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Abstract: To improve the targeting efficacy of hyaluronic acid (HA)-based micelles,
pH-sensitive mixed micelles based on HA-g-poly(L-histidine) (PHis) and d-o-tocopheryl poly-
ethylene glycol 2000 copolymers were prepared and decorated with human epidermal growth
factor receptor 2 (Her2) peptide, a tumor cell-specific peptide ligand, on their surface. The
doxorubicin-loaded micelles (HA-PHis/peptide—d-ci-tocopheryl polyethylene glycol 2000 mixed
micelles [PHTM]) were characterized to have a unimodal size distribution and pH-dependent
drug release pattern. In vitro tumor targeting studies demonstrated that PHTM exhibited the
pronounced cytotoxicity and efficient internalization in MDA-MB-231 cells overexpressing
CD44 and Her2 receptors. In vivo investigation into micelles in MDA-MB-231 tumor-bearing
mice confirmed that PTHM could reach the tumor site more effectively and exert excellent tumor
killing activity. In general, Her2 peptide decoration can enhance the selective cytotoxicity and
antitumor activity of HA-based micelles.

Keywords: Her2 peptide, hyaluronic acid, poly(L-histidine), targeted delivery, antitumor
efficacy

Introduction

The chemotherapeutic drugs used in clinical practice also have some deficiencies, for
example, nonspecific toxicity to normal cells, which might result in systemic toxicity,
and a low therapeutic efficacy to the host.! Development of nanocarrier system has
shown promise in enhancing tumor selectivity and decreasing adverse effects of anti-
cancer drugs.>* The nanoparticles can perform with hydrophilic surfaces in order to
avoid opsonization and removal by the mononuclear phagocytic cells, and they are
small enough to take the advantage of the leaky new vasculature and poor lymphatic
systems of tumors for accumulation into tumor sites.* This phenomenon is known as
the enhanced permeability and retention (EPR) effect. As the EPR effect occurs only
in solid tumor, the drug-loaded nanovehicles have limited accumulation in normal
tissues, leading to reduced side effects of chemotherapy.®”’

However, most of the chemotherapeutic drugs act on intracellular pharmacological
targets. Although the EPR characteristic increases the distribution of the nanoparticles
to the tumor, they cannot readily pass through the cell membrane.® The efficacy of
anticancer drugs can be further enhanced by facilitating the intracellular uptake with
specific affinity of the nanoparticles for the cancer cells.®'° Therefore, active target-
ing of the nanoparticles modified with binding ligands may be more favorable. To
achieve receptor-mediated targeting, various targeting moieties including peptides,
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antibodies, proteins, aptamers, sugars, and small molecules,
which bind to the tumor-specific receptors, are conjugated
to the nanoparticle surface for enhanced cellular delivery of
nanoparticles.”!!?

Antibodies are used as tumor-binding ligands because
of high specificity and affinity.'>'* However, certain limi-
tations, such as poor solubility, expensiveness, immune
response, poor stability, and little tumor penetration, hamper
the efficient development of antibodies in drug delivery
devices.!® Therefore, more fruitful alternatives to antibodies
are explored, and easy-to-manufacture antibody mimics
attract recent interest.''® The antibody mimics are usually
tumor-specific peptides that possess the essential molecu-
lar recognition features of antibody. The smaller size of
peptides has better tumor cell penetration, and the progress
of peptide synthesis and engineering is more conducive to
drug development."’

The human epidermal growth factor receptor 2 (Her2) is
a member of the ErbB family of receptor tyrosine kinases,
which is amplified in ~30% of breast cancers and 20%
of ovarian cancers, but it is amplified weakly in normal
tissues.?*?2 The receptor comprises an extracellular ligand-
binding domain that is easily accessed by Her2 ligands;
therefore, it can be considered as an attractive marker for
active targeted delivery to tumor cells.”*?** Her2 cyclic pep-
tide is a novel analog of trastuzumab (Herceptin®), which
is the only Her2-targeted therapy approved by US Food
and Drug Administration for the treatment of breast cancer,
and it can specifically recognize the Her2 receptor with low
concentrations.?

