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Poly(ornithine-co-arginine-co-glycine-co-
aspartic Acid): Preparation via NCA
Polymerization and its Potential as a
Polymeric Tumor-Penetrating Agent®

Haiyang Yu, Zhaohui Tang,* Dawei Zhang, Wantong Song, Taicheng Duan,

Jingkai Gu, Xuesi Chen

Anovel random copolypeptide of ornithine, arginine, glycine, and aspartic acid [Poly(ornithine-co-arginine-co-glycine-
co-aspartic acid), Poly(O,R,GD)] has been prepared through ring-opening polymerization of N-3-carbobenzoxy-l-
ornithine N-carboxyanhydride [Orn(Cbz)-NCA)], 1-glycine N-carboxyanhydride (Gly-NCA) and B-benzyl l-aspartate N-
carboxyanhydride [Asp(Bn)-NCA], following by subsequent deprotection and guanidization. The structure of Poly(O,R,G,
D) was confirmed by nuclear magnetic resonance (NMR) spectroscopy and gel permeation chromatography (GPC). Low

cytotoxicity of Poly(O,R,G,D) was confirmed from MTT assay. The
Poly(O,R,G,D) contain some internal sequences of RXXR (X=0, R,
G, or D) that could be proteolytically cleaved to expose the cryptic
CendR element and bind to Neuropilin-1. This would lead to
vascular and tissue permeabilization. Therefore trypsin-cleaved
Poly(O,R,G,D) increase the vascular leakage of Evans blue from
dermal microvessels at the injection site in vivo skin permeability
assay. The intratumoral injection of the Poly(O,R,G,D) signifi-
cantly enhanced the concentration of cisplatin-loaded nano-
particles in MCF-7 solid tumors. These results show that Poly(O,R,
G,D) could increase the vascular leakage and tissue penetration of
nanoparticles in a solid tumor and can be used as a potential
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polymeric tumor-penetrating agent.
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1. Introduction

The therapeutic efficacy of nanomedicines to many solid
tumors is limited by their poor penetration into tumor
tissue.[*?! Yuan et al. reported that most stealth liposomes
(90 nm) were located within a distance of 30 pm from the
tumor vessel wall in about 1 week post injection.!®! Lee’s
study revealed that the traveling distance of block
copolymer micelles in a solid tumor was extremely limited
(less than 42 wm in 2 d post injection) even if the size of the
micelles was as small as 25 nm./*) Huo et al. reported that
most of gold-coated nanoparticles (100 nm) were localized
in the periphery of the tumor spheroid and around blood
vessels, hindering deep penetration into tumors.”™ There-
fore, nanomedicines actually had alow probability to reach
amajority of target cells within a treated solid tumor, which
was one of the main reasons that nanomedicines generally
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failed to provide superior efficacy to free drug systems in
clinical trials.’®**! To improve the efficacy of nanomedi-
cines in terms of tumor permeability an agent with
enhanced permeability of tumor tissue is highly desired.

Recently Ruoslahti et al. found that CendR peptide, where
R/KXXR/K motif was exposed at the C-terminal of the
peptide, could interact with the bl domain of Neuropilin-1
(NRP-1) and cause cellular internalization and vascular
leakage.'>"4) In particular, a tumor-penetrating peptide
with a sequence of CRGDK/RGPD/EC (iRGD) was identi-
fied*>1 The iRGD showed a tumor-specific tissue
penetration activity. When administered via the tail vein,
the iRGD targeted to the tumor vascular because of the RGD
motif affinity with integrins. The internal RGDK/R could be
exposed and become an activated CendR peptide by a
cleavage at the presence of a protease. The resultant RGDK/
R interact with NRP-1, enhancing the tumor permeability
and the tumor accumulation of coadministrated drugs such
as nab-paclitaxel (ABX), doxorubicin (DOX), DOX liposomes,
and trastuzumab.!*®!

