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Background: Development of polymeric prodrugs of small molecular anticancer drugs has
become one of the most promising strategies to overcome the intrinsic shortcomings of small
molecular anticancer drugs and improve their anticancer performance.

Materials and methods: In the current work, we fabricated a novel octreotide (Oct)-modified
esterase-sensitive tumor-targeting polymeric prodrug of bufalin (BUF) and explored its anti-
cancer performance against somatostatin receptor 2 overexpressing breast cancer.

Results: The obtained tumor-targeting polymeric prodrug of BUF, P(oligo[ethylene glycol]
monomethyl ether methacrylate [OEGMA]-co-BUF-co-Oct), showed a nanosize dimension
and controlled drug release features in the presence of esterase. It was demonstrated by in vitro
experiment that PCOEGMA-co-BUF-co-Oct) showed enhanced cytotoxicity, cellular uptake,
and apoptosis in comparison with those of free BUF. In vivo experiment further revealed the
improved accumulation of drugs in tumor tissues and enhanced anticancer performance of
P(OEGMA-co-BUF-co-Oct).

Conclusion: Taken together, this study indicated that polymeric prodrug of BUF holds promis-
ing potential toward the treatment of somatostatin receptor 2 overexpressing breast cancer.
Keywords: esterase responsive, controlled release, tumor targeting

Introduction
Breast cancer is now the most common cancer in women around the globe."? For
instance, >1.6 million people are being diagnosed and ~1.2 million die because of
this disease every year in the People’s Republic of China.! Thus, how to effectively
prevent and combat this malignant disease is one of the most explored topics in cancer
research.> Chemotherapy has been widely employed in the treatment of different
stages of breast cancer, and a series of anticancer drugs have been developed, such
as paclitaxel (PTX), fluorouracil, and doxorubicin (DOX).** In addition, traditional
Chinese medicine receives more and more attention due to its promising potential in
combating various cancers, including breast cancer. Some of the active components
of traditional Chinese medicine have been introduced into clinical application, eg,
PTX and camptothecin.”®

Bufalin (BUF) extracted from the skin and parotid venom glands of the toad
shows effective therapeutic activity against a broad spectrum of tumors, including
breast cancer.””'> However, its poor water solubility and severe adverse effects such
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as high cardiac toxicity, allergic shock, ardent fever, and
sinus bradycardia limit its further clinical applications.'®!?
In this regard, there is a need for the development of new
formulations of BUF to overcome its side effects as well as
to keep its original therapeutic activity.

Polymeric micelles constructed from polymeric prodrug
of hydrophobic small molecular drugs have emerged as a
very promising choice considering its good water solubility,
easy to further modification, enhanced permeability and
retention (EPR) effect, and tunable drug content.'®?” More-
over, it was reported that the introduction of tumor-targeting
moieties onto polymeric prodrugs can effectively enhance
the accumulation in tumor tissues and therapeutic efficacy
of drugs.?®

In this context, somatostatin receptors (SSTRs) were
explored as potential targets because they are overexpressed
in a variety of tumors and cancer cell lines, including breast
cancer.”?3! SSTRs, which are members of the G protein-
coupled receptor superfamily, consist of five subtypes
(SSTR1-5) and are regarded as an important factor to influ-
ence series physiological functions.?*! Octreotide (Oct) is an
octapeptide analog of endogenous somatostatin and mainly
binds to SSTRs, especially SSTR2 and SSTRS, in breast
cancer; hence, it may be possible to employ Oct as a potential
ligand in receptor-mediated nanodelivery system.** ¢

Huang et al reported the fabrication of PTX-Oct conju-
gate and explored its anticancer performance against human
breast MCF-7 carcinoma cells.* It was showed that PTX—Oct
exhibited less toxicity as well as comparable anticancer
efficacy in comparison with that of free PTX. Zhang et al
reported a novel Oct-modified sterically stabilized liposome
loaded with anticancer drug DOX, Oct—SSL-DOX.*” Three
cell lines, SSTR2-overexpressing NCI-H446 and MCF-7 and
SSTR2-negative Chinese hamster ovary, were employed to
evaluate the targeting capability and anticancer performance.
It was demonstrated that compared with SSTR2-negative
cells, increased cytotoxicity, enhanced drug accumulation in
tumor tissues, and improved anticancer efficacy in SSTR2-
positive tumors (NCI-H446 and MCF-7) were observed.
They then synthesized Oct-modified PEG-b-poly(lactic acid;
Oct-PEG-b-PLA) and physically encapsulated docetaxel
to explore its anticancer application in NCI-H446 cells.*®
After that they further developed a breast cancer and human
embryonic lung fibroblast-targeting drug delivery system
by using Oct—-PEG—deoxycholic acid conjugate-modified
N-deoxycholic acid-O,N-hydroxymethylation chitosan
micelles, indicating promising potentials in anticancer drug
delivery for targeted cancer therapy.*

It is worthy of noting that in addition to physically
encapsulating drugs by nanoparticles, polymeric prodrug is
another promising strategy owing to its intrinsic advantages
such as passive targeting via the EPR effect, increased cir-
culation time, improved water solubility, and tunable and
well-defined drug content.!®23394 Besides, premature/burst
drug release, which is one of the most common shortcomings
of encapsulating method, can be effectively addressed. By
using responsive chemical bonds to link drugs and polymers,
polymeric prodrug can effectively release drugs under spe-
cific stimuli when reached into tumor tissues or cancer cells
but released little drug in the circulation period.** Unfortu-
nately, to the best of our knowledge, Oct-modified poly-
meric prodrugs against breast cancer were poorly explored,
especially in responsive drug delivery systems. Huo et al fab-
ricated Oct-modified PEGylated polymeric prodrug of PTX,
Oct—PEG-PTX, by linking PTX with PEG via conventional
ester bond.* Anticancer evaluation against human small cell
lung cancer cells NCI-H446 exhibited stronger antitumor effi-
cacy and lower systemic toxicity than nontargeting polymeric
prodrug, mPEG-PTX, and commercial Taxol.

