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Self-assembly of Cytotoxic Peptide Conjugated
Poly(p-amino ester)s for Synergistic Cancer
Chemotherapy

Zeng-Ying Qiao,** Chun-Yuan Hou,“’b’f Di Zhang,” Ya Liu,” Yao-Xin Lin,” Hong-
Wei An,” Xiao-Jun Li,” and Hao Wang™*

Nanotechnology has played an important role in cancer therapy due to the potential advantages
of nano-drugs including enhanced accumulation in the tumor sites, improved pharmacokinetics
and minimized systematic toxicity in vivo. Self-assembled peptides can improve the cellular
internalization of peptides effectively through endocytosis pathway for enhanced bioavailability.
Herein, cytotoxic peptide (KLAKLAK), (named as KLAK) conjugated poly(B8-amino ester)s (PAE-
KLAK) were synthesized by Michael-type addition. The copolymers could self-assemble into
micelle-like nanoparticles with pH-sensitive property, which were measured by dynamic light
scattering (DLS) and transmission electron microscopy (TEM). The endocytosis pathway,
mitochondria-regulated apoptosis and enhanced cytotoxicity of P2-KLAK micelles were proved
by lysosome colocalization, JC-1 assay and CCK-8 assay in human breast cancer cells (MCF-7
cells), respectively. The cancer cell killing effect of P2-KLAK micelles was higher than that of free
KLAK, which could be attributed to the efficient internalization into cells via endocytosis pathway
and subsequent disruption of mitochondria in cells. Encapsulation of anti-cancer drug
doxorubicin (DOX) into P2-KLAK micelles realized the co-delivery of chemotherapeutic drug and
peptide drug with acid-triggered release in cells. The treatment efficacy of DOX-loaded P2-KLAK
micelles was higher than that of DOX-loaded P2 micelles and blank P2-KLAK micelles, indicating
the synergistic ability to kill MCF-7 cells. Finally, /n vivo tumor imaging and growth inhibition were
evaluated in MCF-7 cell-xenografted nude mice, demonstrating that DOX-loaded P2-KLAK
micelles could inhibit tumor growth effectively with one order magnitude lower injection amount
of DOX, which was attributed to the specific accumulation in tumor sites, efficient cellular entry
and controlled intracellular release of therapeutic drugs.

coupled to tumor targeting ligands, which could enter targeted

Peptide drugs, classified as biopharmaceuticals or biodrugs,
have attracted increasing attention as therapeutic agents in
recent years.'® Compared with chemotherapy drugs, peptide
drugs are readily synthesized, optimized, evaluated and do not
cause serious severe toxic side effects. Some of peptides with
cationic amino acids are discovered as anti-tumor peptides due
to their ability of targeting anionic phospholipids and disruption
of negatively charged membranes.” An amphipathic peptide
(KLAKLAK), (named as KLAK), firstly used as antibacterial
peptide, has been investigated widely. It formed a-helix with
cationic amino acids on the surfaces and preferentially
disrupted prokaryotic membranes and eukaryotic mitochondrial
membranes rather than eukaryotic plasma membranes.®'? In
order to increase the anti-tumor activity of the therapeutic
peptides, researchers have synthesized multifunctional peptides

This journal is © The Royal Society of Chemistry 2013

cells by means of receptor-mediated internalization, and
subsequently induce mitochondrial-dependent apoptosis.'* "
Other functional peptides including protein transduction
domains,” 2! cell-penetrating peptides 2>** and monoclonal
antibodies ? also have been applied for efficiently internalizing
into cells. In addition, synthesized organic molecules such as
triphenyl phosphonium cations could accumulate in the
mitochondria of cells, resulting in the effective delivery of
KLAK into intact cells.”® %

However, the challenges in the administration of peptide
drugs are i) limited hydrolytic stability and short half-life in
vivo, ii) low bioavailability due to large molecular weight and
hydrophilicity, and iii) non-targeted systemic distribution as
well as other small molecular drugs.' To solve these problems,
the peptide drugs were chemically modified to form nano-
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scaled self-assembles or conjugated onto nanoparticles, which
resulted in high stability and effective entrance into cancer
cells. Therefore, assembled KLAK peptides were studied to
improve the anti-tumor activity of free peptides in vitro and in
vivo. Recently, Stupp et al developed a peptide amphiphilic
molecule composed of hydrophilic KLAK and hydrophobic
alkyl tail, which self-assembled into cylindrical nanofibers. In
contrast to KLAK peptides, the self-assembled peptides were
readily internalized by breast cancer cells, inducing enhanced
cell cytotoxicity associated with membrane disruption.’® To
limit degradation of the peptide by the protease trypsin,
pegylated peptide amphiphiles added into the
nanostructures, which had obvious antitumor activity to breast

were

cancer in vivo.’' The cytotoxic peptide amphiphiles could self-
assemble into supramolecular membranes for cancer therapy,
with  different cylindrical
nanofibers to spherical aggregates.’” The enhanced therapy
efficiency of KLAK was also realized by modifying the peptide
onto inorganic nanoparticles. Ruoslahti et al prepared iron
oxide nanoworms coated with KLAK peptide and homing
peptide CGKRK, which enhances the proapoptotic activity of
KLAK for glioblastoma cancer cells through both the active

nanostructures varying from

targeting of CGKRK and the passive targeting of
nanostructures.”> A mitochondria-targeting  gold—-KLAK
nanoassembly was reported as effective anticancer

nanomedicine.** Polymer carriers were also used for efficient
delivery of KLAK through covalent
conjugation and physical encapsulation.

