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S4A ((1R,2R,35)-1,2-propanediol acetal-zeylenone) is one of the derivatives of zeylenone and exhibits
superior cytotoxicity against the canine breast cancer cell line CIPp. However, its poor aqueous solubility
and toxicity to normal tissue limit its clinical application. Therefore, in order to enhance the anticancer
effect of S4A, in this article, BSA/BSA—Au-nanocluster-aggregated core/shell nanoparticles (B-BANC-
NPs) were prepared by using bovine serum albumin (BSA) and HAuCl,, and then we further synthesized
S4A-BSA-Au NPs which were spherical, with a diameter of about 60 nm. In vitro cytotoxicity assessed
by using CCK-8 assay demonstrated that the ICsq value of the S4A-BSA—Au NPs was 10.39 pg mL™?,
which was not significantly different from that of S4A (10.45 ug mL™Y). In vitro apoptosis assay showed
that the apoptosis rate of cells treated with S4A-BSA—-Au NPs was 20.12%, which was significantly higher
than that of the control group treated with S4A (11.3%). Notably, S4A-BSA-Au NPs were shown to
effectively accumulate at tumor sites with fluorescence tracing. Besides, the effect of S4A-BSA—-Au NPs
on SPARC expression was determined by western blotting, and the result showed that 24 h after
applying S4A-BSA—Au NPs, SPARC expression in low, middle and high dosage groups was lower than
that of the control group, and the tendency showed dose dependence. The results revealed that S4A—
BSA—-Au NPs could effectively improve the anti-tumor activity of S4A on canine breast cancer, which
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1. Introduction

Among all neoplasms, canine breast cancer is the most
common form of cancer in female dogs." At present, surgical
excision is regarded as the best method to treat it. However,
surgery is not suitable for all dogs due to extensive tumor
invasion and high incidence of distant metastases.”> Besides,
despite treatment, the survival rate is low. Studies have shown
that surgical resection combined with chemotherapy can
reduce the recurrence rate and improve the survival rate.?
However, the efficacy of chemotherapy may be limited by the
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possibility of developing drug resistance, which depends criti-
cally on the sensitivity of tumor cells to chemotherapy drugs.**

Zeylenone (Zey) is a natural cyclohexene oxide compound
isolated from Uvaria grandiflora Roxb.® Since the discovery of
Zey in 1997, researchers have carried out multiple studies on its
manufacturing processes (synthesis/semi-synthesis), pharma-
codynamics, molecular mechanism, etc., and it was considered
to be an anti-tumor drug candidate with great potential.”*®
Studies have shown that Zey could induce significant cell
apoptosis through a mitochondrial apoptosis pathway and
inhibit the invasion and migration of gastric cancer cells.
Furthermore, it was reported that Zey had significant inhibitory
activity against a variety of tumor cells, which was time-
dependent and dose-dependent, and its anti-tumor activity
was similar to that of paclitaxel.”” However, the formulation
development of Zey is an urgent problem to be solved because
of its low water solubility and poor stability.

Gold nanoclusters (Au NCs), consisting of a few to hundreds
of atoms,”® have been widely applied as fluorescent probes.
Their fluorescence spectrum can be tuned to peak in the visible
and near infrared region due to their particular size effect. Such
fluorescence characteristics give them great potential to be
applied in biological imaging and detection.**"® Derived from
Au NCs, albumin-stabilized Au NCs can not only retain the
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original excellent properties of Au NCs, but also increase the
drug stability benefited by their core-shell structure.

Although Au NCs give drugs fluorescence imaging properties
in vivo, approaches are urgently needed to achieve their target-
ing efficiency. Fortunately, in addition to passively delivering
nano-drugs to tumor sites through EPR effects,"” the targeting of
these drugs can be further enhanced by binding with albumin."®
SPARC is a protein found to be over-expressed on human breast
cancer cells,” and shows high binding affinity to albumin.?® The
affinity between albumin and SPARC enables albumin-bound
drugs to specifically target breast tumor, leading to higher
drug accumulation within the tumor focus.