In the present study, we intended to develop a novel type
of synthetic polymer-based targeting delivery system by
covalently linking anticancer drug (BUF) via esterase-
responsive thioester bond and SSTR2-overexpressing
breast cancer-targeted peptide, Oct, aiming to enhance
their accumulation in breast cancer tissues and increase
intracellular delivery of drugs as well as triggered drug
release characteristic (Figure 1). 'H nuclear magnetic reso-
nance (NMR), laser light scattering (LLS), gel permeation
chromatography (GPC), and transmission electron micros-
copy (TEM) were employed to characterize the polymeric
prodrugs and prodrug-based nanoparticles. Cell cytotoxicity,
flow cytometry, and fluorescence imaging were employed
to evaluate the anticancer performance of the polymeric
prodrugs in vitro. Then in vivo fluorescence imaging was
employed to evaluate the biodistribution of the polymeric
prodrugs. In vivo anticancer experiments were conducted
to probe the feasibilities and capabilities of this new type of
polymeric prodrugs.

Materials and methods

Materials

Oligo(ethylene glycol) monomethyl ether methacrylate
(OEGMA; M 300 g/mol, mean degree of polymerization
[DP] 4-5) purchased from Aladdin was passed through a neu-
tral alumina column to remove the inhibitor and then stored
at —20°C prior to use. 2,2’-Azobis(2-methylpropionitrile)
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Figure | A schematic illustration for the fabrication of tumor-targeting micellar nanoparticles, P(OEGMA-co-BUF-co-Oct), covalently attached with targeting peptide (Oct)
with stable chemical bond and anticancer drug (BUF) with esterase-responsive -thioester.

Note: The nanoparticles enter cells via receptor-mediated endocytosis and release active small molecular drug (BUF) in the presence of intracellular esterase.
Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; BUF, bufalin; Oct, octreotide.

(AIBN) was recrystallized from 95% ethanol. BUF (99%)
was purchased from Chengdu Puruifa Technology
Development Co. Ltd. (Chengdu, People’s Republic of
China) and used as received. 3-(4,5-Dimethylthiazol-2-
yI)-2,5-diphenyltetrazolium bromide (MTT), Oct (H,N-
dPhe-Cys-Phe-dTrp-Lys-Thr-Cys-Thr-ol, molecular weight
1,019.26), and esterase solution (porcine liver, 5 kU) were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA) and
used as received. Cyanine5 amine (Cy5; Lumiprobe, Hal-
landale Beach, Florida, USA), 4,6-diamidino-2-phenylindole
(DAPI; Beyotime Biotech, Shanghai, People’s Republic
of China), Annexin V fluorescein isothiocyanate (FITC)/
propidium iodide (PI) apoptosis detection kit (BD Biosci-
ences, San Jose, CA, USA), hematoxylin and eosin (H&E;
Thermo Fisher Scientific, Waltham, MA, USA), and 4%
paraformaldehyde solution (Beyotime Biotech) were used
as received. Fetal bovine serum, penicillin, streptomycin,
and Dulbecco’s Modified Eagle’s Medium (DMEM) were
purchased from Thermo Fisher Scientific and used as
received. The human breast cancer cell line MCF-7 was

purchased from Cell Bank of Type Culture Collection of
Chinese Academy of Sciences (Shanghai, People’s Republic
of China). N-Hydroxysuccinimide (NHS; 99%), N,N’-
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), and all other reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, People’s
Republic of China), and used as received. Triethylamine,
benzyl alcohol, and dichloromethane (CH,Cl,) were dried
over CaH, and distilled just prior to use. 2-Propylsulfa-
nylthiocarbonyl sulfanyl-2-methyl propionic acid (PTPA)
was synthesized according to literature procedures.* The
synthesis of 3-((2-(methacryloyloxy)ethyl)thio) propanoic
acid (BSMA) is shown in Supplementary materials and the

'H NMR characterization of BSMA is shown in Figure S1.

Sample synthesis

Synthetic schemes employed for the fabrication of multi-
functional polymeric prodrug, PFOEGMA-co-BUF-co-Oct),
covalently linked with anticancer drug (BUF) and tumor-
targeting peptide (Oct) are shown in Figure 2. All 'H NMR
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Figure 2 Synthetic routes employed for the fabrication of multifunctional polymeric prodrug, P(OEGMA-co-BUF-co-Oct), covalently linked with anticancer drug BUF, breast

cancer targeting peptide, and Oct.

Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; BUF, bufalin; Oct, octreotide.

spectra were recorded on a Bruker AV300 NMR spectrometer
(resonance frequency of 300 MHz for "H NMR) operated in
the Fourier transform mode. CDCIl, was used as the solvent.
Molecular weights and molecular weight distributions were
determined by GPC equipped with Waters 1,515 pump and
Waters 2,414 differential refractive index detector (set at
30°C), employing a series of two linear Styragel columns
(HR2 and HR4) at an oven temperature of 45°C. The elu-
ent was N,N-dimethylformamide (DMF) at a flow rate of
1.0 mL/min.

Synthesis of benzyl 2-methyl-2-(((propylthio)
carbonothioyl)thio)propanoate

PTPA (6.67 g, 28 mmol), DCC (5.78 g, 28 mmol), and DMAP
(289 mg) were dissolved in anhydrous CH,CI, (100 mL) and
cooled to 0°C in an ice-water bath. Freshly distilled benzyl
alcohol (2.0 g, 18.5 mmol) in anhydrous CH,CI, (20 mL) was
then added dropwise over 20 minutes. The reaction mixture
was stirred at 0°C for 2 hours and then 48 hours at room tem-
perature. The mixture was filtered off, washed with saturated

NaHCO,, and further purified by silica gel column chro-
matography using CH,CI /petroleum ether (1:1 v/v) as the
eluent. After drying in a vacuum oven overnight, a yellowish
oil was obtained (4.18 g, yield 48.2%), '"H NMR (CDCl,, 6,
ppm, TMS; Figure S2): 7.30-7.40 (SH, aromatic protons),
5.15 (2H, ArCH,00C-), 3.23-3.29 (2H, CH,CH,CH,S-),
1.73 (8H, ~OC(=0)C(CH,),S— and CH,CH,CH,S~), and
1.04 3H, CH,CH,CH,S~).