In a previous work, a pH-sensitive micellar delivery
system based on the hyaluronic acid-g-poly(L-histidine)
(HA-PHis) copolymers was reported. HA is a biodegradable
polyanionic polysaccharide and a ligand for CD44 recep-
tor overexpressed in a variety of tumor cells.??’ PHis is a
pH-sensitive actuator with endolysosomal escape nature.?
The HA-PHis copolymer-based micelles provide an effective
approach for increasing cellular uptake and rapid delivery of
doxorubicin (DOX) into the cytosol, resulting in significant
increases in therapeutic efficacy.” Then, d-o-tocopheryl
polyethylene glycol 2000 (TPGS2k) amphiphilic polymer
was introduced to develop the mixed copolymer micelles for
delivering DOX into drug-resistant breast cancer cells.*

Although the aforementioned HA-based micelles sig-
nificantly improve the intracellular delivery of DOX, they
enter the tumor cells just relying on the CD44 receptor-
mediated active targeting. However, it has been reported that

CD44 receptors have some disadvantages, such as intrinsic
variability and easy saturation, which cause a relatively
low capacity of receptor-mediated uptake.’'*> Furthermore,
except for CD44 receptors, HA receptors such as HARE
and LYVELI are expressed in endothelial cells in liver and
lymphatic system.**-¢ Therefore, more modifications in HA
should be proceeded to enhance the targeting ability and
reduce the accumulation in the normal organs.

Her2 has been identified as an important molecular
marker in breast cancer,”?” and it has become a therapeutic
target in clinical practice.’®* With the development of drug
delivery system, Her2 receptor-mediated cellular uptake
has attracted substantial interest in targeted drug delivery.
Therefore, Her2 peptide was functionalized to the mixed
micelles composed of HA-PHis and TPGS2k copolymers,
aiming to obtain precise dual-targeting efficacy and exten-
sive penetration into breast tumor. The pH-sensitive dual-
targeting micelles can be accumulated at the tumor tissue by
the EPR effect and selectively taken up into the tumor cells
through both CD44 receptor- and Her2 receptor-mediated
endocytosis. Then, the micelles disassemble rapidly in the
acidic endolysosomes due to pH-induced protonation of PHis
block, resulting in the drug burst release into cytoplasm. By
using DOX as the model drug, the targeting characteristics of
the dual-targeting HA-based micellar system were evaluated
in vitro and in vivo.

Materials and methods

Materials

The HA-PHis was synthesized according to the previously
reported procedures. D-o-tocopheryl acid succinate was
obtained from Jiangsu Xixin International Co., Ltd. (Suqian,
People’s Republic of China). Methoxyl PEG2000-amine
(mPEG2k-NH,) and amine-PEG2000-carboxymethyl (NH,-
PEG2k-COOH) were bought from Yare Biotech (Shanghai,
People’s Republic of China). Her2 peptide (YCDGFYA-
CYMDV, Figure 1A) was synthesized by China Peptides Co.,
Ltd. (Shanghai, People’s Republic of China). DOX hydro-
chloride was purchased from Huafeng United Technology
(Beijing, People’s Republic of China). N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, People’s Republic of China), and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) and Hoechst 33342 were bought from Beyo-
time (Shanghai, People’s Republic of China). Dulbecco’s
Modified Eagle’s Medium (DMEM), Roswell Park Memorial
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Figure | (A) Chemical structure of Her2 peptide and (B) 'H NMR spectrum of pep-TPGS2k in DMSO-dé.
Abbreviations: d6, 'H NMR spectrum; DMSO, dimethyl sulfoxide; 'H NMR, proton nuclear magnetic resonance; TPGS2k, d-o-tocopheryl polyethylene glycol 2000; pep-

TPGS2k, Her2 peptide-modified TPGS2k.

Institute (RPMI)-1640 medium, fetal bovine serum (FBS),
and penicillin—streptomycin solution were purchased from
Gibco® BRL (Thermo Fisher Scientific, Waltham, MA,
USA). All the other chemicals and buffer solution compo-
nents were analytical-grade preparations.

Cell cultures

Human breast cancer cell line MCF-7 and MDA-MB-231 cells
were obtained from Chinese Academy of Sciences (Shanghai,
People’s Republic of China). They were cultured in DMEM
supplemented with 10% FBS and 1% penicillin—streptomycin
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solution. All cells were cultured at 37°C in a humidified
atmosphere with 5% CO,. This study and the study protocol
were approved by the medical ethics committee of the First
Affiliated Hospital of Soochow University.

