72h. At 6h post-incubation, the
cumulative release of free DOX was ~90%, while about 46%
and 38% of the total drug was released from CS-DOX-NPs and
BC-DOX-NPs, respectively (Fig. 3B). By 72 h, both formulations
had released 90% of drug, indicating a sustained release effect.
Furthermore, release was more sustained from BC-DOX-NPs
than from CS-DOX-NPs (Fig. 3B and Table S1), as the release
of DOX was blocked by the adsorbed BSA. The obtained
data were then fitted using the DDSolver to analyze the
release kinetics of BC-DOX-NPs. By comparing the goodness
of fit of multiple dissolution models, we found that BC-
DOX-NPs followed the Gompertz model with a regression

coefficient of 0.9970 and an Akaike information criterion
of 44.60.
3.3.  BSA fluorescence

Tryptophan (iex=280nm) is the main endogenous
fluorophore of BSA, allowing the use of fluorescence
spectroscopy to analyze the stability of BSA or the effects
of drugs on its structure [28,29]. CS-DOX-NPs did not
interfere with the fluorescence of BSA (Fig. 3C). At the
same concentration, the fluorescence intensity of BC-DOX-
NPs was significantly lower than that of BSA, and a blue
shift was observed at 290-500nm (Fig. 3C); the CS-BSA
interaction quenched BSA fluorescence. Comparison of the
fluorescence intensity of BC-DOX-NPs and CS-DOX-NPs at
Amax Of 271 and 556 nm further indicated that the adsorption
of BSA on the surface reduced the fluorescence intensity
of CS-DOX-NPs. Additionally, the fluorescence intensity
of BC-DOX-NPs gradually decreased with increasing CS
amount at a BSA concentration of 100pg/ml (Fig. 3D). All
these results confirm that CS can interact with BSA, and
that this interaction may be due to some positively charged
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cells and B16F10 cells after preincubation with CS solution (10 mg/ml). (C) Relative uptake of BC-DOX-NPs and CS-DOX-NPs
in 4T1 cells after preincubation with various cell uptake inhibitors, compared with control group. *P < 0.05, **P < 0.01. (D)
CLSM images of 4T1 cells incubated with BC-DOX-NPs, CS-DOX-NPs and free DOX for 1 h. The cell nuclei were stained by
DAFPI (blue). The CD44 receptors on 4T1 cells were stained by Rhodamine-labeled secondary antibodies (red). The
fluorescence of DOX was shown in green and co-localization was shown in yellow. The bar is 10 pm. (E) Cytotoxicity of
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All data represent mean + SD (n=3). **P < 0.01 and ****P < 0.0001 compared with free DOX; * P < 0.05, # P < 0.01, ## P <
0.001, #### P < 0.0001 compared with CS-DOX-NPs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

patches on BSA interacting with the negatively charged the CD44 receptors are saturated, tumor cells may endocytose

CS [30,31]. nanoparticles by interacting with BSA. However, how BSA
promotes uptake by cancer cells is still unclear; it may reflect

3.4. CD44-mediated cellular uptake of CS-DOX-NPs and that albumin serves as a nutrient for tumor cells, or it

BC-DOX-NPs may result from increasing secretion of SPARC in the tumor
microenvironment [17,32-34].

4T1 and B16F10 cells, which express abundant CD44, took To further explore the effect of the CS-CD44 interaction

up the prepared nano-formulations to a greater extent than on the cellular uptake of BC-DOX-NPs and CS-DOX-NPs, we
they took up free DOX (Fig. 4A and Fig. S4), due to the CS preincubated the CD44-expressing cells with a CS solution
wrapping, which promoted cell endocytosis via the CD44 for 1h to block the CD44 receptors. Flow cytometry showed
receptor. Indeed, the BSA coating led BC-DOX-NPs to be taken that the cellular uptake of BC-DOX-NPs and CS-DOX-NPs was
up more efficiently than CS-DOX-NPs, suggesting that when significantly reduced (Fig. 4B). Nevertheless, the uptake of
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BC-DOX-NPs remained higher than that of CS-DOX-NPs and
free DOX. This suggests that although both formulations can
be taken up by the cells via CD44-mediated endocytosis, BC-
DOX-NPs also follow another endocytic pathway due to the
BSA surface coating.