As a rapidly growing area of nanomedicine, polymer

into cancer cells
3537

therapeutics can elevate therapeutic efficacy of drugs through
longer retention time in the body and improved biodistribution
with specific accumulation at tumor sites via enhanced
permeability and retention (EPR) effect.*®*' As we know, the
controlled release of anticancer drugs from nanocarriers plays a
vital role in the cancer treatment efficacy.***® Considering the
mildly acidic conditions in the intracellular compartments such
as endosomes and lysosomes (pH 5—6), which are lower than
that in blood circulation (pH 7.4), pH-sensitive polymers have
been developed widely to realize the controlled release of
loaded drugs in targeted cells.® *”>* Among them, poly(8-amino
ester)s as gene/drug carriers were first reported by Langer et al,
which have tertiary amine groups with a pK, value around
6.5 PEG modified poly(f-amino ester)s could form
nanoparticles with payloads at neutral pH due to the
hydrophobicity of uncharged tertiary amine groups, and acid-
triggered drug release occurred at low pH, which could be
attributed to the ionization of tertiary amine and resultant
increased hydrophilicity of polymer chains.”®*' Our group have
reported poly(RGD-co-f-amino ester) copolymers through the
simple, reliable and one-pot synthesis method, which could kill
U87 cells efficiently.®* The drug release behaviors of pH-
sensitive poly(f-amino ester)s in cells were monitored by
photoacoustic approach.® Although a large number of pH-
sensitive polymers were reported as chemotherapeutic drug
carriers, few pH-sensitive polymers modified with therapeutic
peptides were developed.

2| J. Name., 2012, 00, 1-3

Herein, we designed cytotoxic peptide KLAK conjugated
PEG-poly(f-amino ester)s, which were synthesized by
Michael-type addition through the simple and facile synthesis
method. The polymers could self-assemble into micelle-like
nanoparticles with poly(f-amino ester)s as hydrophobic cores
and PEG as hydrophilic shells (Scheme 1), which had the
ability of stabilizing micelles and protecting KLAK peptide
from enzyme degradation. The micelles delivered KLAK
peptide into cancer cells by cellular endocytosis efficiently,
which disrupted mitochondria and induced cell apoptosis more
effectively than free KLAK peptide. To further elevate the
antitumor activity of micelles, chemotherapeutic drug DOX
was loaded into the micelles, which could release DOX at
mildly acidic condition such as endosome or lysosome and kill
cancer cells. The co-delivery of therapeutic
peptides/chemotherapeutic drugs and their acid-triggered
release resulted in the enhanced anticancer effect in vitro and in
vivo, implying that the polymer nanoparticles are promising
candidates for enhanced cancer therapy.
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Scheme 1. DOX-encapsulated self-assembled micelle formation by cytotoxic
peptide conjugated poly(B-amino ester)s and its acid-triggered release after
internalization by cells for synergistic cancer chemotherapy.

Materials and methods

Materials

1,6-Hexanediol diacrylate (HDDA), 3-(Dibutylamino)-1-
propylamine (DBPA), and nile red (NR) were purchased from
Aldrich Chemical Corporation. Doxorubicin hydrochloride
(DOX-HCI, Beijing Huafeng United Technology Co.), Methyl
PEG-NH, 2000 (Seebio Biotech, Inc.), LysoTracer Green
DND-26 (Invitrogen Co.), JC-1 assay and cell counting kit-8
assay (CCK-8) (Beyotime Institute of Biothechnology, China)
were used without further purification. CGGG(KLAKLAK),
peptides (>90%) were prepared using standard Fmoc solid-
phase peptide synthesis methods and were purified by reverse-
phase high-performance liquid chromatography (Figure S3 and
S4). MCF-7 cell line was purchased from cell culture center of

This journal is © The Royal Society of Chemistry 2012
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Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences (Beijing, China). Other solvents and reagents
were used as received.

Instruments

The sizes and morphologies of copolymer micelles were
measured on a DLS analyzer (Zetasizer Nano ZS) and TEM
(Tecnai G2 20 S-TWIN). CD spectra of polymers and peptides
were recorded using a circular
(JASCO-1500,
performed on an F-280 fluorometer. UV-Vis spectra were

dichroism spectrometer

Japan). Fluorescent measurements were

recorded on a Shimadzu UV-2600 spectrometer.

Characterization of Copolymers

The chemical structures of copolymers were proved by NMR
measurements. 'H NMR spectra (400 MHz) of the copolymers
and peptide in d®-DMSO and D,O containing 0.6 wt% DCI
were recorded on a Bruker ARX 400 MHz spectrometer.

Synthesis of polymer-peptide conjugates

The poly(amino ester)s copolymers were prepared by Michael
addition. Take P2 as an example. HDDA (0.27 g, 1.2 mmol),
DBPA (0.13 g, 0.70 mmol), mPEG-NH, 2000 (0.60 g 0.30
mmol) were dissolved into 2 mL dimethyl sulfoxide (DMSO),
and then bubbled with N, for 15 min under stirring. The
reaction solution was heated at 50 °C for 7 days in dark and
then was cooled to room temperature. The resultant solution
was dialyzed against deionized water (MWCO: 3,500 Da) for
24 h and lyophilized to obtain a pale yellow solid. For the
synthesis of P2-KLAK, CGGG(KLAKLAK), (0.20 g, 0.11
mmol) and P2 (0.64 g, 0.066 mmol) were added into 2 mL
DMSO, and then bubbled with N, for 15 min under stirring.
The mixture was allowed to react for 5 days at 50 °C and
dialyzed against deionized water (MWCO: 3,500 Da). Other
copolymers were prepared with the similar procedures.