Synthesis of P(OEGMA-co-BSMA)

B-Carboxyl group-containing copolymers, P(OEGMA-
co-BSMA), were synthesized via reversible addition-
fragmentation chain transfer (RAFT) polymerization.
In a typical procedure, benzyl 2-methyl-2-(((propylthio)
carbonothioyl)thio)propanoate (BPTPA; 33 mg, 0.1 mmol),
OEGMA (2.70 g, 9.0 mmol), BSMA (218 mg, 1.0 mmol),
and AIBN (1.6 mg, 0.01 mmol) were charged into
a glass ampoule equipped with a magnetic stirring bar.
The ampoule was degassed by three freeze—pump—thaw
cycles and sealed under vacuum. After thermostating at
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70°C in an oil bath and stirring for 5 hours, the reaction
was terminated by quenching into liquid N, exposed to
air, and diluted with methanol. The mixture was then puri-
fied by dialysis (cellulose membrane; molecular weight
cutoff [MWCO] 3,500 Da) against deionized water for
48 hours to afford PC(OEGMA-co-BSMA). The obtained
polymer was then treated at 70°C for 2 hours with an
excess of AIBN (160 mg, 1.0 mmol) in 1,4-dioxane (5 mL)
under nitrogen to remove the trithiocarbonate end-groups
(1.74 g, yield 59.0%). The molecular weight and molecu-
lar weight distribution of P(OEGMA-co-BSMA) were
determined by GPC using DMF as the eluent, revealing
an M of 22.0 kDa and an M /M _of 1.02 (Table 1). The
conversion of OEGMA and BSMA was determined to
be ~72% and ~89%, respectively, based on the 'H NMR
analysis of the crude product of P(OEGMA-co-BSMA).
The DP of P(OEGMA-co-BSMA) was determined to be
~74 by 'H NMR analysis in CDCI, (Figure S3). Thus, the
polymer was denoted as P(OEGMA  ,-co-BSMA ).,
and shortened as PCOEGMA-co-BSMA) in the subsequent
sections.

Synthesis of P(OEGMA-co-BUF)

P(OEGMA-co-BSMA) (215 mg, 88.8 umol COOH moi-
eties), DCC (22 mg, 106 umol), and DMAP (1 mg) were
dissolved in anhydrous CH,Cl, (15 mL) and cooled to 0°C
in an ice-water bath. BUF (31 mg, 0.08 mmol) in anhydrous
CH,CI, (5 mL) was then added dropwise over 10 minutes.
The reaction mixture was stirred at 0°C for 2 hours and then
48 hours at room temperature. After filtration, the mixture was
purified by dialysis (cellulose membrane; MWCO 3,500 Da)
against methanol for 8 hours to afford P(OEGMA-co-BUF)
(205 mg, yield 83.3%). The molecular weight and molecular
weight distribution of PCOEGMA-co-BUF) were determined
by GPC using DMF as the eluent, revealing an M_of24.5kDa
andan M /M of1.15 (Table 1). BUF content in P(COEGMA-
co-BUF) was determined to be ~10 mol% by UV-vis spec-
troscopy in ethanol by using BUF as the calibration standard
(Unico UV/Vis 2802PCS). Thus, the polymer was denoted

Table | Molecular parameters of polymers used in this study

as P(OEGMA . .-co-BUF  -co-BSMA )., and shortened as
P(OEGMA-co-BUF) in the subsequent sections.

Synthesis of P(OEGMA-co-BUF-co-Oct)

P(OEGMA-co-BUF) (242 mg, 14.8 umol COOH moieties),
DCC (4.5 mg, 22 umol), and DMAP (0.5 mg) were dissolved
inanhydrous CH,Cl, (10 mL) and cooled to 0°C in an ice-water
bath. NHS (3.4 mg, 30 pmol) in anhydrous CH,Cl, (5 mL) was
then added dropwise over 20 minutes. The reaction mixture
was stirred at 0°C for 2 hours and then 48 hours at room
temperature. The insoluble salt was filtered off, washed with
water, and evaporated to dryness. The obtained polymer and
triethylamine (2 uL) were then dissolved in DMF (5 mL). Oct
(8.4 mg, 7.4 umol) was added, and the reaction mixture was
stirred at ambient temperature overnight. The mixture was then
purified by dialysis (cellulose membrane; MWCO 3,500 Da)
against water for 8 hours to afford P(OEGMA-co-BUF-co-
Oct) (213 mg, yield 85.1%). The molecular weight and molec-
ular weight distribution of PCOEGMA-co-BUF-co-Oct) were
determined by GPC using DMF as the eluent, revealing an
M _of25.0kDaand an M /M of'1.19 (Table 1). BUF content
was determined to be ~11.5 wt% by UV—vis spectroscopy in
ethanol by using BUF as the calibration standard. Thus, the
polymer was denoted as P(OEGMA  -co-BUF  -co-Oct, -
co-BSMA and shortened as P(OEGMA-co-BUF-co-Oct)

0.01)74
in the subsequent sections. Following similar procedures,

P(OEGMA ((-co-BSMA | | |-co-Oct, ),,, PCOEGMA | -co-
BUF, -co-Cy5, , -co-BSMA ).,, and P(OEGMA | -co-
BUF, -co-Oct,, -co-CyS5, ,),, were obtained and shortened

as P(OEGMA-co-Oct), P(OEGMA-co-BUF-co-Cy5), and
P(OEGMA-co-BUF-co-Oct-co-Cy5), respectively, in the
subsequent sections.

Preparation of micelles

Micelles assembled from polymeric prodrugs were prepared
via the cosolvent approach. In a typical example, P(OEGMA-
co-BUF-c0-Oct) (10 mg) was dissolved in DMF (1 mL). The
polymer solution was added into 9 mL deionized water under
vigorous stirring. Then the solution was dialyzed against

Sample M, (g/mol)* MM ? M, (g/mol)®
P(OEGMA, ,,-co-BSMA )., 22,000 1.02 21,500
P(OEGMA, ,,-co-BUF, -co-BSMA, ). 24,500 115 24,200
P(OEGMA, ,,-co-BUF, -co-Oct, , -co-BSMA )., 25,000 119 24,900

Notes: *Determined by GPC using DMF as the eluent (1.0 mL/min). ®Calculated from 'H NMR results.
Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; BSMA, 3-((2-(methacryloyloxy)ethyl)thio) propanoic acid; BUF, bufalin; Oct, octreotide;
GPC, gel permeation chromatography; NMR, nuclear magnetic resonance; DMF, N,N-dimethylformamide.
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deionized water to remove organic solvent. Finally, the col-
loidal dispersion was diluted to the desired concentrations
for further experiments.

Determination of hydrodynamic diameter
(D,) and zeta potential ({)

Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK) is used to characterize the zeta potentials and hydrody-
namic dimensions of micellar nanoparticles with 632 nm set
at a scattering angle of 173°. The solution was first sonicated
for ~30 seconds, and then the measurements were performed in
disposable sizing cuvettes or zeta-potential measurement cells.
Each measurement was performed in triplicate. The micelles
were characterized in phosphate-buffered saline (PBS) buffer
(10 mM, pH 7.4) at a concentration of 0.5 g/L.