Polypeptides have found wide uses in biomedical
application such as drug/gene delivery,?>7¢! tissue
engineering,[?”2%! diagnostics,’?! and biosensors.!**! Poly-
peptides can be synthesized by the ring-opening polymer-
ization (ROP) of N-carboxy anhydrides (NCA) of a-amino
acids, which has become the most common technique
used for large scale preparation of polypeptides with high
molecular weight.**=>°! The NCA polymerization is well
controlled without detectable side reactions for degree of
polymerization close to 100.*°) When ammonium salts
with non-nucleophilic tetrafluoroborate anions are used
as initiators, multigram scale polyglutamate with defined
molecular weight (up to 800 units) and low polydispersity
(<1.2) can be synthesized by the ROP of NCAs.** Many
copolypeptides have been reported to be prepared by the
NCA polymerization.#2#*! Especially, as a typical copo-
lypeptide, Glatiramer Acetate (copolymer-1; Cop-1; Copax-
one™) has been approved as an effective treatment in
relapsing multiple sclerosis (MS). [*°! These indicate
the great potential of copolypeptide in biomedical
applications.

Herein we present the preparation of a random copoly-
mer of ornithine, arginine, glycine, and aspartic acid
[Poly(O,R,G,D)] through the NCAs polymerization followed
by deprotection and guanidization. Asarandom copolymer,
the Poly(O,R,G,D) should contain some internal sequences
of RXXR, herein X represents O, R, G, or D. The internal
sequences of RXXR can be proteolytically cleaved to expose
the cryptic CendR element that then mediates binding to
NRP-1. This will cause vascular and tissue permeabilization
(Figure 1). Therefore Poly(O,R,G,D) after proteolysis should
have the properties of CendR peptides. We therefore, for the
first time prepared Poly(O,R,G,D) as a potential polymeric
tumor-penetrating agent and evaluate its in vivo study.

Macromolecular
» Journals

Macromol. Biosci. 2015, 15, 829-838
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

H. Yu et al

~ W RXXR
(CendR)

v R=X—X— (=X / \

VWW‘R—X—X—R:-.; naaan g

wnnR=X=X—=D =X
X=0,R,GorD

P(O,R,G,D)

U=X-X-A

Q

Neuropilin-1
Tumor blood vessel
endothelial cell -

Vascular and tissue
permeabilization

Figure 1. Schematic representation of the Poly(O,R,G,D) that is
composed of —-RXXOX—, —=RXXRX-, -RXXGX-, and —RXXDX-. The
—RXXRX~- is proteolytically cleaved to expose the cryptic CendR
element, —-RXXXR, at the C-terminus. The activated CendR
element then mediates binding to NRP-1, which causes
vascular and tissue permeabilization.

2. Experimental Section

2.1. Materials

N-3-Carbobenzoxy-l-ornithine, I-glycine and B-benzyl-l-aspartate
were purchased from Shanghai Yeexin Biochem&Tech Co., Ltd,,
China. N-3-Carbobenzoxy-l-ornithine N-carboxyanhydride [Orn-
(Cbz)-NCA)], I-glycine N-carboxyanhydride (Gly-NCA) and B-benzyl
l-aspartate N-carboxyanhydride [Asp(Bn)-NCA] were prepared
according to literature reported methods with slight modifica-
tion.!*”#8] Orn(Cbz)-NCA, Gly-NCA and Asp(Bn)-NCA were purified
by recrystallization from ethyl acetate and n-hexane, then dried in
vacuo at room temperature before use. Poly(l-glutamic acid) (PLG)
and cisplatin-loaded nanoparticles (Cisplatin-NPs) were similarly
prepared to our previous works.[*>*?) n-Hexylamine, ether, 33 wt.-
% solution of HBr in acetic acid and trifluoroacetic acid (TFA) were
bought from Aladdin Industrial Corporation. Hyperbranched
polyethylenimine (PEI, 25kDa, PEI25K) was purchased from
Aldrich. Peptide RPARPAR were custom-made by ChinaPeptides
Co., Ltd. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT), branched polyethylenimine (average Mw ~25 000,
PEI25K) and trypsin inhibitor from Glycine max (soybean) were
purchased from Sigma—-Aldrich. N, N'-dimetylformamide (DMF)
was dried with CaH, for 3 d and distilled over CaH, under reduced
pressure. 3,5-Dimethyl-1-pyrazolylformamidinium nitrate was
purchased from J&K Scientific Ltd., China. All other reagents and
solvents were purchased from Sinopharm Chemical Reagent Co.
Ltd.,, China and used as received.