A previous study of Zey and its 13 derivatives in our labora-
tory indicated that S4A (Fig. S11) exhibited a strong cytotoxic
effect against the canine breast cancer cell line CIPp, with
a higher yield and solubility. Therefore, we selected S4A for the
subsequent anti-tumor studies. In order to improve the solu-
bility and enhance the targeting properties of S4A, we synthe-
sized S4A-BSA-Au NPs (Fig. 1). Then, their anti-tumor effect was
further verified through a cytotoxicity test and pro-apoptotic
study. While the accumulation effect on canine breast cancer
focus was evaluated by fluorescence tracing in tumor-bearing
mice, and its mechanism was further explored from the
expression level of SPARC on the canine breast cancer cell line.
Through the above investigations, we hope to prove the anti-
tumor effect of S4A by using the drug delivery system B-BANC-
NPs, to provide a basis for the pharmaceutical improvement
strategy of hydrophobic natural products and new dosage forms
for canine breast cancer treatment.

2. Materials and methods
2.1 Chemicals and reagents

S4A was synthesized and kindly provided by the Institute of
Medicinal Plant Development, Chinese Academy of Medical
Sciences & Peking Union Medical College (Beijing, China). Fetal

S4A

B-BANC-NPs (BANCs)
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bovine serum (FBS), DMEM and 0.25% (w/v) trypsin-EDTA
solution were purchased from Gibco (America). Dimethyl
sulphoxide (DMSO) was provided by Sigma (Spain). Penicillin-
streptomycin was obtained from Hyclone (America). Tris-HCI
was obtained from Beijing Solarbio Science & Technology Co.,
Ltd. (Beijing, China). The marker (10-180 kDa) and loading-
buffer (6x) were purchased from Beijing Transgen Biotech Co.
Ltd. (Beijing, China). The first antibody against SPARC was
purchased from Abcam (Shanghai, China) and that against o-
tubulin was purchased from CST (Shanghai, China). Goat anti-
rabbit IgG (H + L) was obtained from Biolab (Beijing, China).
Gold(m) chloride trihydrate (HAuCl,-3H,0) and bovine serum
albumin (BSA) were purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China).

2.2 Preparation and characterization

2.2.1 Preparation of BSA-stabilized Au NCs. 10 mL aqueous
solution of HAuCl, (10 mM) was added into 10 mL aqueous
solution of BSA (50 mg mL ") at 37 °C under vigorous stirring.
After 2 min, 1 mL NaOH (1 M) was added to adjust the pH value
of the solution to 12. Then, the mixture was stabilized under
vigorous stirring for 1 h at 70 °C. The color of the mixture
changed into brown from light yellow, indicating the formation
of BSA-stabilized Au NCs. Finally, the mixture was purified
using a dialysis bag (MW: 8000-14 000 Da) for 24 h, and the
ultrapure water was totally changed every 3 to 4 h to remove
excess ions.

2.2.2 Preparation of B-BANC-NPs and S4A-BSA-Au NPs.
1 mL BSA solution (50 mg mL~ ') was added into 4 mL purified
Au NC solution (containing about 50 mg BSA) under stirring at
a speed of 200 rpm for 2 min. Then, 50 pL S4A (20 mg mL ") was
added into the mixture under stirring at 750 rpm, and the
mixture was stabilized for 3 h. After that, 3 mL ethanol was
added into the solution mixture with an injection pump at a rate
of 1 mL min ", The reaction was allowed to stir for 2 h at room
temperature. Finally, the product was transferred into a dialysis

pH=12, 70°C d
ﬁ_

Incubation for 1h

Ethanol-Induced

Self-Assembly

S4A-BSA-Au NPs

Fig. 1 S4A-BSA-Au NPs were prepared by ethanol-induced self-assembly with BSA and B-BANC-NPs (BANCs) as precursors achieving an

excellent anticancer effect after loading with S4A.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bag (MWCO: 8000-14 000 Da) and dialyzed against ultrapure
water for 24 h. Water was changed every 3 to 4 h to remove
ethanol. The process of the preparation of B-BANC-NPs was
similar to the above without the addition procedure of S4A.