Synthesis of Her2 peptide-modified
TPGS2k

TPGS2k was synthesized as described in a previous report.*
Her2 peptide-modified TPGS2k (pep-TPGS2k) was executed
by a two-step reaction. First, HOOC-TPGS2k was synthe-
sized by the same procedures as those of TPGS2k, except
that NH,-PEG-COOH was used in this reaction. Second,
equimolar Her2 peptide was added to HOOC-TPGS2k solu-
tion, which was activated beforehand by EDC and NHS with
stoichiometric ratio of 1:2:2. Then, the mixture was stirred
at a room temperature under a nitrogen atmosphere for 48 h.
After centrifugation 4 times at 5,000 rpm for 30 min by a
tubular ultrafiltration membrane (molecular weight cutoff
[MWCO] 3000) and then dialysis (MWCO 3000) against
1,000 mL deionized water for 3 days to remove the uncoupled
peptide, the solution was lyophilized to obtain pep-TPGS2k
polymer. The structure of pep-TPGS2k was confirmed by
proton nuclear magnetic resonance ('"H NMR) spectrometry
(400 MHz; Varian, PaloAlto, CA, USA).

The conjugation efficiency of peptide with the pep-
TPGS2k was assessed using the Micro Bicinchoninic Acid
Protein Assay Kit (Beyotime, Shanghai, People’s Republic
of China), which provided a rapid and sensitive method
for the quantitation of peptides and proteins.'***4! The
concentration of the peptide was calculated on the basis of
a calibration curve of y=2.2787x+215.75 (r=0.9993), and the
conjugation efficiency was 11.75%12.31%.

Preparation and characterization of

DOX-loaded copolymer micelles

DOX-loaded HA-PHis/pep-TPGS2k mixed micelles
(PHTM) were prepared by using the ultrasonication method
(JY92-II; Ningbo, People’s Republic of China). Next, 10 mg
HA-PHis and 2 mg pep-TPGS2k were dispersed in 10 mL
PBS (0.1 M, pH 7.4), and 2 mg DOX was dissolved in
tetrahydrofuran/acetone (1:1, v/v). Then, the DOX solution
was added dropwise into the copolymer solution with stir-
ring at room temperature. After stirring for 12 h in order to
remove the solvent, the mixture was ultrasonicated for 30 min
(active every 2 s for a 3-s duration with an output power of
100 W) in ice bath. Then, the micellar suspension was filtered
through a membrane filter (0.45 um) to remove insoluble
drug and centrifuged 3 times at 5,200 rpm for 30 min by a
tubular ultrafiltration membrane (MWCO 3000; Millipore,

Suzhou, People’s Republic of China) to remove free drug.
The DOX-loaded HA-PHis/TPGS2k mixed micelles (HTM)
and the corresponding blank mixed micelles were prepared
in the same way.

The size and {-potential of the micelles were measured by
using a Zeta Potential/Particle Sizer Nicomp™ 380ZLS (PSS
Nicomp, Santa Barbara, CA, USA). The micellar suspensions
were placed on copper grids with films, air-dried for 10 min,
and finally examined by transmission electron microscopy
(TEM; Tecnai G220, FEI, Hillsboro, OR, USA) to visualize
the morphology of copolymer micelles.

The drug loading (DL) and encapsulation efficiency (EE)
of copolymer micelles were measured by ultraviolet (UV)
spectrophotometry. Briefly, DOX-loaded micellar solution
was diluted 10-fold with formylamine and then ultrasonicated
for 10 min to disrupt the assembled micelles and dissolve
drugs. The DOX content was analyzed with a UV spectro-
photometer (UV-2600, Shimadzu, Japan) at 479 nm. DL
and EE were calculated as the ratio of the drug weight in
the micelles to the total weight of the micelles and feeding
weight of drug, respectively.

In vitro pH-sensitive release

The release profiles of DOX from the mixed micelles were
investigated by the dynamic dialysis method; 2.0 mL DOX-
loaded micelles was introduced into a dialysis bag (MWCO
3500 Da) and then immersed in 20 mL fresh PBS solution
(pH 5.0 and 7.4, 0.1 M) in a vial that was placed in a shaking
incubator at a stirring speed of 100 rpm at 37°C. Aliquots of
medium (1.0 mL) was collected at determined times (1, 2, 4,
6, 8, 12, and 24 h) and replaced with an equivalent volume
of fresh medium (37°C). The concentration of DOX released
from the mixed micelles was measured with a UV/visible
spectrophotometer as described previously.