TEM characterization

TEM observation was conducted on a Hitachi H-800 electron
microscope at an acceleration voltage of 200 kV. The sample
for TEM observations was prepared by placing 10 mL of
mixed micellar solution (0.2 g/L) onto copper grid coated
with thin films of Formvar and carbon successively. The
samples were stained with phosphotungstic acid (1%) for
2 minutes before observation.

In vitro drug release measurements
Approximately 100 uL of aqueous dispersion of drug-
containing micelles (1.0 g/L) was transferred to a dialysis cell
with MWCO of 2.0 kDa and then dialyzed against 3.4 mL
of PBS buffer (pH 7.4) in the absence and presence of 10 U
of esterase at 37°C or in the presence of serum and tumor
homogenate at 37°C. The BUF concentration in the dialysate
was quantified by high performance liquid chromatography
(LC-20AD Series; Shimadzu Corporation, Kyoto, Japan)
by measuring the absorption of BUF at 298 nm against a
standard calibration curve.

In vitro cytotoxicity evaluation

Breast cancer cell line MCF-7 was employed for in vitro
cytotoxicity evaluation via the MTT assay. Briefly, MCF-7
cells were seeded in a 96-well plate at an initial density
of 5,000 cells/well in 200 uL of complete DMEM. After
incubating for 24 hours, the medium was replaced with
fresh medium, and the cells were treated with free BUF,
P(OEGMA-co-BSMA), and P(OEGMA-co-BUF-co-Oct) at
varying concentrations. After incubation for 24 hours further,
MTT reagent (in 20 UL of PBS buffer, 5 mg/mL) was added
to each well, and the cells were further incubated with 5%

CO, for 4 hours at 37°C. The culture medium in each well
was removed and replaced by 150 uL of DMSO. The plate
was gently agitated for 15 minutes before the absorbance
at 490 nm was recorded by a microplate reader (Thermo
Fisher Scientific). Each experiment condition was done in
quadruple, and the data are shown as the mean value plus a
standard deviation (£SD).

Cellular uptake of nanoparticles via flow

cytometry

MCEF-7 cells were seeded in six-well plates at ~10° cells
per well in 1 mL supplemented DMEM. After 24-hour
incubation, cells were stained by P(OEGMA-co-BUF-co-
Oct-co-Cy5) and P(OEGMA-co-BUF-co-Cy5) in supple-
mented DMEM at a final Cy5 concentration of 3.0x107° M
for 4 hours. Afterward, the culture medium was removed,
and cells were washed three times with PBS and harvested
with trypsin. The cells were resuspended in 500 UL of PBS.
The quantitative uptake was recorded by a flow cytometry
(Calibur; BD Biosciences).

Fluorescence imaging

MCF-7 cells were cultured in DMEM at 37°C in a CO,/
air (5:95) incubator for 24 hours. Then, MCF-7 cells were
stained in the presence of P(OEGMA-co-BUF-co-Oct-co-
Cy5) ([Cy5]=3.0x10"° M) and P(OEGMA-co-BUF-co-Cy5)
([Cy5] =3.0x107° M) for 4 hours and DAPI for 15 minutes
at 37°C in a CO,/air (5:95) incubator. The concentration
of DAPI was used according to the protocols provided by
Beyotime Biotech. The cells were washed with PBS for three
times and then fixed with 4% formaldehyde for 20 minutes
at room temperature. DAPI and Cy5 were excited at 405 nm
and 633 nm, respectively, and the fluorescence emissions
were collected between 420 nm and 460 nm and 660 nm and
700 nm, respectively, by ZEISS710 confocal microscope
(Carl Zeiss Meditec AG, Jena, Germany). Images were taken
with a 63X objective lens.

Apoptosis assay via flow cytometry

To compare the apoptotic effects of free BUF, PC(OEGMA-co-
BUF), and P(OEGMA-co-BUF-co-Oct) in MCF-7 cells, an
Annexin V FITC/PI apoptosis detection kit (BD Biosciences)
was used. Loss of plasma membrane is one of the earliest fea-
tures of apoptosis. In apoptotic cells, the membrane phospho-
lipid phosphatidylserine (PS) is translocated from the inner to
the outer leaflet of the plasma membrane, thereby exposing
PS to the external cellular environment. Annexin V has a high
affinity for PS and binds to cells with exposed PS. Annexin
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V may be conjugated to fluorochromes, including FITC.
This format retains its high affinity for PS and thus serves
as a sensitive probe for flow cytometric analysis of cells that
are undergoing apoptosis. The red fluorescent PI dye enters
cells through damaged membranes and binds to nucleic acids,
but is excluded by the intact plasma membranes of live cells.
Briefly, cells were seeded at a density of 5x10%/well in six-
well plates. After incubating for 24 hours, the medium with
2% fetal bovine serum was replaced with a fresh medium, and
the cells were treated with 50 nM BUF-equivalent dosage of
free BUF, P(OEGMA-co-BUF), and P(OEGMA-co-BUF-co-
Oct) for 24 hours. The cells were then collected, washed twice
with cold PBS, resuspended at a density of 1x10° cells/mL,
and then stained with 5 uL of Annexin V FITC and 5 puL of
PI for 15 minutes at room temperature in the dark according to
the manufacturer’s instructions. Cell apoptosis was analyzed
by using flow cytometry (Calibur).

Establishment of a tumor model
Subcutaneous tumors were established in nude mice
(BALB/c, female, 46 weeks old) by injecting MCF-7 cells
(5%10° cells in 0.2 mL PBS) into their left armpits. All
experiments were carried out according to the Guidelines
of the Laboratory Protocol of Animal Handling (affiliated
Putuo Hospital of Shanghai University of Traditional Chinese
Medicine) and the study protocols were approved by the
Institutional Animal Care and Use Committee of Shanghai
University of Traditional Chinese Medicine. Tumor sizes
were measured using a caliper, and the tumor-bearing mice
were randomized and classified into five groups (n=6): blank,
free BUF, P(OEGMA-co-BSMA), P(OEGMA-co-BUF), and
P(OEGMA-co-BUF-co-Oct).