2.2.3 Characterization. The morphology and size of the B-
BANC-NPs and S4A-BSA-Au NPs were determined by trans-
mission electron microscopy (TEM). The hydrodynamic diam-
eter, size distribution (polydispersity index, PDI) and zeta
potential of the samples were measured by using a Zetasizer
Nano ZS. The drug loading content (LC) and encapsulated
efficiency (EE) of S4A-BSA-Au NPs were confirmed via a UV-vis
spectrophotometer.

2.3 Invitro study

2.3.1 Cell culture. The canine breast cancer cell line CIPp
was donated by the University of Tokyo (Tokyo, Japan). The CIPp
cells were cultured in Dulbecco's Modified Eagle's Medium
(DMEM), and supplemented with 10% fetal bovine serum (FBS)
and 100 U antibiotics (streptomycin and penicillin) at 37 °C in
a humid environment gassed with 5% CO,.

2.3.2 Cytotoxicity of S4A-BSA-Au NPs. CIPp cells in the
logarithmic growth phase were collected, and then seeded into
96-well plates (5000 cells per well) and incubated for 24 h. Then,
100 pL S4A-BSA-Au NPs at various concentrations were added
respectively when the cells sticked to the wall and fused to 70—
90%. After 24 h, 90 uL. DMEM and 10 pL enhanced CCK-8
reagent were added into each well, and incubated for 30 min
in the dark. Finally, the OD value was measured by using
a microplate reader. Each experiment was performed in
triplicate.

2.3.3 Pro-apoptotic effect of S4A-BSA-Au NPs. Annexin V
and FITC mixtures were used to evaluate the apoptosis induc-
tion ability of S4A and S4A-BSA-Au NPs. Following the treat-
ment with S4A and S4A-BSA-Au NPs at a concentration of 15 pg
mL ™" for 24 h, the cell suspension was diluted with 400 pL 1x
binding buffer and strained through a 300-mesh sieve. Then, 5
puL Annexin V and FITC mixtures were added followed by flow
cytometric analysis.

A

Fig. 2
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2.3.4 Western blotting. The cells were treated with normal
saline and S4A-BSA-Au NPs at various concentrations and
divided into 4 groups, which were the normal saline group (C)
200 uL, low concentration group (L) 0.1 mg pL~ ', medium
concentration group (M) 0.15 mg uL~* and high concentration
group (H) 0.2 mg pL ", After 24 h, each group was rinsed twice
with precooled PBS, and 250 pL RIPA lysis buffer (with 1%
PMSF) was added to each well. The cells were collected after
being placed in a fridge at 4 °C for 30 min, and gently blown
with a transfer liquid gun to avoid bubbles. Ultrasonic cracking
was performed when the sample was still viscous. Each sample
was decomposed for 10 to 15 s until it became clear liquid and
could flow freely. Then, loading buffer (6 x) was added into each
EP tube and the sample was placed in a boiling water bath for
more than 5 min. The processed sample was stored at —20 °C,
and proteins were transferred by electrophoresis onto PVDF
membranes. Then, the membranes were blocked with 5% non-
fat milk and subsequently incubated with primary antibodies at
37 °C overnight, prior to the incubation with secondary anti-
bodies for 90 min. Finally, protein bands were detected by
enhanced chemiluminescence.