The intracellular distribution of formulations in CD44-
expressing 4T1 cells was studied by confocal microscopy
to verify their CD44 targeting ability. After incubation with
free DOX for 1h, the DOX (green) was mainly detected in
the nucleus and randomly dispersed around it (Fig. 4D),
and it did not overlap with the CD44 (labeled with red). In
contrast, the fluorescence of DOX incorporated in CS-DOX-
NPs and BC-DOX-NPs clearly overlapped with that of the CD44
receptor. Therefore, the presence of CS in both formulations
promoted their ability to target the CD44 receptor on 4T1
cells. Interestingly, the fluorescence of DOX in BC-DOX-NPs
was almost localized at the CD44 receptor sites, while that
of CS-DOX-NPs was distributed mainly in the nucleus. This
may be because CS-DOX-NPs are less stable than BC-DOX-
NPs, so the DOX may have been released rapidly over time,
allowing the drug to target the nucleus. Moreover, in contrast
to the cellular uptake results, the fluorescence intensity of
DOX in CS-DOX-NPs was higher than that in BC-DOX-NP.
This is probably because the dose concentration of DOX was
0.1pg/ml, which is significantly lower than that used in the
cellular uptake experiments (5pg/ml). The CD44 receptors
were not saturated under these conditions and there are
more CS on the CS-DOX-NPs, which allowing rapid uptake of
CS-DOX-NPs.

3.5. Cellular uptake mechanism

To explore the mechanism of BC-DOX-NPs and CS-DOX-
NPs uptake by 4T1 cells, internalization experiments
were performed at 4 °C or in the presence of various
inhibitors, including M-B-CD, an inhibitor of lipid
raft/caveolae-dependent endocytosis; amiloride, an inhibitor
of macropinocytosis-mediated endocytosis; chlorpromazine,
an inhibitor of clathrin-mediated endocytosis; genistein,
which inhibits caveolae-dependent endocytosis by reversibly
inhibiting tyrosine kinase; and monensin, an inhibitor of
microtubule-related endocytosis [35,36]. After incubation
at 4 °C, the fluorescence intensity of BC-DOX-NPs and CS-
DOX-NPs was considerably reduced, suggesting that their
internalization is mediated by ATP-dependent endocytosis.
In addition, most inhibitors inhibited the cellular uptake to
varying degrees (Fig. 4C). Among them, M-8-CD and monensin
had the strongest inhibitory effect on BC-DOX-NPs, while
chlorpromazine and amiloride had the strongest inhibitory
effect on CS-DOX-NPs. Based on these results, we conclude
that the internalization of BC-DOX-NPs is mediated by lipid
raft/caveolae and microtubule-dependent endocytosis, while
CS-DOX-NPs are internalized via macropinocytosis and
clathrin-mediated endocytosis.

3.6.  Cytotoxicity
The cytotoxicity of the prepared formulations was examined

in 4T1 cells incubated with various concentrations of free
DOX, BC-DOX-NPs, or CS-DOX-NPs for 24 and 48 h. At the same

DOX concentrations, the targeting nanoparticles showed
higher cytotoxicity against 4T1 cells than free DOX, and
BC-DOX-NPs showed slightly higher cytotoxicity than CS-
DOX-NPs (Fig. 4E). The ICsq values of BC-DOX-NPs for 24
and 48h were 5.3- and 4.4-fold lower, respectively, than the
values of free DOX, while the corresponding ICsy values
of CS-DOX-NPs were 3.3- and 2.7-fold lower than those of
free DOX (Table S2). Moreover, 4T1 cell viability was near
100% upon treatment with drug-free nanocarriers at various
concentrations (Blank-BC and Blank-CS), indicating the high
safety of the carriers. Thus, BC-DOX-NPs showed the greatest
ability to inhibit proliferation of 4T1 cells, which is consistent
with the cellular uptake results and suggests potential for
breast cancer treatment.