2.2. Characterizations

H NMR and **C NMR spectra were recorded on an AV-300 or AV-
400 NMR spectrometer (Bruker) at room temperature in
trifluoroacetic acid-d (TFA-d) or D,0/NaOD solution.
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Quantitative *C NMR were recorded at 300K on a Bruker
AVANCE III HD 500 MHz spectrometer with a 5 mm BBFO probe
at 300K for sample solution in D20. The spectral widows were
set to 31 KHz (250 ppm). The 90-degree high power pulse was
10.48 ps for *3C. The inverted gated decoupling pulse sequence
were generated and integrated in the Shape Tool of Topspin
software version 3.2 pl6. A total of 3 000 scans were recorded
with 6 s recycle delay for each sample. All **C chemical shifts are
referenced to the resonances of DSS standard (d=0.00). Gel
permeation chromatography (GPC) measurement of Poly[O(Cbz),
G,D(Bn)] was conducted on a Waters GPC system (Waters
Styragel HT6E column, 1515 HPLC pump with OPTILAB DSP
interferometric refractometer as the detector). The eluent was
DMF containing 0.01 M lithium bromide (LiBr) at a flow rate of
1.0mLmin " at 40 °C. PMMA standards were used for calibration.
GPC measurements of the Poly(O,G,D) and Poly(O,R,G,D) were
performed on a Waters GPC system (Waters Ultrahydrogel Linear
column, 1515 HPLC pump with 2414 Refractive Index detector).
The eluent was phosphate buffer (PB, 0.2 M, pH 7.4) at flow rate of
1.0mLmin ' at 25°C. Monodispersed poly(ethylene glycol)
standards were used to generate a calibration curve. Inductively
coupled plasma mass spectrometry (ICP-MS, Xseries II, Thermo-
scientific, USA) was used for the quantitative determination of
levels of platinum.

2.3. Synthesis of Poly[O(Cbz),G,D(Bn)]

Orn(Cbz)-NCA (0.400g, 1.45 mmol), Gly-NCA (0.146 g, 1.45 mmol)
and Asp(Bn)-NCA (0.361 g, 1.45 mmol) were dissolved in anhydrous
DMF (20ml) under an argon atmosphere. Then n-hexylamine
(9.03mg, 0.0893 mmol) in anhydrous DMF solution (1.0 mL) was
added. The polymerization was performed under stirring at 25 °C.
After 3d, the solution was precipitated into excessive ether.
Poly[O(Cbz),G,D(Bn)] was obtained by drying under vacuum at
room temperature for 24h. H NMR (300M, TFA-d, 298K) of
Poly[O(Cbz),G,D(Bn)]: 8 7.17 ppm (br, 10H, -CH,C¢Hs), 5.03 ppm (br,
4H, —CH,C¢Hs), 4.95 ppm (br, 1H, —C(O)CH< from Orn residues),
4.47 ppm (br, 1H, —C(O)CH< from Asp residues), 4.08 ppm (br, 2H,
—C(O)CH,— from Gly residues), 3.11 ppm (br, 2H, -CH,COO- from
Asp residues), 2.98 ppm (br, 2H, —CH,CH,NH- from Orn residues),
1.84 ppm (br, 2H, —CH,—CH< from Orn residues), and 1.57 ppm(br,
2H, —CH,CH,CH,~ from Orn residues). *3*C NMR (100 MHz, TFA-d,
298K) of Poly[O(Cbz),G,D(Bn)]: & 175-172 (br), 134.9, 130.0, 129.7,
129.4,129.2,128.8,128.5,71.7,69.6,55.0,54.1,51.3,43.6,35.8,41.1,
36.3,29.2,and 24.0 ppm. M, determined by GPC: 25.8 x 10> gmol *.
M,y/M,, determined by GPC: 1.08.