2.4 Invivo studies

2.4.1 Animals and breast tumor xenograft model. 20
female Balb/C nude mice (SPF grade, 5 weeks old) weighing 12—
14 g, purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China), were used in this study.
They were acclimated to the animal facility for 3 days before
conducting this experiment. The right breast areas of these
mice were subcutaneously implanted with 1 x 10’ CIPp cells.
After the tumor grew to reach about a volume of 300-500 mm?®,
the mice were randomized into 4 groups with peritumoral/
intratumoral injection as the administration route (control
group (C): 200 pL normal saline, low concentration group (L):
0.1 mg pL~' S4A-BSA-Au NPs, moderate concentration group
(M): 0.15 mg uL~"' S4A-BSA-Au NPs, and high concentration
group (H): 0.2 mg uL " S4A-BSA-Au NPs). All animal studies
were conducted in accordance with the protocols of the Animal

Intensity (%)

100 1000

Size (nm)

(A) TEM image of B-BANC-NPs (bar = 100 nm). (B) Size distribution of B-BANC-NPs measured by the DLS technique.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Excitation section spectra with Aey = 675 nm and emission
spectra with Aex = 495 nm of B-BANC-NP solution.

Management Rules of the Ministry of Health of the People's
Republic of China (document no. 55, 2001) and were approved
by the China Agricultural University Laboratory Animal Welfare
and Animal Experimental Ethical Committee (Beijing, China).
2.4.2 Fluorescence tracing in vivo. After administration,
the mice were scanned at 6 h, 12 h and 24 h using an IVIS®
Spectrum imaging system, with the excitation wavelength set at
580 nm and emission at 630 nm. At 24 h, the tumors were
excised, and their fluorescence intensities were measured.

Fig. 4
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2.5 Statistical analysis

Comparisons between groups were performed using ANOVA
(Prism GraphPad 7 Software).

3. Results

3.1 Characterization

In order to improve the efficiency of S4A delivery to canine
breast tumor, SPARC-mediated targeting is a promising
approach to achieve tumor-specific delivery after systemic
administration. Therefore, in this research, we initially
synthesized B-BANC-NPs as the delivery system of S4A by
ethanol-induced self-assembly nanotechnology. As shown in
Fig. 24, the spherical morphology of B-BANC-NPs was deter-
mined by transmission electron microscopy (TEM) with
a diameter of about 44 nm. The size distribution of B-BANC-NPs
was obtained by dynamic light scattering (DLS) as shown in
Fig. 2B. The mean diameter of B-BANC-NPs was 47.16 nm (Z-
average), with a polydispersity index (PDI) of 0.243. The result
was suitable for TEM, indicating that B-BANC-NPs were
successfully synthesized. The surface charge of the nano-
particles was also measured to be —22.1 mV, which was
consistent with the surface charge of the protein under a neutral
environment, suggesting that there is an intact BSA corona
outside the spherical nanoparticle to keep it stable in aqueous
solution.

The fluorescence properties of the B-BANC-NP solution were
measured by fluorescence spectroscopy (Fig. 3). The maximum
excitation and emission were found to be 495 nm and 675 nm,

Intensity (%)

100 1000
Size (nm)

(A) TEM image of S4A-BSA—Au NPs (bar = 100 nm). (B) Size distribution of S4A-BSA—-Au NPs measured by the DLS technique.

Table 1 Particle diameter, mean diameter, PDI and zeta potential of B-BANC-NPs and S4A-BSA-Au NPs

Sample Particle diameter” (nm) Mean diameter” (nm) pDI” Zeta potential® (mV)
B-BANC-NPs 44 47.16 0.243 —22.1
S4A-BSA-Au NPs 60 73.10 0.342 —22.8

“ particle diameter measured by TEM. ” Mean diameter, polydispersity index (PDI) of particle distribution and zeta potential measured by dynamic

light scattering (DLS).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of the S4A group and S4A-BSA—-Au NP group on apoptosis in the CIPp cell line.

respectively. And the innate fluorescence derived from the Au
NCs could be applied as a fluorescent probe in our following
investigations.