Preparation of copolymer micelles

The copolymer micelles were prepared using the dialysis
method. The copolymer (6 mg) was dissolved in 1 mL of
DMSO under stirring. 2 mL of phosphate buffer (PB, 10 mM,
pH 7.4) was added dropwise (50 pL/min) under constantly
stirring. The solution was then dialyzed against PB (pH = 7.4)
for 24 h (MWCO: 2,000 Da) to form the copolymer micelles
dispersion (6 mL, 1 mg/mL).

Loading of Doxorubicin (DOX) in Micelles

The DOX-loaded copolymer micelles were prepared using the
dialysis method. Take the DOX-loading experiment (Table 2,
Run 2) as an example. P2-KLAK micelles (6.0 mg) and
DOX-HCI (0.3 mg) were first dissolved in DMSO (1.0 mL) in
the presence of excessive triethylamine (DOX/TEA in molar
ratio: 1/10) to afford a free DOX solution. 2 mL PB (pH 7.4, 10
mM) was added dropwisely (50 pL/min) under constantly
stirring. The resultant solution was then dialyzed against PB
(pH = 7.4) for 24 h (MWCO: 2000 Da) in dark to form the
DOX-loaded micelles. For calculation of the DOX loading

This journal is © The Royal Society of Chemistry 2012
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capacity and efficiency, the micelles were dissolved by adding
50 pL of acetate buffer (pH 5.0, 5.0 M), and the dispersion
volume was finally set to 6 mL (1.0 mg/mL). All the
measurements were performed in triplicate in the dark. The
calibration curve was obtained by a series of solutions with
various DOX concentrations at 485 nm on a Shimadzu UV-
2600 spectrometer in acetate buffer (pH 5.0). Then the UV-Vis
spectra of dissolved solution were measured at the same
measurement conditions to determine the DOX loading
capacity (LC) and loading efficiency (LE). LC and LE was
defined as DOX in copolymer micelles /copolymer micelles
(wt%) and DOX in copolymer micelles /DOX in feed (wt%),
respectively.

pH-dependent DOX Release Profiles

The release profiles of DOX from pH sensitive P2-KLAK
micelles were obtained in the buffers of different pHs at 37 °C.
Briefly, 2.0 mL of the dispersed DOX-loaded micelle
dispersion (1.0 mg/mL) was added to a dialysis tubing
(MWCO: 10,000 Da), which was then immersed in 10 mL
buffer (PB for pH 7.4 and acetate buffer for pH 5.0, 100 mM)
with shaking rate at 900 rpm. At the specific time points, 0.5
mL of the dialysis solution was taken out for the UV-Vis
measurement (485 nm) and replenished with 0.5 mL fresh
buffer.

Confocal laser scanning microscopy (CLSM) observation

MCF-7 cells (2x10* cells) were cultured in complete 1640
media at 37 °C in a humidified atmosphere containing 5% CO,
for 24 h. For co-localization analysis, organelle specific
fluorescent dyes were used. MCF-7 cells were first treated with
free KLAK (45.0 pg/mL) and P2-KLAK micelles (167.5
pg/mL, 45.0 ng/mL for KLAK) for 1 h, 2 h and 4 h, and then
washed with PBS three times. The cells were incubated with
LysoTracker Green DND-26 (500 nM) for 30 minutes, and then
washed with PBS three times. After replacement of medium,
cells were imaged using a Zeiss LSM710 confocal laser
scanning microscope with a 60x objective lens.

Mitochondria-regulated apoptosis by JC-1 assay

MCEF-7 cells were cultured as above mentioned. For JC-1 assay,
free KLAK (45.0 pg/mL), P2 micelles (122.5 pg/mL) and P2-
KLAK micelles (167.5 pg/mL, 45.0 pg/mL for KLAK and
122.5 pg/mL for P2) dispersed in 1640 media (2 mL) were
added into cells grown in a confocal microscope dish, and the
cells were further incubated at 37 °C
atmosphere containing 5% CO, for 12 h. The mitochondria

in a humidified

were stained with JC-1 in 1640 medium for another 20 min.
After removing the medium and washing with PBS, cells were
imaged by spinning disk confocal microscopy (SDCM)
observation (UltraVIEW VoX SDSM, PE Co.) with a 100x
objective lens.

Cytotoxicity assay for MCF-7 cells

MCEF-7 cell was utilized to evaluate the cytotoxicity of DOX-
loaded P2-KLAK micelles by the CCK-8 assay. Free DOX,
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free KLAK, P2 micelles, P2-KLAK micelles, DOX-loaded P2
micelles and DOX-loaded P2-KLAK micelles were dispersed
in PBS (10 mM, pH 7.4) with a series of different
concentrations. A density of 2x10* cells per well were seeded
in the 96-well plates in 1640 media containing 10% FBS and
1% penicillin—streptomycin in a humidified atmosphere with
5% CO,; and then cultured at 37 °C for 24 h. 10 pL of the
sample solutions with different concentrations were added to
each well, and the cells were incubated for additional 24 h.
Then 10 pL of CCK-8 solutions was added to each well and
cultured for another 4 h. The UV-Vis absorptions of sample
wells (Agmple) and control wells (Agonror) Were measured using
a Microplate reader at a test wavelength of 450 nm and a
reference wavelength of 690 nm, respectively. Cell viability
(%) was equal to (Agmpie/Aconrol) X 100. All the experiments
were performed in triplicate.