2.4. Synthesis of Poly(O,G,D)

The obtained Poly[O(Cbz), G,D(Bn)] (0.65g) was dissolved in
6.5mL of trifluoroacetic acid. The reactor was placed in a ice-
water bath, and then 2mL of HBr/acetic acid (33 wt.-%) was
slowly added in. The solution was stirred at 25 °C for 2 h before
precipitated into excess ether. After drying under vacuum, the
precipitate was dialyzed with distilled water and freeze-dried to
give the Poly(0,G,D). 'H NMR (400 M, NaOD/D,0, 298K): 3
4.65ppm (br, 1H, —C(O)CH< from Orn residues), 4.36 ppm (br,
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1H, —C(O)CH< from Asp residues), 3.99 ppm (br, 2H, —C(O)CH,—
from Gly residues), 3.03ppm (br, 2H, —CH,COO- from Asp
residues), 2.72 ppm (br, 2H, —CH,CH,NH- from Orn residues),
1.75ppm (br, 4H, >CHCH,CH,— from Orn residues). **C NMR
(100 MHz, NaOD/D,0, 298K) of the Poly(O,G,D): 8 177.4, 174.1,
173.3, 172.2, 171.4, 53.3, 515, 42.5, 42.8, 38.8, 38.3, 27.7,
232 ppm. M, determined by GPC: 3.5x10°gmol™*. M,/My
determined by GPC: 1.27.

2.5. Preparation of Poly(O,R,G,D)

Poly(l-ornithine, l-arginine, 1-Glycine, l-aspartate) [Poly(O,R,G,D)]
was prepared by the guanidization of the obtained Poly(O,G,D) with
3,5-dimethyl-1-pyrazolylformamidinium nitrate. The Poly(O,G,D)
(0.20g) and 3,5-dimethyl-1-pyrazolylformamidinium nitrate
(0.152 g) were dissolved in 15mL of distilled water, then the pH
of the solution was adjusted to 9.3 with 1molL™* sodium
hydroxide. The reaction mixture was kept under stirring at 37 °C
for 48h, and then dialyzed against distilled water for 48 h. The
solution was freeze-dried to give the Poly(O,R,G,D) product in white
powders. H NMR (300 M, NaOD/D,0, 298K) of Poly(O,R,G,D): &
4.69 ppm (br, 1H, —C(O)CH< from Orn and Arg residues), 4.36 ppm
(br, 1H, —C(O)CH< from Asp residues), 4.00 ppm (br, 2H, —C(O)CH,—
from Gly residues), 3.05 ppm (br, 2H, -CH,COOH), 2.78 ppm (br, 2H,
—CH,NH-), 1.77 ppm (br, 4H, >CHCH,CH,— from Orn and Arg
residues). *C NMR (100 MHz, NaOD/D,0, 298 K) of Poly(O,R,G,D): &
177.3,174.1, 173.4, 172.1, 171.4, 156.7, 53.5, 51.4, 42.5, 40.5, 38.9,
38.2, 27.9, 24.4, and 23.3 ppm. M,, determined by GPC: 5.0 x 10° g
mol *. M,,/M, determined by GPC: 1.19.

2.6. Cell Culture and Tumor Model

MCEF-7 (Human breast adenocarcinoma cell line) and PC-3 cells
(Human prostate cancer cellline) were cultured at 37 °Cina 5% CO,
atmosphere in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS), penicillin
(50UmL™?) and streptomycin (50 UmL™?).

All animals received care in compliance with the guidelines
outlined in the Guide for the Care and Use of Laboratory Animals
and all procedures were approved by the Animal Care and Use
Committee of Jilin University. MCF-7 xenografts were created by
injecting female Balb/C nude mice (6 weeks old, 20 g body weight,
Beijing HFK Bioscience Co. Ltd., China) with MCF-7 cells (0.15mL,
1.5 x 10° cells) orthotopically into the mammary fat pad of each
mouse.

2.7. Cytotoxicity Assay

Two kinds of cells, MCF-7 and PC-3 were used to test the in vitro
cytotoxicity of the Poly(O,R,G,D). MCF-7 and PC3 cells were seeded
in 96-well culture plates at a density of 10* cells per well in 100 uL
DMEM and allowed to attach for 24 h. Then cells were reseeded with
the Poly(O,R,G,D), PEI25K or PLG at different concentrations and
incubated for another 48 h. The cell viability was analyzed by using
MTT and measured in a Bio-Rad 680 microplate reader at a
wavelength of 490 nm.
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2.8. In vivo Skin Permeability Assay

Firstly, the obtained Poly(O,R,G,D) was dissolved in phosphate-
buffered saline (PBS, pH 7.4, 0.2 M) to produce solutions with Poly(O,
RGD) concentration of 0.0658, 0.329, or 1l.646mg mL™L. The
solutions were treated with crystalline trypsin (0.625 pgmL ') at
37 °Cfor 30 min. After that, the proteolyticreaction was terminated
with soybean trypsin inhibitor (5 mgmL™?). The trypsin-cleaved
Poly(O,R,G,D) solutions were obtained and used without further
purification.