In vitro cytotoxicity tests

MCEF-7 cells and MDA-MB-231 cells were adopted to
evaluate the cytotoxicity of blank mixed micelles and DOX-
loaded mixed micelles. CD44 receptors are overexpressed
in both the cells, but Her2 receptors are more expressed in
MDA-MB-231 cells than in MCF-7 cells. The cells were
seeded at the density of 7x10° cells/well in 96-well plates and
incubated for 24 h to allow cell attachment. Then, the cells
were incubated with blank micelles, DOX-loaded micelles,
and free DOX for 48 h in a concentration gradient at 37°C.
Later, 10 pL of MTT (5 mg/mL) was added to the medium
and further incubated for 4 h. The medium in each well was
removed, and 100 UL of dimethyl sulfoxide (DMSO) was
added to dissolve the internalized purple formazan crystals.
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The absorbance at 492 nm was recorded using a BioRed
microplate reader (MK3, Thermo Fisher Scientific). The
sensitivity of tumor cells to HTM, PHTM, or free DOX
was measured by the concentration inducing 50% loss of
cell viability (IC,).

Cellular uptake studies

The cellular uptake efficiency was evaluated quantitatively
by using flow cytometry. MDA-MB-231 and MCF-7
cells were seeded on a 6-well culture plate with a density
of 3x10* cells/well for 24 h. Free DOX or DOX-loaded
micelles with equivalent DOX concentration (5.0 pg/mL)
were added and incubated for 1 and 4 h. Then, the cells were
washed 3 times with ice-cold PBS (pH 7.4), harvested, and
subsequently resuspended in 0.5 mL PBS for analysis by
using a flow cytometer (FACSCalibur™, BD Biosciences,
San Jose, CA, USA).

Cellular uptake and distribution of DOX from developed
micelles were also observed by confocal laser scanning
microscopy (CLSM). After MDA-MB-231 cells achieved
80% confluency, the cells were seeded on microscope slides
in a 6-well plate at a density of 1x10* cells/well and incubated
for 24 h at 37°C. DOX (5.0 pg/mL), alone or entrapped in
the mixed micelles, was added and incubated for 1 and 4 h.
After incubation, all the reagents were removed, and Hoechst
33342 (10 pg/mL) was used to visualize the nuclei. The
cells were washed at least 3 times with PBS and fixed with
5% paraformaldehyde solution for 15 min, and then, they
were observed by CLSM (LSM710, Carl Zeiss Meditec AG,
Jena, Germany).

Mechanisms of cellular uptake

MDA-MB-231 cells were seeded in 6-well plates at a
density of 5x10° cells/well and incubated for 24 h at
37°C. After incubating with 10 pg/mL chlorpromazine
(CPM), 40 pg/mL colchicines (CC), 5 pg/mL filipin
(FLP), 10 mg/mL pep, 10 mg/mL HA, or the mixture of
pep and HA (1:1, v/v) for 30 min, PHTM (5.0 pg/mL of
DOX) was added and incubated for a further 4 h. Then,
cells were washed and harvested for analysis by using a
flow cytometer. The cells were incubated without uptake
inhibitor as controls.

In vivo imaging analysis of mixed micelles

Female BALB/c nude mice (5-6 weeks of age) were pur-
chased from SLAC Laboratory Animal Co., Ltd. (Shanghai,
People’s Republic of China) and were used to generate the
tumor xenograft mouse model. Mice were housed at 25°C
and allowed free access to food and water. All animal

procedures were performed following the protocol approved
by the Institutional Animal Care/User Ethical Committee of
Soochow University.

The MDA-MB-231 cells (1x107 cells in 0.1 mL of
cell culture medium) were injected subcutaneously into
the abdomen of the mice. 1,1’-Dioctadecyl-3,3,3",3’-
tetramethylindotricarbocyanine (DIR)-loaded HTM and
PHTM with equal fluorescence were injected into the tail
vein of the tumor xenograft mice when the tumor volume
reached ~100-200 mm®. At 6, 12, 24, and 48 h postinjec-
tion, the tumor accumulation profiles were assessed by using
a near-infrared (NIR) fluorescence imaging system (IVIS
Lumina, Caliper, Princeton, NJ, USA). The mice under anes-
thetic state via inhalation of isoflurane were automatically
moved into the imaging chamber for scanning. Finally, they
were sacrificed, and the major organs and tumors were dis-
sected from the mice 48 h after intravenous injection. Each
organ and tumor was rinsed with physiological saline for
3 times followed by the capture of fluorescent images.