In vivo imaging of micelles

All animal experiments were performed complying with the
NIH guidelines for the care and use of laboratory animals of
Peking University Animal Study Committee’s requirements and
according to the protocol approved by the Institutional Animal
Care. The MCF-7 cells (5 x 10° cells) collected in 1640
medium (200 plL) were transplanted subcutaneously into the
BALB/c
measurements were used to estimate tumor size, and the tumor

rear of 6-week female nude mice. Caliper
volume was calculated by equation V=AB?/2, where A and B
were the maximum and minimum diameters of tumors,
respectively. All the tests were performed in quadruplicate.
When the transplanted tumor volume reached 500 mm’
approximately, the mice were pre-treated by 200 pL PBS or
squaraines (SQ) labeled P2-KLAK micelles suspension (1
mg/mL) through tail vein injection. After 4 h, to acquire the
whole body images, the mice were anesthetized and placed in
the chamber of an in vivo imaging system (CRI Maestro 2).
Then mice were sacrificed and the tumor, heart, liver, spleen,
lung and kidney were excised for fluorescent measurement

(excitation filter, 680 nm; emission filter, 726 nm).

In vivo antitumor activity

The MCF-7 (5 x 10°
subcutaneously into the rear of 6-week female BALB/c nude

cells cells) were transplanted
mice. When the tumors reached sizes of 50-100 mm® (14 days
after tumor cell implantation), the mice were divided into six
groups (n=6) and treated via the tail vein by PBS, P2 micelles,
KLAK peptide, P2-KLAK micelles, DOX loaded P2 micelles
and DOX loaded P2-KLAK micelles (200 pL, ~0.5mg/kg for
DOX, ~12 mg/kg for P2, ~4 mg/kg for KLAK and ~16 mg/kg
for P2-KLAK). The drug was intravenously administered to
mice on every fourth day (days 1, 5, 9 and 13). During the
process of the treatment, the tumor volumes and body weight
were measured every other day.

Statistical analysis

Data are presented as the mean + standard deviation (SD).
Comparison between groups was analysis with the two-tailed

4| J. Name., 2012, 00, 1-3

Student’s t-test.
significant when the p values were less than 0.05 (p < 0.05).
The level of significance was defined at *p < 0.05, **p < 0.01
and ***p < 0.001.

Differences were considered statistically

Results and discussion

Synthesis and characterization of copolymers.

The poly(f-amino ester)s copolymers were synthesized by
Michael addition of hydrophobic monomer HDDA, pH-
sensitive monomer DBPA and hydrophilic PEG-NH, (Scheme
2), which formed the
copolymers with self-assembly property. The
structures of copolymers with acrylate groups at the both ends

amphiphilic pH-sensitive graft

chemical

of copolymer chains were proved by 'H NMR spectra (Fig. la
and Fig. S1). The molar ratio of HDDA to DBPA and mPEG-
NH, in feed was 1.1:1,
copolymers P1, P2 and P3, respectively. The degree of

1.2:1 and 1.3:1, obtaining graft

polymerization (DP) and molecular weight (My) of copolymers
were controlled by varying the excess ratio of HDDA, which
could be determined by '"H NMR spectra (Table 1, Fig. 1a and
Fig. S1). For copolymer P1-P3, the area of peak 10 at ~4.0 ppm
and peaks at 5.8~6.3 ppm belonging to the acrylate end group
were used for calculating the DP of copolymers. The DP value
of P1, P2 and P3 was 12, 9 and 5, respectively. Similarly, the
peak of PEG at ~3.5 ppm and peak 1 of DBPA at ~0.8 ppm
were utilized for calculating the molar ratio of PEG chains to
DBPA monomers, and the molar fractions of PEG in copolymer
chains (~33%) were similar with the feed ratio of PEG (30%).
Hence, My of copolymers could be determined by the DP value
and the molar ratio of PEG to DBPA. The copolymers with
higher My, were gained by lowering the excess amount of
HDDA, which was in accordance with the principle of
condensation polymerization and reported Poly(S-amino ester)s
copolymers.** % To obtain KLAK peptide conjugated poly(S-
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[
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Scheme 2. Synthesis route and acid-triggered ionization of KLAK conjugated
poly(B-amino ester)s copolymer. (a)Michael addition, DMSO, 50 °C, 7 d. (b)
CGGG(KLAKLAK),, Michael addition, DMSO, 50 °C, 5 d. (c) H,O/H"
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Table 1. Characterization and aggregation properties of the copolymers *

HDDA Di } Zeta
Poly :DBPA My Dy ¢ PDI ¢ Dy’ Potent
mer :PEG- ¢ (nm) d (nm (nm) ial®
NH,* ) (mV)
1 1 1 1 1 1 1
55.5 53.5
99.5 99.5
1.1:07 108 %) 0.5 %)
Pl 03 00 264 s NA o5 0.22
0.5% 0.5%
) )
P2 12:07 960 34.1 01 219 37.1 0.97
0.3 0 7
P2- 12:07 132 18.5 0.1 285 15.6 5.34
KLA 0.3 00 8
K
P3 13:07 430 116 03 NA 139 0.12

0.3 0 5

“ Copolymerization conditions: Michael addition, DMSO, 50 °C. ®Molar feed
ratio. © Molecular weight of copolymers determined by 'H NMR spectra. ¢
Average hydrodynamic diameter and dispersity index measured by DLS for
the copolymer micelle dispersions (pH 7.4, 10 mM PB). ¢ Average
hydrodynamic diameter measured by DLS for the copolymer micelle
dispersions (pH 5.0, 50 mM acetate buffer solution).” Average hydrodynamic
diameter measured by DLS for the copolymer micelle dispersions (pH 7.4, 10
mM PBS) after 24 h. ¢ Zeta potential measured by DLS for the copolymer
micelle dispersions (pH 7.4, 10 mM PB).
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Fig. 1. 'H NMR spectra of poly(6-amino ester)s copolymers P2 (a) and P2-KLAK
(b) in D,0O containing 0.6 wt% DCIl. Asterisks (*) represent the double bonds of
acrylate end groups. The KLAK peptide signals are denoted by black triangles.
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amino ester)s copolymers, the peptide CGGG(KLAKLAK),
was synthesized with thiol group at one end (Scheme 1). The
reaction activity of thiol groups was much higher than that of
primary amino groups, ensuring that the amino groups in
KLAK peptide did not participate in the reaction. The 'H NMR
spectrum of P2-KLAK indicated that the acrylate groups were
reacted totally and KLAK peptides were linked on the both
ends of copolymer chains due to the disappearance of peak at
5.8~6.3 ppm and the appearance of KLAK peaks by contrasting
the spectra of KLAK and P2-KLAK (Fig. 1b and Fig. S2).