Amodified Miles vascular leakage assay was applied to evaluate
the influence of trypsin-cleaved Poly(O,R,G,D) on tissue penetra-
tion.* Balb/c nude mice were injected intravenously with a tracer
Evans Blue (0.24 mg) in 200 pL of PBS. Ten minutes later the mice
were injected intradermally on the ventral skin with PBS (40 L),
trypsin (0.625 g mL ') 4 soybean trypsin inhibitor (5 mgmL™?),
polyglutamic acid, RPARPAR, Poly(O,R,G,D) solutions (0.0658, 0.329,
or 1.646 mg mL~" in 40 uL of PBS) or trypsin-cleaved Poly(O,R,G,D)
solutions (0.0658, 0.329, or 1.646 mgmL " in 40 uL of PBS). Thirty
minutes later the mice were killed by cervical dislocation, and the
skin in the injection area was removed. Samples of skin (Square:
~0.5 cm?) were cut out from the injection sites and photographed.

007&0 0% _o
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Gly-NCA o
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Asp(Bn)-NCA
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2.9. Tumor Concentration of Cisplatin-NPs With or
Without Poly(O,R,G,D)

When MCF-7 tumor volume was approximately 250 mm?, the
tumor-bearing mice were divided into three groups [Control,
Poly(O,R,G,D) and trypsin-cleaved Poly(O,R,G,D)]. Each group was
composed of 5 mice. Poly(O,R,G,D) (20 mg kg ') and trypsin-cleaved
Poly(O,R,G,D) [20 mgkg*1 on a Poly(O,R,G,D) basis] were intra-
tumorally injected into the MCF-7 tumors, respectively. After
30 min, Cisplatin-NPs were administered to each mouse via tail
vein injection at a dose of 12 mgkg ™" on a cisplatin basis. The mice
were sacrificed after 4 h of the Cisplatin-NPs treatment. The tumors
were excised and decomposed on heating in nitric acid. The
platinum concentration in the solution was measured by ICP-MS.