Biodistribution of polymeric prodrug

Fluorescent dye Cy5-labeled polymeric micellar nano-
particles, P(OEGMA-co-BUF-co-Oct-co-Cy5) and
P(OEGMA-co-BUF-co-Cy5), were employed to evaluate the
tumor-targeting capability in MCF-7 breast cancer xenograft
tumors. P(OEGMA-co-BUF-co-Oct-co-Cy5) (200 uL,
0.87 mg/mL, [Cy5] =2.5x10~° M) and P(OEGMA-co-BUF-
co-Cy5) (200 uL, 0.87 mg/mL, [Cy5] =2.5x107° M) were
injected through the vena caudalis (tail vein) into the tumor-
bearing xenografted mice. Fluorescence imaging of the
tumor-bearing mice was performed at varying time intervals
after injection by using a small animal in vivo fluorescence
imaging system (LB 983; Berthold Technologies GmbH
and Co KG, Bad Wildbad, Germany). After 48 hours, the
nude mice were sacrificed. Tumor and organs, including

heart, liver, spleen, lung, and kidney, were collected for
ex vivo DOX distribution examination with an in vivo
imaging system.

In vivo study of the therapeutic efficacy

in mice

The mice were classified into five groups, normal saline
group (13.5 mL/kg), BUF solution group (1 mg BUF/kg),
P(OEGMA-co-BSMA) group (10 mg/kg), P(OEGMA-co-
BUF) group (1 mg BUF/kg), and P(OEGMA-co-BUF-co-
Oct) group (1 mg BUF/kg), on the basis of the solutions they
were administered by intravenous injection through the vena
caudalis every 2 days. The remaining mice in each group were
killed, and the tumors were collected for examination.

Histological examination of tumor tissues
The removed xenograft tumors were fixed with 4% neutral
buffered paraformaldehyde and embedded in paraffin before
4 um tissue sections were prepared and stained with H&E
for histological examination.

Statistical analysis

Unless specified otherwise, all experiments were performed in
triplets, and data were reported as mean * standard deviation.
Statistical significance was determined using Student’s #-test.

Results and discussion

The focus of this study was to prepare and characterize the
BUF prodrugs with the aim of enhancing its anticancer per-
formance both in vitro and in vivo. SSTR2 overexpressing
breast cancer cell line MCF-7 cells were used to examine their
physiochemical properties, cellular uptake, ability to induce
apoptosis and suppress proliferation of tumor cells, and in vivo
anticancer effects.**'**37 Throughout the studies, the effects of

prodrugs were compared with those of native-free BUF.

Synthesis and characterization of
polymeric prodrug

Polymeric prodrug of BUF, P(OEGMA-co-BUF-co-Oct),
was fabricated via the combination of RAFT polymerization
and polymer postfunctionalization (Figure 2).

Random copolymers, P(OEGMA-co-BSMA), were fabri-
cated via the RAFT polymerization in the presence of BSMA
("H NMR characterization result is shown in Figure S1) and
OEGMA using benzyl-containing small molecular RAFT
agent (BPTPA; '"H NMR characterization of BPTPA is
shown in Figure S2). GPC characterization revealed an M,
of22.0kDaand an M /M of 1.02 for COEGMA-co-BSMA)
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(Table 1). The DP was determined to be ~74 by '"H NMR
analysis (Figure S3). PCOEGMA-co-BUF) was then obtained
by the esterification reaction between the carboxyl groups of
P(OEGMA-co-BSMA) and the 3a-hydroxyl group of BUF
with an M_of 24.5 kDa and M /M_of 1.15 (Table 1). '"H
NMR analysis further confirmed the successful linkage of
BUF onto the polymers as shown in the appearance of char-
acteristic peaks (peaks i, g, h) ascribed to BUF in Figure S4.
Tumor-targeting polymeric prodrug, P(OEGMA-co-BUF-co-
Oct), was finally obtained via the reaction of P(OEGMA-co-
BUF) and Oct, which was confirmed by '"H NMR analysis
(Figure S5). M_and M /M were determined to be 25.0 kDa
and 1.19, respectively (Table 1). BUF content was determined
to be ~11.5 wt%. Following similar procedures, fluorescent
dye Cy5-labeled polymeric prodrugs, PCOEGMA-co-BUF-
c0-Oct-co-Cy5) and P(OEGMA-co-BUF-co-Cy5), were
obtained, exhibiting a strong infrared fluorescence emission
peak at ~665 nm (Figure S6).

In aqueous media at pH 7.4, P(OEGMA-co-BUF-co-
Oct) and its precursors tend to self-assemble into micellar
nanoparticles. As shown in Figure 3a, the intensity-average
hydrodynamic diameter (D, ) of P(OEGMA-co-BSMA) was
determined to be ~70.3 (£1.38) nm with polydispersity index
(1,/T7) of 0.26. The zeta potential ({) was determined to
be —17.7 (£0.15) mV, exhibiting negatively charged charac-
teristics presumably due to the ionization of carboxyl groups.
By introducing hydrophobic BUF onto the polymer backbone
typical nanoparticles assembled from P(OEGAM-co-BUF)
showed D, of ~71.3 (+0.77) nm and 1,/ 0f 0.18 (Figure 3b),

100 nm
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1,000

10 100
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Figure 3 Typical hydrodynamic diameter distributions, f(D,), recorded for 0.5 g/L
aqueous solution of (a) P(OEGMA-co-BSMA), (b) P(OEGMA-co-BUF-co-BSMA), and
(c) P(OEGMA-co-BUF-co-Oct).

Notes: The inset shows typical TEM image of 0.2 g/L micellar nanoparticles of
P(OEGMA-co-BUF-co-Oct). Scale bar = 100 nm.

Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate;
BSMA, 3-((2-(methacryloyloxy)ethyl)thio) propanoic acid; BUF, bufalin; Oct,
octreotide; TEM, transmission electron microscopy.

exhibiting little change compared with that of PCOEGMA-
co-BSMA). However, the ¢ dropped to —3.60 (£0.21) mV
as a result of the fact that the carboxyl groups were reacted
with BUF. The attachment of Oct onto P(OEGAM-co-BUF)
showed slightly increased size with D, of ~75.8 (£2.61) nm,
u/T? of 0.18, and ¢ of —2.98 (£0.56) mV (Figure 3c). To
further verify the presence of micellar nanoparticles in
the star copolymer solution, TEM observations were con-
ducted. The TEM image revealed the presence of robust
and fairly narrow-distributed spherical nanoparticles with
a diameter of ~30—40 nm. The dimension of nanoparticles
determined by TEM reasonably agrees with that determined
by dynamic LLS considering that the LLS technique reports
the intensity-average dimensions in solution, whereas TEM
determines nanoparticle dimensions in the dry state.