Self-assembly of copolymers in aqueous solution

At pH 7.4, the copolymers containing hydrophobic HDDA and
DBPA could self-assemble into micelle-like nanoparticles due
to the deionization of tertiary amine groups. The copolymer
backbone composed by DBPA and HDDA constituted the
hydrophobic core, while PEG side chains formed the
hydrophilic shell. The hydrodynamic diameters (Dy) of micelles
were measured by DLS, indicating that micelles with different
were prepared by the copolymers
compositions (Table 1). However, large sizes and PDI values
were observed for P1 and P3, proving that the copolymers
could not be applied as drug nanocarriers. Therefore, P2 was
the optimal copolymers for further conjugation of KLAK
peptide, which was attributed to the suitable micelle size and
high incubation stability of P2 micelles. As shown in Table 1
and Fig. 2a, the diameter of P2-KLAK was smaller than that of
P2. We speculated that the hydrophilic fractions of copolymers
were increased by KLAK peptide resulting in the formation of
micelles with smaller sizes. Considering the protection effect of
PEG, Zeta potential of P2-KLAK was measured with the value
of around zero, indicating that PEG chains could totally shield
electropositive KLAK. The high stability of P2-KLAK micelles
in PBS after 24 h also proved the potential application of the
micelles as nano-drugs in vivo. The morphologies and sizes of
the copolymer micelles were also observed by TEM, showing
that P2 and P2-KLAK micelles were almost spherical with an
average size of 3243 nm and 22+8 nm, respectively, which was
in accordance with the results of DLS (Fig. 2c and 2d). To
ensure the KLAK conjugation on copolymer chains with intact
structures, the circular dichroism (CD) spectra of KLAK
peptide and P2-KLAK micelles were investigated using
standard CONTINLL algorithms.®® ¢’ Compared to KLAK
peptide with 80.2% a-helical structure, P2-KLAK micelles
remained 55.2% a-helical structure, proving that 69% of the
secondary structure of KLAK peptide was not destroyed during
the process of copolymer synthesis and nanoparticle
preparation (Fig. 2b).

sizes with various
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Fig. 2. (a) Number size distribution of micelles (1.0 mg/mL) in PB solutions (10
mM, pH 7.4) and acetate buffer (50mM, pH 5.0) measured by DLS. (b) CD spectra
of P2 micelle, P2-KLAK micelle and KLAK peptide in PB solution (10 mM, pH 7.4).
TEM images of P2 (c) and P2-KLAK (d) in aqueous solutions at pH 7.4. (e) TEM
images of and P2-KLAK in aqueous solutions at pH 5.0.

pH-sensitive properties of copolymer micelles

Similarly with other poly(f-amino ester)s copolymers reported
before, these copolymers are also pH-sensitive due to the
reversible protonation of tertiary amine groups. Fluorescence
spectroscopy using pyrene as a probe was measured to
determine the pK, value of copolymers.68 The ratios of I533/I333
indexes of micelles
hydrophobicity. The ratio of Is33/I333 did not show obvious

at various pHs were calculated as

change at pH 5~5.6, implying that no obvious hydrophobic
microdomains existed due to the protonated tertiary amine
groups of copolymers (Fig. 3a). At pH 5.6, there was an
increase of the ratio of I334/1333, implying the formation of core-
shell micelles above this pH because of the deprotonated amine
groups. The enhanced I534/1333 values at pH 6.8 indicated that
in extracellular
circumstances, which was important for intracellular controlled

the copolymers formed stable micelles

release of therapeutic drugs.
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Fig. 3. (@) ls3s/l333 ratio of pyrene vs pH value determined by fluorescence
spectrometer in P2-KLAK aqueous solution (10 mM PB). (b) Incubation time-
dependent change of the normalized fluorescence intensity of NR in P2-KLAK
micelle dispersions at different pHs. (c) pH-dependent fluorescence spectra of
NR in micelle dispersions.

The acid-triggered dissociation behaviors of copolymer
micelles were investigated by DLS in aqueous solutions of pH
5.0. The stable P2 and P2-KLAK copolymer micelles formed at
neutral pH with diameter of 18-34 nm, and the nanoaggregates
with sizes larger than 200 nm were observed at acidic pH,
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which were proved by DLS (Table 1 and Fig. 2a). The larger
nanoparticles of 203+66 nm at pH 5.0 were also observed by
TEM images, further proving the increased size of ionized
copolymer aggregates (Fig. 2e and S5). For most pH-sensitive
polymers, the protonated tertiary amines and increased
hydrophilicity of polymer chains at low pH could result in the
dissociation of polymer nanoparticles with the decrease of
diameter. However, the larger sizes of aggregates were
measured for these copolymers, which may be attributed to the
remnant hydrophobicity of HDDA units and the hydrogen
bonding between copolymers chains, resulting in the swelling
of copolymer micelles and subsequent intermicellar
aggregation. The similar phenomena were also reported by
literatures.** -7