3. Results and Discussion

3.1. Synthesis and Characterization of Poly(O,R,G,D)

The Poly(O,R,G,D) was prepared in three steps. As shown
in Scheme 1, Poly[O(Cbz), G,D(Bn)] was firstly synthesized
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B Scheme 1. Synthesis of Poly(O,R,G,D).
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by the random copolymerization of Orn(Cbz)-NCA,
Gly-NCA, and Asp(Bn)-NCA wusing n-hexylamine as
initiator. Poly(O,G,D) was then generated from the
deprotection of B-benzyl groups and N-3-carbobenzoxy
groups of the Poly[O(Cbz), G,D(Bn)] in HBr/acetic acid.
Finally Poly(O,R,G,D) was prepared by the guanidization
of the Poly(O,G,D) with 3,5-dimethyl-1-pyrazolylforma-
midinium nitrate in aqueous solution (pH=9.3). The 'H
NMR spectra of the Poly[O(Cbz), G,D(Bn)], Poly(0,G,D), and
Poly(O,R,G,D) were shown in Figure 2. For the Poly[O(Cbz),
G,D(Bn)], the signals at § 4.95, 2.98, 1.84, and 1.57 ppm
were assigned to the protons of methine (a), -CH,CH,NH-
(d), -CH,—CH< (b) and —CH,CH,CH,— (c) groups of Orn
units, respectively. The signals at & 4.08 ppm was
attributed to the protons of methylene (e) groups of
Gly units. The resonances at 8 4.47 and 3.11 ppm were
assigned to the protons of the methine (f) and —-CH,COOH
of Asp units, respectively. The signals at & 7.17 ppm
(—-CH,CeHs) and 5.03 ppm (—CH,CgHs) in the spectrum of
the Poly[O(Cbz), G,D(Bn)] disappeared in the spectrum of
the Poly(O,G,D), indicating the complete removal of the 3-
benzyl groups and N-3-carbobenzoxy groups. The *3C
NMR spectra of the Poly[O(Cbz), G,D(Bn)], Poly(O,G,D) and
Poly(O,R,G,D) were shown in Figure 3. The signals of
benzyl groups in the spectrum of the Poly[O(Cbz), G,D(Bn)]
completely disappeared in the spectrum of the Poly(O,G,
D), further confirming the successful removal of the -
benzyl groups and N-3-carbobenzoxy groups. Compared
with the **C NMR spectrum of the Poly(0,G,D), three new
peaks at 8 156.7 ppm [HN=C(NH,)-], 40.5 ppm [-CH,NHC-
(NH)NH,] and 24.3 ppm [-CH,CH,CH,—] that were attrib-
uted to arginine residues, appeared in the spectrum of the
obtained Poly(O,R,G,D). This phenomenon indicates that
the guanidization of the Poly(O,G,D) was successful. In the
13C NMR spectrum of the Poly(O,G,D) (Figure 3(b)), the
carbonyl groups at the backbone of the copolymer did not
show three narrow peaks but four broad signals at
174.1, 173.3, 172.2, and 171.4ppm, the methine and
methylene groups at the backbone of the copolymer
displayed three slightly broad signals at 8 53.3, 51.5, and
42.5 ppm, suggesting that the Poly(O,G,D) was not a block
copolymer but a random copolymer. The Poly(O,R,G,D)
was also a random copolymer because it was prepared
from the Poly(O,G,D). The molar ratio of O(Cbz)/G/D(Bn) of
the obtained Poly[O(Cbz), G,D(Bn)] was 0.96/1.1/1.0,
determined from the integration ratio of resonances at
8 2.2-1.3 ppm [>CHCH,CH,—, b + ¢ (Orn)], 4.08 ppm [-C(O)
CH,—, e (Gly)] and 3.11ppm [-CH,COOH, g (Asp)] as
shown in Figure 2(a). Using a similar method, the molar
ratio of O/G/D (1.0/1.2/1.0) of the obtained Poly(O,G,D)
was determined from the Figure 2(b). The molar ratio of
(O +R)/G/D in the obtained Poly(O,R,G,D) was 1.0/1.0/1.0,
which was calculated based on the intensities ratio of
signals at & 4.00 [-C(O)CH,—, e (Gly)], 3.05 [-CH,COOH, g
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aceticacid-d (a), Poly(O,G,D) (b) and Poly(O,R,G,D) (c) in NaOD/

I Figure 2. 'H NMR spectra of Poly[O(Cbz),G,D(Bn)] in trifluoro-
D,0.

(Asp)] and 1.77 ppm [>CHCH,CH,—, bb’cc’ (Arg + Orn)] in
the 'H NMR spectrum of the Poly(O,R,G,D). This suggest
that the resultant molar ratio of (O + R)/G/D of the Poly(O,
R,G,D) was close to the feed molar ratio of Orn(Cbz)-NCA/
Gly-NCA/Asp(Bn)-NCA (Table 1). The molar ratio of O/R
was 0.28/0.72, calculated according to the intensity ratio
of signals at  24.4 (-CH,CH,CH,— from Arg residues) and
23.3ppm (-CH,CH,CH,— from Orn residues) in the
quantitative *C NMR spectrum of the Poly(O,R,G,D)
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I Table 1. Characterization of polypeptides.

Feed molar  Resultant molar XNMR e MYMR 1073 MCP¢ » 1073 D/
ratio® ratio mol* mol 19
PR E— [g i g ]
Poly[O(Cbz), 1.0/1.0/1.0 0.96/1.1/1.0° 16 - 18 16 8.4 25.8" 1.08"
G,D(Bn)] _ ,
Poly(0,G,D) - 1.0/1.2/1.0° 15 - 18 15 46 3.5' 1.27'
Poly(O,R,G,D) - 0.28/0.72/1.0/1.0¢ 4 11 15 15 49 5.0' 1.19'

“Feed molar ratio of Orn(Cbz)-NCA/Gly-NCA/Asp(Bn)-NCA; PResultant molar ratio of O(Cbz)/G/D(Bn) determined by *H NMR; “Resultant
molar ratio of 0/G/D determined by *H NMR; “Resultant molar ratio of O/R/G/D determined by *H NMR and quantitative **C NMR; “Degree
of polymerization determined by NMR; /Number-average molecular weight determined by NMR; INumber-average molecular weight
determined by GPC; "Eluent: DMF containing 0.01 M LiBr, PMMA standards; ‘Eluent: PB (0.2M, pH 7.4), PEG standards.’Dispersity determined
by GPC.