In vivo antitumor efficacy test

Female BALB/c nude mice were inoculated subcutane-
ously with MDA-MB-231 cells (1x10° cells in 0.1 mL of
cell culture medium) in the abdomen. Tumors were allowed
to grow to ~100 mm?® before treatment, and the mice were
randomly divided into 4 groups (n=5). The tumor size was
measured with Vernier calipers every day, and tumor volume
(mm?) was calculated using the formula: volume =0.5x L¥>
(L is the long diameter, and W is the short diameter of a
tumor). Experimental groups were as follows: saline, DOX
solution, HTM, and PHTM (10 mg/kg dose). Each group was
injected by tail vein every 72 h for 3 times. After the final
administration, the mice were further observed for 3 days,
and then, the tumors were harvested and weighed. The tumor
volumes and body weights of the mice were all measured
in this process.

Statistical analysis

Statistical analysis was performed by using one-way
analysis of variance, and P<<0.05 was considered statisti-
cally significant. All the experiments were performed at
least 3 times, and the data were represented as the mean *
standard deviation.

Results and discussion

Synthesis and characterization of

pep- TPGS2k

Her2 peptide was conjugated to the terminal of TPGS2k
through a reaction between the carboxyl group of PEG and
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the amino group of the Her2 peptide. Figure 1B shows a
typical 'H NMR spectrum (DMSO-d6) of pep-TPGS2k. The
peaks at 8 0.83 ppm (—CH(CH,),—) and & 1.892-2.01 ppm
(—CH, on phenyl group) of VES, the characteristic peak at
83.51 ppm (—OCH,CH,0-) of PEG chain, and the distinctive
peaks at 8 6.65-7.19 ppm (Ar—CH-) and § 7.81-8.27 ppm
(—CO—NH-) of Her2 peptide all appeared in the spectrum,
indicating that pep-TPGS2k was successfully synthesized.

Preparation and characterization

of the micelles

The uniform mixed micelles composed of HA-PHis and
TPGS2k were formed in a previous study.*® Her2 peptide-
modified micelles were prepared by using the same method
with the addition of pep-TPGS2k. Table 1 summarized the
average particle sizes, polydispersity index, zeta potentials,
and EE and DL of the DOX-loaded micelles. The relatively
narrow size distribution of the micelles indicated the forma-
tion of the uniform disperse mixed micelles (Figure 2A).%
The moderate negative zeta potentials resulting from the
ionized carboxylic group of HA in the shell may prevent the
aggregation of micelles through electrostatic repulsion. As
shown in Figure 2B, TEM showed that the PHTM had a nearly
spherical morphology and good dispersion. In addition, DL
and EE of PHTM were similar to those of HTM, which sug-
gested that modification in Her2 peptide played a negligible
role in the accommodation of DOX in the micelles.

In vitro release of DOX from the micelles
The pH-sensitive drug release behaviors of the micelles were
investigated at endolysosomal pH (~5.0) and physiological
pH (~=7.4). As shown in Figure 3A, a significant difference
was found in the DOX release from PHTM at different pH
values (P<<0.05), which presented the similar release profiles
of the previous HTM and HA-PHis micelles. The different
release behavior of the micelles was attributed to the physical
destabilization of the hydrophobic core of HA-PHis-based
micelles at various pH values. The micelles had more com-
pact hydrophobic micellar core composed of unprotonated
PHis at pH 7.4, resulting in sustained release of DOX.
When the pH decreased below 5.0, the protonated PHis

Table | Characterization of HTM and PHTM copolymer micelles

blocks started to repel each other due to the same electrical
charge, leading to the swelling of micellar core and trigger-
ing the DOX release.*** Therefore, it can be concluded that
DOX was released slowly under a physiological condition,
while a quick release was taken place at the acidic tumor
environment for efficiently killing the tumor cells.

In vitro cytotoxicity studies

In vitro cytotoxicity of DOX, HTM, and PHTM was tested
against MCF-7 cells and MDA-MB-231 cells. As shown
in Figure 3B, HTM and PHTM showed significant higher
cytotoxicity than free DOX (P<<0.05). The IC, values of
HTM and PHTM were similar in MCF-7 cells (P>0.05),
indicating that there was no significant difference of cytotox-
icity between HTM and PHTM. However, in MDA-MB-321
cells, the IC_ value of PHTM was lower than that of HTM
(P<0.05), which suggested that PHTM existed the high-
est cytotoxicity in all formulations. These results could be
explained that the CD44 receptors that mediate HA-based
copolymer micelles entering cells quickly are overexpressed
in both MCF-7 cells and MDA-MB-231 cells. Meanwhile,
MDA-MB-231 cells express more Her-2 receptors than
MCEF-7 cells, resulting in more effective uptake of PHTM
into the cells. Therefore, PHTM modified with Her2 peptide
had the enhanced cytotoxicity.