In vitro drug release

In vitro drug release of P(OEGMA-co-BUF-co-Oct) was then
explored. As shown in Figure 4, under simulated physiological
condition (PBS, pH 7.4, 37°C), only ~15% cumulative BUF
release was observed over 24 hours, which was in accordance
with the fact that B-thioester bonds are relatively stable at neu-
tral conditions.*’ This design can effectively circumvent burst
and premature drug release after intravenous administration.
While in the presence of esterase, which is abundant in cytosol
and endo/lysosomes, cumulative ~86% BUF released from
nanoparticles was obtained over the same period, showing
controlled release characteristics. In addition, the introduc-
tion of tumor-targeting moiety Oct is assumed to enhance the
accumulation of drugs in the cancerous tissue via receptor-
mediated endocytosis.*® Considering the in vivo application
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Figure 4 In vitro BUF release profiles (37°C, 20 mM buffer solution) from polymeric
micellar solution of P(OEGMA-co-BUF-co-Oct) in the (a) presence and (b) absence
of 10 U esterase and in the presence of (c) serum and (d) tumor homogenate.
Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate;
BUF, bufalin; Oct, octreotide.
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of the prodrugs, in vitro drug release study in the presence of
serum and tumor homogenate was also conducted to examine
the real fate of the obtained prodrugs in circulation and tumor.
As shown in Figure 4C, in the presence of serum, ~30.5%
cumulative BUF release was observed over 24 hours, implying
that a small part of BUF molecules might be released from the
prodrugs in the circulation period. However, a majority of BUF
molecules are still located in the nanoparticles. In addition, in
the presence of tumor homogenate, cumulative ~82% BUF
released from nanoparticles was obtained over the same
period, indicating that nanoparticles reaching tumor tissues
could effectively release BUF drugs.

In vitro cytotoxicity

In an effort to explore the in vitro anticancer efficacy, MCF-7
cells were employed as a model to evaluate the anticancer
performance of the obtained polymeric prodrug in vitro.
As shown in Figure 5, >90% MCF-7 cells are still alive
even at a concentration as high as ~200 mg/L of PCFOEGMA-
co-BSMA), implying the good biocompatibility of the
polymer. This is in agreement with the well-recognized
biocompatibility of PEG-based polymers.*’ In addition, the
introduction of Oct onto the polymer backbone, PFOEGMA -
co-Oct), exhibited little cytotoxicity change in comparison
with that of P(OEGMA-co-BSMA; Figure S7), implying
the good biocompatibility of P(OEGMA-co-Oct). However,
it is encouraging to find that by treating MCF-7 cells
with BUF-containing P(OEGMA-co-BUF) dramatically
decreased cell viability, exhibiting much better anticancer
performance than that of free BUF (Figure 6). The reason of
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Figure 5 Viability of MCF-7 cells after incubation for 24 hours in the presence of
P(OEGMA-co-BSMA) at varying concentrations.

Note: Data reported as mean * standard deviation.

Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate;
BSMA, 3-((2-(methacryloyloxy)ethyl)thio) propanoic acid.

improved anticancer efficacy of P(OEGMA-co-BUF) is still
not quite clear and needs further exploration. One possible
reason might be that more than one BUF molecule can be
internalized simultaneously by cells with the help of the
nanostructure of the polymeric prodrug. It was calculated
that the BUF content in polymeric prodrug was ~11.5%,
which means there were ~7.4 BUF molecules/polymer
chain. Besides, it was reported that one polymeric micelle
often consisted of several hundreds and even thousands
of polymer chains.*” So, it was reasonable to assume that
with the internalization of one single nanoparticle, >1,000
BUF molecules entered into cells. This might explain the
higher anticancer efficacy of P(OEGMA-co-BUF) than
free BUF.

Moreover, the anticancer performance can be further
enhanced by introducing tumor-targeting moieties, Oct in
this case, to the polymeric prodrug. P(OEGMA-co-BUF-co-
Oct) exhibits further improved cytotoxicity to MCF-7 cells in
comparison with that of P(OEGMA-co-BUF), especially at
lower BUF concentration. For example, at a BUF concentra-
tion of 100 nM, ~85.7% of cells are still alive for free BUF.
While at the same BUF dosage, P(OEGMA-co-BUF) led to
53.9% cell death and P(OEGMA-co-BUF-co-Oct) caused
58.7% cell death. This result reveals that attaching Oct onto
the polymer backbone might play an important role at lower
BUF concentration in enhancing the cytotoxicity by promot-
ing surface binding and cellular entry via receptor-mediated
endocytosis mechanism (Figure 1).**!2%37 However, by
increasing the BUF dosage, the anticancer difference between
P(OEGMA-co-BUF) and P(OEGMA-co-BUF-co-Oct)
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Figure 6 In vitro cytotoxicity of (a) free BUF, (b) P(OEGMA-co-BUF), and (c)
P(OEGMA-co-BUF-co-Oct) determined by the MTT assay against MCF-7 cells after
incubating 24 hours at varying BUF concentrations.

Note: Data reported as mean =+ standard deviation.

Abbreviations: BUF, bufalin; OEGMA, oligo(ethylene glycol) monomethyl ether
methacrylate; Oct, octreotide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide.
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decreased, although they still performed better than free BUF.
The main reason might be related to the relative amount of
SSTR2 on the membrane surface of MCF-7 cells and Oct
peptide on the surface of nanoparticles. At relatively lower
BUF concentrations, the amount of Oct was also small and
the amount of SSTR2 was large enough to bind all the Oct-
modified nanoparticles at the interface and mediated drugs
into cells via receptor-mediated endocytosis. While, with the
increase of BUF concentration, the amount of Oct increased
and SSTR2 was saturated with increased Oct. At this point,
receptor-mediated endocytosis reached its maximum. Further
increasing BUF concentration cannot lead to more binds
between Oct and SSTR2, and the surplus Oct cannot exert the
role as effective as that at a lower concentration, which con-
sequently led to the decreased anticancer difference between
P(OEGMA-co-BUF) and P(OEGMA-co-BUF-co-Oct).