(Figure 4). As can be seen in Figure 5(a), the GPC analysis
of the Poly[O(Cbz), G,D(Bn)] revealed a narrow mono-
modal molecular weight distribution (M,,/M,=1.08),
indicate well controlled polymerization of the NCA.
However, low molecular weight tailing was observed in
the GPC profiles of the Poly(O,G,D) and Poly(O,R,G,D)
(Figure 5(b,c)), which might be due to slight breakage of
the backbone of the copolymers in the deprotection
process or the coexistence of polypeptides in different
superstructures.”) The average molecular weight of
the Poly(O,R,G,D) was higher than that of Poly(O,G,D)
(Table 1) confirmed the successful preparation of Poly-
(OR,GD).

3.2. In vitro Cytotoxicity

The relative cytotoxicity of the Poly(O,R,G,D) was evaluated
with MTT assays with PEI25K as positive control and PLG as
negative control. Two cell lines, MCF-7 and PC-3 were
applied. As shown in Figure 6, the viabilities of MCF-7 and
PC-3 cells treated with the Poly(O,R,G,D) were around 100%
at all tested concentrations in 48 h even at 500 pgmL *. In
contrast, the PEI25K showed significant inhibition to the
proliferation of MCF-7 and PC-3 cells when the concen-
tration of Poly(O,R,G,D) was above 15.625 ug mL™. These
results proved the low cytotoxicity of Poly(O,R,G,D).

3.3. Poly(O,R,G,D) Causes Vascular Leakage and
Tissue Penetration

CendR peptide is known to be able to regulate vascular

permeability and cause vascular leakage via CendR —_— ' . :

peptide-NRP-1 interaction.** As a random copolypeptide, 4 40 39 38 3oH B

the Poly(O,R,G,D) should possess some internal RXXR ppm

sequences (X=0, R, G, or D) that can be activated to CendR Figure 4. Selected regions of quantitative ®C NMR spectra of

peptides by proteolysis. To test this, we treat Poly(O,R,G,D) Poly(0,G,D) (a) and Poly(O,R,G,D) (b) in NaOD/D,0.
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Figure 5. GPC curves of Poly[O(Cbz), G,D(Bn)], Poly(O,G,D) and Poly(O,R,G,D). (a) a = Poly[O(Cbz), G,D(Bn)] using DMF containing 0.01 M LiBr
as eluent; (b) b =Poly(0,G,D), c=Poly(O,R,G,D) using PB (pH =7.4 0.2 M) as eluent.

with trypsin, which cleaves peptide chains mainly at the
carboxyl side of the arginines in the random copolypep-
tide."] A modified Miles vascular leakage assay was used to
investigate the influence of trypsin-cleaved Poly(O,R,G,D)
on vascular leakage and tissue permeability of skin.
RPARPAR, a typical CendR peptide, was used as positive

I P(OR,G,D)
1254 ’
A B3 PLG
_ [27 PEI25k
§ 100 &
g -
o) X
= &
3
504 %
- o
) ]
O 25 2 s Wz 7
]
&
<MV 7 LA
7813 15625 3125 625 125 250 500
Concentration(zg/ml)
B I P(O.R,G,D
1254 B PLG
~~
= 1004 cm B B
VIOO I::i E‘i} Egi
z oo I s
= o I
= 751 o I
= o I
< s B I
= o I
> 504 o I B
?’3‘1 71‘3‘ 7
5 A1
1 s 12 17
e 175 W
0 Vel Vil UF

o
7813 15625 3125 625 125 250 500
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MCF-7 cells (a) and PC-3 cells (b) in 48 h. Data are presented as the

I Figure 6. In vitro cytotoxicities of Poly(O,R,G,D), PLG and PEI25K to
mean = STD (n=3).
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control. ™! Polyglutamic acid was used as negative control.
Evans blue administered via intravenous injection was
used as a trace. As shown in Figure 7, both the trypsin-
cleaved Poly(O,R,G,D) and RPARPAR peptide increased the
vascular leakage of the tracer from dermal microvessels at
the injection site in a concentration-dependant manner. In
contrast, the injection of PLG, uncleaved Poly(O,R,GD),
trypsin solution (0.625 pgmL ™" trypsin +5mgmlL ™' soy-
bean trypsin inhibitor) or PBS did not enhance the
vascular leakage of Evans blue at the injection site. This
indicates that trypsin-cleaved Poly(O,R,G,D) was a potential
agent that could cause vascular leakage and tissue
penetration.