In vitro cellular uptake studies

The cellular uptake of DOX after incubation with different
formulations was evaluated by flow cytometry. As shown
in Figure 4, the intracellular uptake of all preparations in
MCF-7 and MDA-MB-231 cells showed a time-dependent
manner, and the amount of DOX after 4-h incubation was
larger than that after 1-h incubation (P<<0.05). In the two
kinds of cells, the intracellular accumulation of free DOX was
lower than that of DOX-loaded mixed micelles at different
times, which coincided with the result of cytotoxicity test.
There was no significant difference in DOX accumulation
by MCEF-7 cells from the mixed micelles at various times
(P>0.05), suggesting that the recognition of CD44 receptors
and pH-sensitive micellar core of the mixed micelles were
not influenced by the Her2 peptide. However, although both

Copolymer Mean diameter Polydispersity Zeta potential EE (%) LC (%)
micelles (nm) (mV)

HTM 159.9+4.5 0.112+0.032 —14.4+1.32 91.7+1.98 10.8+0.36
PHTM 169.8+11.0 0.066+0.047 —12.3+0.98 93.1£1.45 10.0+0.88

Abbreviations: EE, encapsulation efficiency; HA, hyaluronic acid; HTM, HA-PHis/TPGS2k mixed micelles; LC, drug loading content; PHis, poly(L-histidine); PHTM, HA-PHis/
pep-TPGS2k mixed micelles; pep-TPGS2k, Her2 peptide-modified TPGS2k; TPGS2k, d-o-tocopheryl polyethylene glycol 2000.

submit your manuscript

5420

Dove

International Journal of Nanomedicine 2016:1 |


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

Dove

Decoration of pH-sensitive copolymer micelles

>

1.0

0.8

0.6

0.4 1

Intensity (%)

0.2 1

0.0 S
10 100

Diameter (nm)

Figure 2 (A) Particle size distribution and (B) TEM image of PHTM micelles.
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Abbreviations: HA, hyaluronic acid; PHis, poly(L-histidine); PHTM, HA-PHis/pep-TPGS2k mixed micelles; pep-TPGS2k, Her2 peptide-modified TPGS2k; TEM, transmission

electron microscopy; TPGS2k, d-a-tocopheryl polyethylene glycol 2000.

of the mixed micelles had the close amount of DOX after 1-h
incubation in MDA-MB-231 cells, PHTM showed 1.3-fold
higher uptake efficiency of DOX than HTM (P<<0.05) after
4-h incubation. With the prolonging incubation time, the
uptake efficiency of PHTM was enhanced due to the receptor-
mediated endocytosis in MDA-MB-231 cells with more
Her2 receptors. The higher uptake efficiency of PHTM than
HTM indicated that the synergistic effect of dual-receptor-
mediated endocytosis could generate more internalization
of HA-based micelles.

To further evaluate the intracellular uptake efficiency,
CLSM was used to identify the location of the DOX in
MDA-MB-231 cells. Figure 5 shows the fluorescence

A —= DOXpH7.4 —e— DOXpH5.0
—a— PHTM pH 7.4 —— PHTM pH 5.0
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microscope images of MDA-MB-231 cells after 1 and 4 h
of incubation with free DOX, HTM, and PHTM. For all the
formulations, the fluorescence intensities were increased
obviously with the extension of incubation time. Compared
with free DOX, the more intracellular accumulation of HTM
and PHTM was caused by receptor-mediated endocytosis and
pH-triggered release. However, the fluorescence intensity of
PHTM was stronger than that of HTM after a 4-h incubation,
and DOX was mainly distributed in the nucleus. These results
were consistent with the fact that the enhanced cellular uptake
of PHTM was attributed to not only the interaction between
HA and CD44 receptors but also the interaction between
peptide and Her2 receptors.

B
S DOX I HTM B PHTM
2.0
1.5 * NS
o ’_‘
3
g
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)
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0.0 -
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Figure 3 (A) pH-dependent release of DOX from PHTM and HTM at 37°C and (B) cytotoxicity of free DOX, HTM, and PHTM against MCF-7 and MDA-MB-231 cells.

Notes: Data expressed as mean * standard deviation (n=3). *P<<0.05.