The TEM image of S4A-BSA-Au NPs in Fig. 4A indicated that
the spherical nanoparticles have an average size of about 60 nm.
The result was consistent with that of the DLS analysis, which
showed that the average diameter of S4A-BSA-Au NPs was
about 73.10 nm with a PDI of 0.342 in water (Fig. 4B). The
particle size increased after the loading of S4A. The surface
charge of S4A-BSA-Au NPs was —22.8 mV (Table 1).

S4A was loaded into nanoparticles by diffusion absorption
and hydrophobic-induced self-assembly embedding with
hydrophobic characters. After the synthesis of S4A-BSA-Au NPs,
the encapsulation efficiency and drug loading efficiency
measured via spectrophotometry were 70.52% and 0.71%,
respectively.

3.2 Invitro anti-tumor activity

The anti-tumor activity of S4A and S4A-BSA-Au NPs was eval-
uated from their ICs5, value and ability to induce apoptosis
against the CIPp cell line. The ICs, value of the S4A-BSA-Au
NPs was 10.39 ug mL ™", which was not significantly different
from that of S4A (10.45 pg mL™") for the CIPp cell line. The
result revealed that the cytotoxicity of S4A-BSA-Au NPs on
CIPp cells was similar to that of S4A. Nevertheless, the result of
the apoptosis rate indicated that the total percent of apoptotic
cells treated with S4A-BSA-Au NPs was 20.12%, which was
significantly higher than that of the S4A treated group (11.3%)

(Fig. 5).
3.3 In vivo imaging in tumor-bearing mice

To determine the tumor accumulation ability of S4A-BSA-Au
NPs, a fluorescence tracing experiment in vivo was performed.

1812 | Nanoscale Adv, 2022, 4, 1808-1814

Fig. 6 shows the distribution state of S4A-BSA-Au NPs in real
time and their accumulation in tumor with different concen-
trations (0.1 to 0.2 mg pL~ ). The results at three time points all
revealed that the fluorescence signal of group L was the weakest,
followed by group M, and that of group H was the strongest. The
liver showed a strong fluorescent signal 6 h after administration
with S4A-BSA-Au NPs. With the passage of time, the signal in
the liver gradually weakened. At 24 h, there was no obvious

High
6h
12h
24h
Fig. 6 In vivo non-invasive NIRF images of time-dependent imaging

of CIPp tumor-bearing mice after peritumoral/intratumoral injection
of S4A-BSA—-Au NPs with different concentrations (control group (C):
200 uL normal saline, low concentration group (L): 0.1 mg puL7%,
moderate concentration group (M): 0.15 mg pL~%, and high concen-
tration group (H): 0.2 mg uL™?).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The ex vivo optical images of tumors of CIPp tumor-bearing
mice sacrificed 24 h after the peritumoral/intratumoral injection of
S4A-BSA—-Au NPs.

Fig. 8 Expression of SPARC protein on the CIPp cells of canine breast
tumor.

fluorescence signal in both brain tissue and liver tissue, while
the signal in the hindquarter was the strongest, which was
consistent with the tumor site.

At 24 h, the tumors of mice were separated, and as shown in
Fig. 7, there was no fluorescence signal in the tumor of group C.
In contrast, groups L, M, and H displayed obvious fluorescence
signals, and the signal in group H was the strongest, followed by
group M, and that of group L was the weakest, which was
consistent with the result of real-time distribution.

3.4 Effect of S4A-BSA-Au NPs on SPARC expression

The effect of S4A-BSA-Au NPs with different concentrations (0.1
to 0.2 mg pL~") on SPARC expression was assessed by western
blotting. According to Fig. 8, the expression level of SPARC was
ranked as follows: group C, group L, group M, and group H.
Furthermore, the expression level of SPARC in group L, group M
and group H was lower than that of the control group, and
decreased in a dose dependent manner.