3.7. Biodistribution and tumor penetration of
CS-DOX-NPs and BC-DOX-NPs

To evaluate the biodistribution of DOX encapsulated in CS-
DOX-NPs and BC-DOX-NPs, the major organs and tumor
tissues of mice bearing 4T1 tumors were collected at 1h
and 4h post-injection, and the DOX concentrations were
quantitatively analyzed by LC-MS (Fig. 5A). At 1 and 4h
post-injection, DOX concentrations in the tumors of mice
injected with BC-DOX-NPs were 1.4- and 2.7-fold higher than
in the tumors of CS-DOX-NPs-injected mice, and 2.5- and
4.1-fold higher than in tumors of animals given free DOX.
Interestingly, the accumulation of DOX in the heart was lower
in the BC-DOX-NP-treated mice than in free DOX-treated mice,
implying that the encapsulation reduces the cardiotoxicity of
DOX.

Moreover, BC-DOX-NPs significantly reduced the drug
concentration in the liver compared to CS-DOX-NPs. The
increased accumulation of DOX in the liver of CS-DOX-NP-
injected mice was mainly attributed to the reticuloendothelial
system (RES) [37] and sinusoidal endothelial cells in liver.
It has been reported that phagocytes in the RES can
phagocytose particles by recognizing opsonins adsorbed
on their surface [38,39]. However, the BSA on BC-DOX-
NPs presumably inhibited such adsorption, limiting the
accumulation of DOX in the mouse liver [40]. CS and
hyaluronic acid (HA) were likely cleared systemically through
interaction with the hyaluronic acid receptor for endocytosis
(HARE), which is highly expressed on liver sinusoidal
endothelial cells and is involved in endocytosis [41,42]. In
contrast, the BSA coating reduced the ability of CS to target
the liver.

To further examine drug penetration and accumulation in
tumors, the tumor tissues of mice injected with formulations
were harvested at 5min, 1h and 4h post-injection and
prepared as frozen sections. At 5min post-injection, the
fluorescence of DOX (green) and blood vessels (stained with
anti-CD31 antibody, red) in the CS-DOX-NPs and free DOX
groups overlapped slightly (Fig. 5B), whereas more extensive
overlap was observed in the BC-DOX-NPs group, indicating
the rapid passage of BC-DOX-NPs through the vascular
endothelium. This significant difference could be attributed to
the binding of BSA to gp60, which promoted the transcytosis
of BC-DOX-NPs. In addition, at 1h and 4 h post-injection, DOX
penetrated and accumulated into the tumor tissues of both



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 16 (2021) 508-518 515

15-mBC-DOX-NPs

o
Heart  Liver Spleen Lung Kidney Heat  Liver Spleen Lung Kidney
CD31 Merge CD31

W Concentration of DOX (ug/g) >

CS-DOX-NPs BC-DOX-NPs
CS-DOX-NPs BC-DOX-NPs

DOX

m

Tumor mBC-DOX-NPs
== CS-DOX-NPs

=DOX

Mean flourescent intencity

BC-DOX-NPs

CS-DOX-NPs

Fig. 5 - Biodistribution and tumor penetration of formulations. (A) The concentration of DOX in major organs and tumors of
balb/c mice bearing 4T1 tumors after intravenous administration of BC-DOX-NPs, CS-DOX-NPs and free DOX at 1h and 4h.
(mean =+ SD, n=4). Distribution of BC-DOX-NPs, CS-DOX-NPs and free DOX in 4T1 tumors at (B) 5min, (C) 1h, and (D) 4h
post-injection. The tumor blood vessels are stained with anti-CD31 antibody (red) and nuclei are stained with DAPI (blue).
The fluorescence of DOX was shown in green. The bar is 50 pm. The white arrow points to the overlap between DOX and
blood vessels. (E) The mean fluorescent intensity of DOX in tumors by semi-quantitative assessment. *P < 0.05, **P < 0.01,
**##*P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

nanoparticle-treated groups (Fig. 5C and 5D), but to a greater
extent in the BC-DOX-NPs group (Fig. 5E). In contrast, the drug
in the free DOX group remained mainly around the blood
vessels, showing no significant penetration. Similar results
were observed at different depths of tumor sections (Fig. S5).
The LC-MS findings were consistent with the confocal
imaging results. In particular, BC-DOX-NPs performed slightly
better than CS-DOX-NPs in vitro, but the biodistribution of
both formulations was significantly different in vivo. Active
drug targeting and tumor accumulation by CS-DOX-NPs were
due mainly to efficient targeting of CD44 and the EPR effect
[1,43]. However, upon intravenous injection, the CS molecules
on the nanoparticle surface could be shielded by opsonins,
resulting in the more accumulation of nanoparticles to the
liver. Therefore, BSA was pre-adsorbed onto the nanoparticle
surface to form a protective protein corona, which could
increase the stability in serum (Fig. 3C). In addition, BSA
could bind to the gp60 receptor, favoring the rapid passage
of BC-DOX-NPs through the vascular endothelial barrier, then
their targeting of SPARC in tumors [44]. In other words,
BC-DOX-NPs showed significantly greater tumor targeting and
accumulation efficiency than CS-DOX-NPs in vivo due to the
protective effect of BSA and the BSA-gp60-SPARC pathway.