Abbreviations: DOX, doxorubicin; HA, hyaluronic acid; HTM, HA-PHis/TPGS2k mixed micelles; IC,, concentration inducing 50% loss of cell viability; NS, not significant;
pep-TPGS2k, Her2 peptide-modified TPGS2k; PHis, poly(L-histidine); PHTM, HA-PHis/pep-TPGS2k mixed micelles; TPGS2k, d-ci-tocopheryl polyethylene glycol 2000.
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Figure 4 Flow cytometry measurement of the intracellular uptake of free DOX, HTM, and PHTM in MCF-7 cells (A) and MDA-MB-231 cells (B) and the fluorescence
intensity of DOX accumulation at 4 hours in MCF-7 cells (C) and MDA-MB-231 cells (D), respectively.

Notes: *P<<0.05. Data expressed as mean =* standard deviation (n=3).

Abbreviations: DOX, doxorubicin; HA, hyaluronic acid; HTM, HA-PHis/TPGS2k mixed micelles; NS, not significant; pep-TPGS2k, Her2 peptide-modified TPGS2k; PHis,
poly(L-histidine); PHTM, HA-PHis/pep-TPGS2k mixed micelles; TPGS2k, d-o-tocopheryl polyethylene glycol 2000.

Mechanisms of cellular uptake
To elucidate the potential cellular uptake pathways of
PHTM, CPM, FLP, and CC were chosen as uptake inhibi-
tors, and HA, Her-2 pep, and mixtures of them were used as
CD44 receptors and Her-2 receptors competitive inhibitors,
respectively. First, the cytotoxicity of various inhibitors
was evaluated. As shown in Figure 6A, the cell viabilities
exceeded 90%, indicating that the inhibitors with the used
concentration were nontoxic to the cells.

The results of internalization of PHTM in the pres-
ence of different inhibitors are shown in Figure 6B and C.

Compared with the control group, the cellular uptakes of
micelles were reduced to 70.8% and 39.5% (P<<0.05) in the
presence of Her2 peptide and HA, respectively. Moreover,
the amount of internalization was observably reduced to
26.2% (P<<0.05) after incubation with the mixture of HA and
peptide. These results suggested that the competitive binding
of CD44 and Her?2 receptors could reduce the cellular uptake
of PHTM via receptor-mediated endocytosis. CC was used to
evaluate the effect of the macropinocytosis pathway on the
uptake of micelles, and no significant difference (P>0.05)
was presented compared with the control, implying that
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Figure 5 CLSM images of MDA-MB-231 cells after | h and 4 h of incubation with free DOX, HTM, and PHTM.
Abbreviations: CLSM, confocal laser scanning microscopy; DOX, doxorubicin; h, hours; HA, hyaluronic acid; HTM, HA-PHis/TPGS2k mixed micelles; pep-TPGS2k, Her2
peptide-modified TPGS2k; PHis, poly(L-histidine); PHTM, HA-PHis/pep-TPGS2k mixed micelles; TPGS2k, d-o-tocopheryl polyethylene glycol 2000.
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Figure 6 (A) In vitro viability of MDA-MB-231 cells treated with different inhibitors and (B and C) the effects of inhibitors on the uptake of PHTM in MDA-MB-231 cells.
Notes: Data expressed as mean * standard deviation (n=3). *P<<0.05.

Abbreviations: CC, colchicines; CPM, chlorpromazine; FLP, filipin; HA, hyaluronic acid; PHis, poly(L-histidine); pep, Her2 peptide; pep-TPGS2k, Her2 peptide-modified
TPGS2k; PHTM, HA-PHis/pep-TPGS2k mixed micelles; TPGS2k, d-o.-tocopheryl polyethylene glycol 2000.
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macropinocytosis was not closely involved in the internaliza-
tion of micelles. However, in the presence of CPM and FLP
(clathrin-mediated pathway inhibitor and caveolae-mediated
pathway inhibitor, respectively), the cellular uptake of
micelles was reduced to 59.2% and 71.2% (P<<0.05), which
suggested that the clathrin- and caveolae-mediated pathways
were both involved in the uptake of PHTM. These results
are consistent with our previous research,” indicating that
the uptake routes of HA-PHis-based micelles modified with
Her2 peptide are not significantly changed.