4. Discussion

Although S4A exhibits promising anticancer activity, its clinical
practice and therapeutic effect are limited by the poor hydro-
philicity. Therefore, it is necessary to put forward solutions.
Albumin possesses the advantages of good biocompatibility,
biodegradability and hydrophilicity, and can be administered
intravenously.” Through non-covalent association with
albumin, the solubility of hydrophobic drugs
increased.” In this study, we successfully synthesized S4A-BSA-
Au NPs using bovine serum albumin, which can improve the
poor solubility of S4A to a great extent, realize intravenous
administration of S4A, and achieve a better therapeutic effect at
the same concentration. When the size of B-BANC-NPs and S4A-
BSA-Au NPs was measured by DLS and TEM respectively, the

can be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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particle size determined by TEM seems relatively less than that
of DLS, which is likely due to the fact that the particles aggregate
together and they are surrounded by water in DLS measure-
ments, while TEM just measures the single particle in the
vacuum environment.

Au NCs, with a particle diameter less than 2 nm, exhibit
unique size effects and distinct fluorescence characteristics.
Recently, BSA has often been used in the synthesis of Au NCs,
because albumin-stabilized Au NCs are more biocompatible
and photostable.”” Nanoparticle albumin-bound (nab) pacli-
taxel (nab-paclitaxel; Abraxane) has been approved in 2006 for
use in patients with metastatic breast cancer who have failed in
combination chemotherapy.” Inspired by nab-technology, we
used native BSA and BSA-stabilized Au NCs to synthesize S4A-
BSA-Au NPs in this study. The as-prepared drug carriers inherit
the properties of nab-paclitaxel which can have an actively tar-
geting capacity towards tumors. Besides, Au NCs possess
superior optical properties, which could be applied for devel-
oping a promising bioimaging platform.>** Therefore,
embedded BSA-stabilized Au NCs were prepared to make this
drug delivery system traceable in vivo.

In vivo fluorescence tracing experiment, signal could be
consistently detected in tumor tissue of mice within 24 hours.
The result suggests that S4A-BSA-Au NPs show superior accu-
mulation and promising retention behavior in tumor sites,
which might be partly due to the dysplasia of vascular wall and
lymphatic obstruction,® and also partly because S4A-BSA-Au
NPs are prepared from BSA. Albumin is a versatile drug carrier
in anti-cancer drug delivery systems and it also has an actively
targeting capacity towards tumors. Because solid tumors
require a large number of amino acids which are mainly
provided by albumin during their growth.”” And albumin was
reported to be transported into the tumor via a specific trans-
port mechanism (gp60-caveolin-1-SPARC),*® which means that
S4A-BSA-Au NPs prepared by using BSA as the raw carrier
material can possibly utilize this unique transport pathway of
albumin to achieve the active targeting effect, and ultimately
increase the accumulation of S4A on tumor focus.

The high expression level of SPARC is generally related to the
poor prognosis of breast tumor.>**° In our study, we found that
the expression of SPARC decreased after administration with
S4A-BSA-Au NPs in a dose-dependent manner. Studies have
shown that albumin could be transported into the tumor via
a SPARC-mediated transport mechanism. Reduced expression
of SPARC protein means less albumin is available for tumor
growth, which may be another reason why S4A-BSA-Au NPs can
enhance the anticancer effect of S4A.

5. Conclusion

In the present study, we have successfully prepared S4A-BSA-Au
NPs to deliver S4A to canine breast tumor effectively. They
showed a significantly higher cell apoptosis rate than S4A and
could effectively reduce the clinical dosage of S4A. Notably, S4A-
BSA-Au NPs also showed credible accumulation ability in
canine breast tumor and could significantly reduce the expres-
sion of SPARC. Taken together, the result revealed that S4A-

Nanoscale Adv., 2022, 4,1808-1814 | 1813
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BSA-Au NPs exhibited great potential in the treatment of canine
breast cancer. Therefore, the drug delivery system B-BANC-NPs
we proposed herein might offer a new strategy for pharmaceu-
tical improvement of hydrophobic natural medicine.
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