Considering that no single chains were observed at acidic
condition, the release behaviors of guest molecules from
copolymer micelles must be ensured. Nile red (NR), which is a
polarity-sensitive hydrophobic dye, can be applied as a model
hydrophobic probe for fluorescence measurement.”" > At pH
7.4, NR probes were encapsulated in the hydrophobic cores of
P2-KLAK copolymer micelles, showing strong fluorescence
because of the relatively nonpolar microenvironment (Fig. 3b
and 3c). The fluorescence intensity of micelle dispersions
exhibited no obvious changes in 60 min at neutral pH,
indicating that the copolymer micelles were stable at this time
scale. When the pH decreased to 5.0, the NR emission intensity
decreased rapidly in 3 min, which is reasonable due to the fast
ionization of copolymer chains and subsequent disappearance
of the NR located hydrophobic microdomains, releasing NR
molecules in aqueous solutions with low fluorescence quantum
yield. Interestingly, still ~26% of the initial NR intensity value
was measured after acid-triggered dissociation, implying that
part of NR remained in some kind of hydrophobic
microdomains. We speculated that the hydrophobic HDDA
units may cause further aggregation after micelles dissociation,
adsorbing or encapsulating some NR molecules, which was in
accordance with DLS results.

NR is known as a solvatochromic dye with a red-shift of the
maximum emission wavelength (Ay,) while the solvent
polarity increases.”” NR is also a solvatochromic dye, the
maximum emission wavelength (max) of which red-shifts as
the solvent polarity increases. For P2-KLAK micelles, Ay, of
NR was ~611 nm at pH 7.4, indicating that NR were loaded in
the hydrophobic cores of micelles (Fig. 3c). At pH 5.0, the Ap.y
of emission spectrum occurred red-shifting to ~623 nm, which
could be attributed to the dissociation of micelles and resultant
polarity increase of the NR microenvironment. However, the
Amax Of dissociated copolymers (~623 nm) was lower than that
of our reported copolymers before (~640 nm), implying that the
existence of nanoaggregates with more hydrophobic
microdomains,® ® which was in agreement with the formation
of large aggregates observed by DLS. Therefore, the copolymer
micelles were stable in physiological environment and could
release the therapeutic drugs quickly at weakly acidic condition
of lysosome after entering into cells.

This journal is © The Royal Society of Chemistry 2012
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Cytotoxicity and cellular internalization of copolymer micelles

In order to investigate the self-assembly effect of KLAK
peptide toward cancer cells, P2-KLAK micelles were compared
with free KLAK peptide and blank P2 micelles for cytotoxicity
assay. As shown in Fig. 4, P2 and KLAK peptide did not
display obvious cytotoxicity at a concentration up to 245
pg/mL and 90 pg/mL, respectively. However, compared with
KLAK peptide, the P2-KLAK micelles showed enhanced
cytotoxicity at a concentration of 9 pg/mL (for KLAK), and
lower cell viability was measured upon increasing the KLAK
concentration, indicating that they could kill the MCF-7 cancer
cells effectively. Compared with KLAK peptide (ICsq ~890
pg/mL, Fig. S6), ICso of P2-KLAK micelle was reduced to ~50
pg/mL, exhibiting enhanced anticancer ability by ~18 times.

I P2 I KLAK I P2-KLAK

1004 % >k

Cell Viability (%)
8 8

'S
=)
I

KLAK 0.9 9 45 20
P2 245 24.5 122.5 245

Concentration (ug/mL)

Fig. 4. MCF-7 cell viability incubated with P2, KLAK and P2-KLAK measured by the
CCK-8 assay. Results are presented as the mean + SD in triplicate. Asterisks (*)
denoted statistical significance; Statistical significance: **p< 0.01.

The enhanced anti-cancer effect of P2-KLAK micelles
compared with free KLAK peptide may be relative to the
different cell uptake processes. The subcellular localization of
KLAK and micelles labeled with Cy5 in MCF-7 cells was
measured by confocal laser scanning microscopy observation,
and the lysosomes of cells were stained by LysoTracker Green
DND-26. As shown in Fig. 5 and S7, free KLAK peptide could
not enter into cells efficiently in 4 h, which was a common
phenomenon for peptide drugs, resulting in the low cytotoxicity
to cancer cells. However, P2-KLAK micelles could enter into
by endocytosis pathway in 1 h, proved by the
colocalization of micelles and lysosomes. With the increase of
incubation time, the fluorescence intensity of Cy5 increased
gradually due to the accumulation of micelles in cells.
Additionally, Poly(f-amino ester)s is known to induce
endosomolysis within the cytoplasm through “proton sponge”
effect,”* so the micelles can be released from acidic lysosomes
into the cytoplasm, which was verified by lysosome
colocalization. At 4 h, a part of micelles escaped from
lysosome, avoiding the peptide degradation and ensuring the
further interaction with mitochondria.

cells

This journal is © The Royal Society of Chemistry 2012
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KLAK 4 h

P2-KLAK 1 h

P2-KLAK 2 h

P2-KLAK 4 h

S0 0w 1500
Distance (nm)

Fig. 5. (a) CLSM microscopy of living MCF-7 cells that were incubated with KLAK
peptide for 4 h and P2-KLAK for 1 h, 2 h, 4 h, respectively. KLAK concentration:
45 ng/mL. Lysosomes were labeled with LysoTracker Green DND-26 for 30 min
before imaging. (b) Representative line pot of MCF-7 cells, and the according
fluorescence signals distribution based on the white line in merge images.