In vitro cellular uptake
The ability of selective delivery of drugs to tumor cells is
an essential function of tumor-targeting nanocarriers, espe-
cially for prodrug systems. As described earlier, SSTR2
overexpressing breast cancer-targeting polymeric prodrug,
P(OEGMA-co-BUF-co-Oct), showed dramatically enhanced
antiproliferation effect, which was partly ascribed to the
active targeting moieties to the MCF-7 cells. Currently,
flow cytometry and confocal laser scanning microscopy
were employed to explore the cellular uptake of polymeric
prodrugs.

As shown in Figure 7A, the flow cytometry was first
used to quantitatively evaluate the selective cellular uptake
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mechanism of P(OEGMA-co-BUF-co-Oct-co-Cy5) in
MCF-7 cells. The results showed that P(OEGMA-co-BUF-
co-Cy5) can effectively enter into cells as revealed by the
strong fluorescence distribution in cells compared with con-
trol sample. However, the cellular uptake of Oct-modified
P(OEGMA-co-BUF-co-Oct-co-Cy5) dramatically increased
relative to the levels of PFCOEGMA-co-BUF-co-Cy5). Consid-
ering that the only difference of P(OEGMA-co-BUF-co-Cy5)
and P(OEGMA-co-BUF-co-Oct-co-Cy5) is the introduction
of targeting peptide Oct, this implied the importance of Oct
in the improvement of internationalization of prodrugs. To
further examine the role of Oct in the internalization of prod-
rugs, SSTR2-negative MDA-MB-231 cells were employed to
conduct flow cytometry experiment. As shown in Figure 7B,
the cellular uptake of P(OEGMA-co-BUF-co-Cy5) and
P(OEGMA-co-BUF-co-Oct-co-Cy5) exhibited negligible
differences, indicating that the introduction of Oct impacts
little to internalization for SSTR2-negative cells. In combina-
tion with the earlier results, it was reasonable to assume that
the interaction of Oct peptide and SSTR2 on the cellular sur-
face plays an important role in improving the internalization
of prodrugs. Next, confocal laser scanning microscopy was
applied to further investigate the intracellular distribution of
Cy5-labeled prodrugs. As shown in Figure 8, P(OEGMA-co-
BUF-co-CyS5) was effectively internalized and accumulated
in the cytosol of cells as vividly revealed by the fluorescent
dots distributed in cells. However, by staining cells with
P(OEGMA-co-BUF-co-Oct-co-Cy5), substantially increased
fluorescence can be observed, which further confirmed the
importance of Oct. Correspondingly, fluorescence imaging
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Figure 7 Flow cytometry analysis of cellular uptake of (a) and (c) P(OEGMA-co-BUF-co-Cy5) and (b) and (d) P(OEGMA-co-BUF-co-Oct-co-Cy5) for 4 hours in (A) MCF-7

and (B) MDA-MB-231 cells.

Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; BUF, bufalin; Cy5, Cyanine5 amine; Oct, octreotide.
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Figure 8 Typical confocal microscopy fluorescence images recorded for MCF-7 cells after incubating at 37°C with (top panels) P(OEGMA-co-BUF-co-Cy5) ([Cy5] =3.0x10¢ M)
and (bottom panels) P(OEGMA-co-BUF-co-Oct-co-Cy5) ([Cy5] =3.0x107¢ M) for 4 hours.

Notes: (A and D) The red channel was excited at 633 nm and collected between 660 nm and 700 nm. (B and E) The cell nuclei were stained by DAPI, and the blue channel
was excited at 405 nm and collected between 420 nm and 460 nm. (C and F) Overlay of the blue and red channels. (G and H) 4-Fold enlarged pictures of ROl in (A) and

(D). Images were taken with a x63 objective lens. Scale bars =25 um.

Abbreviations: OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; BUF, bufalin; Cy5, Cyanine5 amine; Oct, octreotide; DAPI, 4,6-diamidino-2-phenylindole;

RO, region of interest.

for SSTR2-negative MDA-MB-231 cells was also conducted.
As shown in Figure S8, both P(OEGMA-co-BUF-co-Cy5)
and P(OEGMA-co-BUF-co-Oct-co-Cy5) can be effectively
internalized by cells and little fluorescence intensity differ-
ence can be observed, which are in agreement with the results
by flow cytometry.

Apoptosis assay

As aprogrammed cell death, cell apoptosis could be featured
by a series of morphological and biochemical changes. In
the current work, MCF-7 cells were treated with free BUF,
P(OEGMA-co-BUF), and P(OEGMA-co-BUF-co-Oct) to
evaluate the apoptosis process. As shown in Figures 9 and S9,
compared with the control sample, free BUF-treated cells
exhibited an increase in early apoptosis and necrosis stages.
On the other hand, PCOEGMA-co-BUF) led to little increase
in early apoptosis but a dramatic increase in late apoptosis,
and necrosis stages were observed. As expected, P(OEGMA-
co-BUF-co-Oct) caused a further increase in late apoptosis
and necrosis chambers in comparison with that of both free
BUF and P(OEGMA-co-BUF). Besides, the apoptosis analy-
sis via DAPI staining method also confirmed this. As shown
in Figure S10, compared with untreated MCF-7 cells, free

BUF led to condensed or fragmented nuclei, which is the
characteristic of apoptosis, and polymeric prodrugs showed
further condensed or fragmented nuclei.

In vivo biodistribution examination

As described previously, the introduction of Oct onto
the prodrug led to enhanced internalization of drugs into
tumor cells. Herein, Cy5-labeled targeting and nontarget-
ing prodrugs, P(OEGMA-co-BUF-co-Oct-co-Cy5) and
P(OEGMA-co-BUF-co-Cy5), were intravenously injected
into MCF-7 tumor-bearing mice to evaluate the biodistribu-
tion of drugs. Figure 10 shows the real-time distribution and
tumor accumulation of P(OEGMA-co-BUF-co-Oct-co-Cy5)
and P(OEGMA-co-BUF-co-Cy5) at various time intervals.
In P(OEGMA-co-BUF-co-Cy5) group, the fluorescence
signals almost uniformly distributed around the body at first
and then accumulated in kidney. This might be due to some
free drugs cleaved and released from nanoparticles in the
circulation period, considering the esterase activity of serum
as revealed in Figure 4. Throughout the 48-hour period, only
slight accumulation of signals in the tumor tissue can be
observed. In contrast, the fluorescence intensity of the tumor
region injected with PCOEGMA-co-BUF-co-Oct-co-Cy5)
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Figure 9 Flow-cytometric analysis of the apoptosis of MCF-7 cells.
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Notes: MCF-7 cells were (A) untreated and treated with 50 nM BUF-equivalent dosage of (B) free BUF, (C) P(OEGMA-co-BUF), and (D) P(OEGMA-co-BUF-co-Oct) for
24 hours. Annexin V FITC/PI double staining assay was employed to detect the apoptosis of cells.
Abbreviations: BUF, bufalin; OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; Oct, octreotide; Pl, propidium iodide; FITC, fluorescein isothiocyanate.