In vivo imaging analysis

In vivo real-time biodistribution and tumor target of the
PHTM in MDA-MB-231 tumor-bearing mice were evaluated
through noninvasive NIR optical imaging technique. DIR
was chosen as a fluorescent marker. The diagnosis profiles
of the mixed copolymer micelles were clearly visualized by
monitoring real-time NIR fluorescence intensity at 6, 12, 24,
and 48 h after being injected intravenously with the polymer
micelles. As shown in Figure 7A, both the micelles had a
time-dependent biodistribution and tumor accumulation in
the mice, and most of the DIR accumulated in liver and tumor.
With the prolongation of time, the fluorescence intensity in
the tumor region was increased, which could be mainly due
to the receptor-mediated uptake of micelles.” However,
the fluorescence intensity of the PHTM in the tumor region
was stronger than that of the HTM after 12-h administra-
tion, suggesting that dual-receptor-mediated endocytosis
could enhance the accumulation of HA-based micelles.
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Furthermore, the major organs and tumor tissues were iso-
lated and studied (Figure 7B). Except that the fluorescence
signals were shown in livers and spleens resulting from
reticuloendothelial system,*® the other organs, especially
the hearts, were not observed fluorescence signals. This
indicated that the mixed micelles could effectively reduce the
cardiotoxicity induced by DOX. As anticipated, the PHTM
showed stronger fluorescence intensity (1.76-fold) in tumor
tissue than HTM (P<<0.05; Figure 7C). These results indicate
that Her2 peptide-modified HA-based micelles can improve
the accumulation of anticancer drugs in the tumors.

In vivo antitumor efficacy of PHTM

To investigate the in vivo antitumor activity of PHTM, the
tumor volume of the tumor-bearing mice was monitored. As
shown in Figure 8A, the control group treated with saline
showed rapid increase in the tumor volume, whereas other
groups observably inhibited the tumor growth (P<<0.05).
Compared with HTM-treated group, the antitumor efficacy
was higher in PHTM-treated groups (P<<0.05), primarily
ascribed to high tumor target ability of Her2 peptide-modified
micelles. In addition, the body weight of the mice treated with
the micelles was not significantly changed (Figure 8B). How-
ever, the mice treated with free DOX exhibited clear weight
loss, which might be attributed to the severe side effect of
DOX as previously reported.*’*¥ Furthermore, the smallest
tumors were shown in PHTM-treated group (Figure 8C),
and the average tumor weight in the group of PHTM was
2.31-fold lower than that of free DOX and 1.69-fold lower
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Figure 7 (A) In vivo noninvasive images of time-dependent whole body imaging of MDA-MB-23| tumor-bearing mice after injection of HTM and PHTM; (B) ex vivo optical
images of tumors and organs; and (C) the fluorescence intensity in the tumor region of MDA-MB-231 tumor-bearing mice sacrificed at 48 h (n=3).

Note: *P<<0.05.

Abbreviations: h, hours; HA, hyaluronic acid; HTM, HA-PHis/TPGS2k mixed micelles; PHis, poly(L-histidine); pep-TPGS2k, Her2 peptide-modified TPGS2k; PHTM, HA-

PHis/pep-TPGS2k mixed micelles; TPGS2k, d-o-tocopheryl polyethylene glycol 2000.
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Figure 8 (A) The tumor volume and (B) body weight changes of saline, DOX solution, HTM, and PHTM on the MDA-MB-23 | tumor-bearing mice; (C) the images of excised
tumor tissues; and (D) the tumor weight of different formulation from MDA-MB-23| tumor-bearing mice at the time of sacrifice.

Notes: Data expressed as mean * standard deviation (n=5). *P<<0.05.

Abbreviations: DOX, doxorubicin; HA, hyaluronic acid; HTM, HA-PHis/TPGS2k mixed micelles; pep-TPGS2k, Her2 peptide-modified TPGS2k; PHis, poly(L-histidine);
PHTM, HA-PHis/pep-TPGS2k mixed micelles; TPGS2k, d-o-tocopheryl polyethylene glycol 2000.

than that of HTM, respectively (Figure 8D). The results
demonstrate that HA-based micelles decorated with Her2
peptide can significantly improve the antitumor efficacy.
This enhanced tumor regression of PHTM is attributed to
the synergy special recognition between the dual receptors
and tumor cells.

Conclusion

Her2 peptide-modified pH-sensitive mixed micelles based
on HA-PHis and TPGS2k copolymers were developed for
precise targeted delivery of DOX into breast tumor cells. The
PHTM exhibited high cytotoxicity and efficient internaliza-
tion for MDA-MB-231 cells. Endocytosis inhibition studies
revealed that the clathrin-/caveolae-mediated pathways were
involved in the uptake of PHTM micelles. In vivo target and
antitumor studies showed that PHTM could enhance the accu-
mulation of anticancer drugs in the tumors and significantly
inhibit the tumor growth. Therefore, PHTM can improve the

targeting ability of HA-based micelles and is a preferable
active drug delivery carrier for cancer therapy.
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