As above mentioned, KLAK could kill cancer cells by
disrupting mitochondrial membranes, so JC-1 assay was
applied for studying the process of cell apoptosis (Fig. 6). For
free KLAK and P2 micelles, the green JC-1 monomer
aggregated in the normal mitochondria with the formation of
red J-aggregate, which was similar to the control cells without
any treatment, indicating that both free KLAK and P2 micelles
could not induce the cell death. In contrast, for P2-KLAK
micelles similarly with positive control CCCP, the red
fluorescence nearly disappeared with the increase of green
fluorescence, illustrating that the mitochondria were destroyed
seriously. Therefore, the P2-KLAK micelles could enter cells
by endocytosis pathway, escape from lysosome and disrupt
mitochondria in cells more effectively than free KLAK, causing
the higher cytotoxicity.
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J-monomer J-aggregate
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P2-KLAK

P2

KLAK

Control

Fig. 6. Comparison of mitochondrial membrane potentials (JC-1 assay) in MCF-7
cells after incubation with P2, KLAK, and P2-KLAK for 12 h with KLAK
concentration at 45 ug/mL.

DOX loading and acid-triggered release

Due to the formation of copolymer micelles at pH 7.4, the
hydrophobic anti-cancer drugs could be encapsulated into the
cores of P2-KLAK micelles for enhanced cancer therapy. Free
DOX was loaded P2 and P2-KLAK micelles with loading
capacity of 4.14% and 3.76%, respectively (Table 2). The
loading capacity of P2-KLAK micelles was lower than that of
P2 micelles, which could be attributed to the low hydrophobic
fraction of P2-KLAK. The diameters of DOX-loaded micelles
were measured by DLS, which were larger than that of blank
micelles due to the hydrophobicity of DOX (Table 2 and Fig.
7a). However, the sizes of nanoparticles were still below 100
nm, which was suitable for optimized in vivo distribution and
cellular internalization as anticancer drug carriers.”” To
demonstrate that the micelles are suitable for intravenous
injection with long circulation stability, the size changes of the
DOX-loaded P2-KLAK micelles in PBS solutions
evaluated by DLS (Fig. 7b). Little change of micelle diameter
was observed within 5 h, proving the good incubation stability
of the DOX-loaded micelles, which had great potential as nano-
drugs for systemic administration.

was
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Table 2. Loading capacity and efficiency of DOX-loaded copolymer micelles

a
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Run Polymer  HDDADDBPA Wi e wt LE (wt (1'11)1’:1)
ym :mPEG-NH, " % %) %) !
1 1 1 1 1 1
1 P2 1.2:0.7:0.3 5 4.14+0.12  82.8424  63.8
2 P2- 1.2:0.7:0.3 5 376£0.16 752432 273
KLAK 12070, 760, 243, ,

“DOX loading experiments were performed in PB (pH 7.4, 10 mM). bwd/wp
denotes the initial drug/polymer ratio in feed. © Loading capacity (LC) is
defined as the percent ratio of drugs in polymer micelles/polymer micelles. ¢
Loading efficiency (LE) is defined as the percent ratio of drugs in polymer
micelles/drugs in feed. © Average hydrodynamic diameter measured by DLS
for the copolymer micelle dispersions (pH 7.4, 10 mM PB).
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Fig. 7. (A) Number size distribution of DOX-loaded micelles in 10 mM PB
solutions (pH 7.4) measured by DLS. (B) Hydrodynamic diameter vs time plots of
P2-KLAK micelles loaded with DOX in PBS solution (10 mM, pH 7.4) at 37 °C.
Copolymer concentration: 1.0 mg/mL. (c) In vitro cumulative release profiles of
DOX from P2-KLAK micelles at different pHs.

The in vitro acid-triggered DOX release profiles from
micelles were investigated by a dialysis method using the UV-
Vis spectroscopy to quantify the released DOX (Fig. 7¢). The
cumulative release of DOX from P2-KLAK micelles at pH 7.4
was only ~20% in 300 min, suggesting a satisfactory stability of
the DOX-loaded micelles at physiological condition.
contrast, the DOX release was significantly accelerated at pH
5.0 with ~80% release amount in 100 min, which was in

In

accordance with the release behavior of NR from micelles.

Enhanced anti-cancer efficacy of DOX-loaded P2-KLAK
micelles

The cytotoxicity of free DOX, DOX-loaded P2 micelles, P2-
KLAK micelles and DOX-loaded P2-KLAK micelles were
evaluated by CCK-8 assay in MCF-7 cells (Fig. 8). At a
concentration of 0.1 pg/mL for DOX and 0.9 pg/mL for
KLAK, both DOX-loaded P2 micelles and P2-KLAK micelles
did not show obvious cytotoxicity to cell. However, only ~56%
of cell viability was measured for DOX-loaded P2 micelles,
indicating the synergic effect of DOX and self-assembled
KLAK at low concentration. As the concentration of DOX and
KLAK increased, DOX-loaded P2-KLAK micelles still showed
lowest cell viability, which showed enhanced anti-cancer
efficacy to MCF-7 cells. The cellular endocytosis pathway of
DOX-loaded P2-KLAK micelles was also observed by the

colocalization of DOX-loaded micelles and lysosomes (Fig. S8).

As we know, DOX could induce cell death by entering cellular

This journal is © The Royal Society of Chemistry 2012
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nucleus and inserting the base pairs in DNA, and KLAK
peptides kill cancer cells by disrupting mitochondria. We
speculated that the different anticancer mechanisms resulted in
the synergistic effect of peptide and DOX, which destroyed
mitochondria and cellular nucleus simultaneously, inducing cell
apoptosis effectively at low concentration.