was significantly stronger, presumably owing to the modifi-
cation of the active targeting peptide Oct. The fluorescence
intensity in tumor was much stronger than other organs
such as kidney and liver. Besides, the fluorescence inten-
sity in tumor declined little even after 48-hour postinjec-
tion, implying the long retention of drugs in tumor tissues.
Moreover, quantitative analysis of tissue distributions was
also conducted. As shown in Figure 10C, the percentages
of fluorescence intensities of heart, liver, spleen, and
lung are significantly lower than those in tumors for both
P(OEGMA-co-BUF-co-Cy5) and P(OEGMA-co-BUF-co-
Oct-co-Cy5). For P(OEGMA-co-BUF-co-Cy5), ~25.8%
of fluorescence intensity accumulated in tumor tissues
and ~48.3% of fluorescence intensity accumulated in kidney.
However, for P(OEGMA-co-BUF-co-Oct-co-Cy5), ~55.4%
of fluorescence intensity accumulated in tumor tissues, while

the amount in kidney was relatively smaller possibly due to
the active targeting capability.

In vivo anticancer efficacy

Polymeric prodrugs of BUF showed significant improved
antitumor activity in the MCF-7 tumor model. As illustrated
in Figure 11, compared with saline control group, drug car-
rier, P(OEGMA-co-BSMA), showed no effect on the tumor
in mice. When BUF was administered into the mice, the
tumor growth was significantly inhibited as vividly revealed
by the reduced tumor volume growth in comparison with
that of control group. Furthermore, when the same dose of
BUF was administered into the mice, the tumor inhibiting
effect was much more obvious in the P(OOEGMA-co-BUF)
group than that in the BUF solution group. It was well
documented that macromolecular drugs show much longer

submit your manuscript

2246

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Treatment of SSTR2 overexpressing breast cancer

Oh

8h 24 h 48 h

T i

Fluorescence

60

50

Il P(OEGMA-co-BUF-co-Cy5)
Il P(OEGMA-co-BUF-co-Oct-co-Cy5)

40+

30

20

intensity (%)

10

Normalized fluorescence © n

Heart

- Kidney

Liver

Spleen  Lung  Tumor

Figure 10 (A) In vivo imaging of tumor-bearing mice after IV administration with (a) P(OEGMA-co-BUF-co-Cy5) and (b) P(OEGMA-co-BUF-co-Oct-co-Cy5) for varying
time. (B) Fluorescence images of organs, including heart, liver, spleen, lung, and kidney, and tumor collected at 48 h post injection of (c) P(OEGMA-co-BUF-co-Cy5) and
(d) P(OEGMA-co-BUF-co-Oct-co-Cy5). (C) Bio-distributions of P(OEGMA-co-BUF-co-Cy5) and P(OEGMA-co-BUF-co-Oct-co-Cy5) in tumor issues and different organs.

Note: Data reported as mean * standard deviation.

Abbreviations: |V, intravenous; OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; BUF, bufalin; Cy5, Cyanine5 amine; Oct, octreotide; h, hours.

circulation time and more accumulation in tumor tissues than
their small molecular counterparts based on EPR effects.'82
Besides, in vitro cell cytotoxicity also demonstrated improved
anticancer efficacy of P(OEGMA-co-BUF), possibly due
to its nanostructure and prodrug design. The two factors
might together lead to the improved tumor inhibition effect
in in vivo experiment. PCOEGMA-co-BUF-co-Oct) further
enhanced the inhibition of tumor growth, presumably due
to increased accumulation of drug in the tumor tissue via
Oct-mediated active targeting and macromolecular-based
EPR effects. Moreover, no obvious toxicity was observed
in the mice for all the groups, which was demonstrated by
the well-maintained body weight of the mice. Finally, H&E
staining results indicated that BUF-containing polymeric
prodrugs led to much larger necrotic areas than free BUF
and that there was no significant reaction observed in normal

organs (Figure S11).

Conclusion

In summary, we successfully developed a novel type of
multifunctional polymeric prodrug of BUF, P(OEGMA-
co-BUF-co-Oct), covalently modified with breast cancer-
targeting peptide (Oct). The obtained polymeric prodrug
exhibited improved anticancer efficacy against breast
cancer both in vitro and in vivo in comparison with that of
small molecular-free BUF. The employment of B-thioester
bond to link BUF effectively circumvents burst/prema-
ture drug release, which often exists in the conventional
physiologically encapsulation method. Meanwhile, in the
presence of esterase, BUF can be effectively released. In
addition, the introduction of Oct endows the polymeric
prodrug good active targeting to tumor tissues in addi-
tion to passive targeting via EPR effect. In vivo fluores-
cence imaging and anticancer experiments indicated that
P(OEGMA-co-BUF-co-Oct) exhibited excellent specific
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Figure |1 Polymeric prodrugs of BUF lead to enhanced antitumor efficacy in the BALB/c nude mice bearing MCF-7.

Notes: Saline, P(OEGMA-co-BSMA), BUF, P(OEGMA-co-BUF), and P(OEGMA-co-BUF-co-Oct) were administered by intravenous injection into the mice. (A) The final
tumor weight, (B) body weight, (C) tumor volume, and (D) tumor images were examined. Student’s t-test was performed between samples P(OEGMA-co-BUF-co-Oct) and
P(OEGMA-co-BUF) (*P<<0.05); between P(OEGMA-co-BUF) and free BUF (*¥P<<0.05); between free BUF and P(OEGMA-co-BSMA) (***P<<0.05). Data reported as mean +

standard deviation.

Abbreviations: BUF, bufalin; OEGMA, oligo(ethylene glycol) monomethyl ether methacrylate; BSMA, 3-((2-(methacryloyloxy)ethyl)thio) propanoic acid; Oct, octreotide.

accumulation in tumor regions as well as dramatically
improved antitumor efficacy. The reported tumor-targeting
polymeric prodrug synergistically integrated with active
targeting and triggered drug release augurs well for breast
cancer therapy.
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