3.8.  Antitumor activity in vivo
The antitumor activity of the formulations was examined in

female 4T1 tumor-bearing mice. The animals were divided
into four groups (saline, free DOX, BC-DOX-NPs, and BC-DOX-

NPs). On Day 14 after the first treatment, mice were sacrificed,
and their tumor tissues and major organs were harvested
for further analysis. Results on tumor morphology, weight
and growth inhibition are presented in Fig. 6B and 6C. The
tumor volume was measured every 2 d as an indicator of the
antitumor effect (Fig. 6A): the volumes in the free DOX, BC-
DOX-NPs and BC-DOX-NPs groups were lower than that in
the saline group by 49.2%, 62.0% and 82.8%, respectively. The
tumor inhibition rate of BC-DOX-NPs was 91.4%, which was
1.5-fold higher than that of CS-DOX-NPs and 2.2-fold higher
than that of free DOX. Moreover, the median survival of the
BC-DOX-NPs-treated mice was 50 d, which was longer than
that of groups treated with BC-DOX-NPs (43 d, P < 0.05), free
DOX (38 d, P < 0.01), or saline (34 d, P < 0.001) (Fig. 6D and
Table S2). Thus, while free DOX, CS-DOX-NPs and BC-DOX-NPs
significantly inhibited tumor growth, BC-DOX-NPs showed the
best treatment effect.

To further determine the antitumor efficacy of each
group, the excised tumors were analyzed using histology
and immunohistochemistry (Fig. 6E). H&E staining and
TUNEL assays revealed the presence of a large necrotic
and apoptotic region in the tumor tissues of the BC-
DOX-NPs-treated mice, which was significantly larger than
that in the other groups. The positive rate of antigen
Ki-67 positively correlates with cell proliferation [45]. The
number of Ki-67 positive cells in the BC-DOX-NPs group was
significantly lower than that in the other groups (Fig. 6E),
indicating that BC-DOX-NPs can efficiently inhibit cancer cell
proliferation.
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H&E staining of the saline and free DOX groups revealed
mild atrophy of myocardial fibers and obvious tumor
metastases in the lungs, and the myocardial fibers in the
BC-DOX-NPs group were autolyzed. In contrast, no obvious
lesions were observed in the organs of the BC-DOX-NPs group
(Fig. S6). Moreover, during the administration period, animal
body weight in the BC-DOX-NPs group remained above 90% of
the initial weight, while that in the free DOX group gradually
decreased below 80% (Fig. 6F). These results showed that BC-
DOX-NPs reduced the cardiotoxicity and systemic toxicity of
DOX.

These in vivo results are consistent with previous in vivo
and in vitro experimental results (Sections 3.4, 3.6 and 3.7).
The drug encapsulated in BC-DOX-NPs was more efficiently

distributed into the tumor tissues than the drug delivered
by CS-DOX-NPs, thereby reducing the exposure of other vital
organs to DOX and enhancing antitumor effects.

4, Conclusion

In this study, we prepared two novel self-assembling
nanoparticles encapsulating DOX without the use of chemical
reactions or toxic chemicals. CS-DOX-NPs were formed based
on positive and negative charge interactions, while BC-
DOX-NPs were obtained via the adsorption of BSA on the
BC-DOX-NPs surface. Both formulations displayed excellent
stability and sustained release, effective CD44 targeting
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and enhanced uptake by cells in vitro. However, BC-DOX-NPs
performed better than CS-DOX-NPs in vivo, showing enhanced
tumor specific distribution and penetration, which resulted
in increased anticancer efficacy in a 4T1 mouse model. Our
study reveals the potential of BC-DOX-NPs for active targeted
tumor therapy, and their simple preparation may facilitate
industrial applications as well.
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