100 mm DOX
1 mm P2/DOX

= mm P2-KLAK
S 80 mm P2-KLAK/DOX
)
§ 60|
>
8 40

DOX 0.1 1 5

KLAK 0.9 9 45 90

Concentration (ug/mL)

Fig. 8. MCF-7 cell viability incubated with DOX, P2/DOX, P2-KLAK and P2-
KLAK/DOX measured by the CCK-8 assay. Results are presented as the mean £SD
in triplicate. Asterisks (*) denoted statistical significance; Statistical significance:
**p< 0.01

In vivo imaging and anti-tumor effect of micelles

To monitor the biodistribution of P2-KLAK micelles in MCF-7
tumor xenografted mice, a near-infrared (NIR) fluorescent
probe squaraine (SQ) dye was incorporated into the micelles,
which displayed a maximum absorption peak at 680 nm and a
fluorescent emission peak at 726 nm.*> **7® SQ loaded P2-
KLAK micelles were injected into MCF-7 tumor-bearing nude
mice through the tail vein. Mice treated with intravenous
injection of PBS were used as control. Strong fluorescent
signals around tumor were observed after 4 h injection (Fig.
S9), indicating the specific tumor targeting of P2-KLAK
micelles by EPR effect. The biodistribution of P2-KLAK
micelles in mice was further evaluated by ex vivo experiments.
As shown in Fig. 9a and 9b, after 4 h post injection, the tumor
exhibited stronger signal than other harvested organs, i.e.,
spleen, lung, heart and kidney except for liver. The high tumor
accumulation of polymer micelles and acid-triggered release of
drugs implied the enhanced therapeutic efficacy in vivo.

MCF-7 cancer cells xenografted tumor nude mice model
was utilized for evaluate the in vivo tumor suppression effect of
DOX-loaded P2-KLAK micelles. The process of tumor growth
was observed for 15 days, and tumor inhibition efficacy of
different groups, i.e., PBS, P2 micelles, KLAK peptide, P2-
KLAK micelles, DOX loaded P2 micelles and DOX loaded P2-
KLAK micelles were summarized as plots of tumor volumes
over the treatment time. As shown in Fig. 9c, the tumors treated
with P2-KLAK micelles increased more slowly than that of
KLAK peptides. It was reasonable that the free KLAK peptides
were degraded and removed from body quickly, and hence few

This journal is © The Royal Society of Chemistry 2012
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KLAK could play a role on the tumor treatment. However,
nano-scaled P2-KLAK micelles could specifically cumulate
into the tumor site by EPR effect with controlled release
behaviors, exhibiting effective anti-tumor ability. Furthermore,
DOX loaded P2-KLAK micelles could suppress the tumor
growth more significantly than P2-KLAK micelles and DOX
loaded P2 micelles, showing possible synergic cancer treatment
effect. As we know, DOX with concentration of 5~10 mg/kg
was usually used for treating tumor, which also appeared
significant toxicity in vivo. In this drug delivery system, only
0.5 mg/kg of DOX was injected into mice, and the bodyweight
of the mice treated with DOX loaded P2-KLAK micelles
revealed slight increase from 20.6 g to 22.6 g (Fig. 9d), proving
little toxicity of encapsulated DOX. Therefore, the significant
tumor suppression effect of DOX loaded P2-KLAK micelle
was realized without obvious toxic side effect.

== PBS
mm P2-KLAK/DOX

Heart Liver Spleen Lung Kidney Tumor

—a-PBS -+-P2 -—a-KLAK
~v- P2-KLAK ~«-P2/DOX
28 { —»— P2-KLAK/DOX

2000{ -=—PBS

{ —=-P2

{ -+ KLAK
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Fig. 9. (a) Ex vivo NIR optical imaging of tissues and tumors at 4 h after
intravenous administration of SQ loaded P2-KLAK micelles (above) or PBS
(below); 1. Heart; 2. Liver; 3. Spleen; 4. Lung; 5. Kidney; 6. Tumor. (b)
Quantitative analysis for the biodistribution of SQ loaded P2-KLAK micelles in
major organs 4 h post-injection to mice. Mice treated with PBS were regarded as
the control group. Each column represented the mean value (n=3). Data were
represented as means #S.D. (c) Tumor volume changes after intravenous
injection of PBS, P2 micelles, KLAK peptide, P2-KLAK micelles, DOX loaded P2
micelles and DOX loaded P2-KLAK micelles in MCF-7 tumor-bearing nude mice.
(d) Body weight changes of the six groups over the course of treatments. Values
were expressed as means +S.D. (N=6). Asterisks (*) denoted statistical
significance; Statistical significance: *p <0.05, **p< 0.01 and ***p < 0.001.

Conclusions

The KLAK peptide conjugated poly(f-amino ester)s were
prepared by Michael-type addition, which self-assembled into
micelle-like nanoparticles at neutral pH. The P2-KLAK
micelles displayed enhanced cytotoxicity to MCF-7 cells,
which could be attributed to efficient internalization of KLAK
peptide into cells by endocytosis pathway and subsequent
disruption of mitochondrial membranes. The micelles could
encapsulate anti-cancer drugs DOX in hydrophobic cores, and
acid-triggered drug release occurred at mildly acidic condition
due to the ionization of tertiary amines. Therefore, co-delivery
of self-assembled KLAK peptide and DOX realized synergistic

J. Name., 2012, 00, 1-3 | 9
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cancer treatment with increased cytotoxicity in vitro. The in
vivo imaging experiment demonstrated that P2-KLAK micelles
accumulated in the targeted tumor sites by EPR effect.
Furthermore, DOX-loaded P2-KLAK micelles could more
effectively suppressed tumor growth than DOX-loaded P2
micelles and P2-KLAK micelles. We envisioned that the co-
delivery of self-assembled KLAK and chemotherapeutic drugs
can be applied as effective anti-cancer nano-drugs in the
further.
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