In order to study the ability of the Poly(O,R,G,D) to
enhance the vascular leakage and permeability of solid
tumor tissue, the influence of Poly(O,R,G,D) and trypsin-
cleaved Poly(O,R,G,D) on the concentration of systemically
administered Cisplatin-NPs in a solid tumor was inves-
tigated. MCF-7 xenografted BALB/c nude mouse model was
used because NRP-1 was expressed in MCF-7 cells.>?!
Poly(O,R,G,D) and trypsin-cleaved Poly(O,R,GD) were
directly injected into the MCF-7 tumors, respectively. As
shown in Figure 8, tumors injected with the Poly(O,R,G,D) or
trypsin-cleaved Poly(O,R,G,D) exhibited significant higher
platinum concentration than that of control group while
Poly(O,R,G,D) group showed similar platinum concentra-
tion to the trypsin-cleaved Poly(O,R,G,D) group. These
phenomena suggested that the Poly(O,R,G,D) could increase
the vascularleakage and tissue penetrationinasolid tumor.
The intratumor injection of Poly(O,R,GD) increase the
concentration of Cisplatin-NPs in MCF-7 tumors. This could
be explained on the basis of in situ proteolysis of the Poly(O,
R,GD) in the treated tumor which generates various C-
terminal RXXR sequence (CendR peptide) capable of bind-
ing to NRP-1 and induces vascular and tissue permeabiliza-
tion. A cryptic CendR element could be exposed through the
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1.646mg/ml  0.329mg/ml 0.0658mg/ml

RPARPAR Trypsin solution

Trypsin cleaved

P(O,R,G,D) PBS

PLG

Poly(O,R,G,D)

Figure 7. Miles vascular leakage assay: Macroscopic appearance of Evans blue leakage in skin samples of mice preinjected intradermally
with RPARPAR peptide, trypsin-cleaved Poly(O,R,G,D), PLG, Poly(O,R,G,D), trypsin solution in 40 L of PBS or PBS only (40 p.L). Trypsin-cleaved
Poly(O,R,G,D) was a cocktail of copolymer—copolymer fragments-trypsin-soybean trypsin inhibitor with [trypsin]=o0.625 g mL™" and

[soybean trypsin inhibitor] =5mgmL™". Trypsin solution: 0.625 pg mL™" trypsin +5mgmL™" soybean trypsin inhibitor.

proteolytical process in a solid tumor, which was consistent
with literature report.*®! The in vivo expression of trypsin
by vascular endothelial cells may be connected with
proteolytical process of the Poly(O,R,G,D). °°!

sesgeske
8000 #*| |
)
1
Z
£ 6000+
=
~
)
=
)
R 4000
Control Poly(O,R,G,D) Trypsin-cleaved

Poly(O,R,G,D)

Figure 8. Platinum concentration in the tumor at 4 h after a single
administration of Cisplatin-NPs (12 mg kg on a cisplatin basis) in
MCF-7 bearing mice via tail vein injection. Control: blank; 30 min
before the administration of Cisplatin-NPs, trypsin-cleaved
Poly(O,R,G,D) and Poly(O,R,G,D) groups were administered via
intratumoral injection with trypsin-cleaved Poly(O,R,G,D) and
Poly(O,R,G,D), respectively. Data are presented as the
mean+STD (n=5) and analyzed for statistical significance
using Student’s t-test. **p < 0.01, ***p < 0.001, compared to
control.
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4, Conclusion

A novel polymeric tumor-penetrating agent Poly(O,R,G,D)
has been presented. The random copolypeptide Poly(O,R,G,
D) was successfully prepared by random polymerization of
Orn(Cbz)-NCA, Gly-NCA, and Asp(Bn)-NCA followed by
deprotection and guanidization. The Poly(O,R,G,D) showed
low toxicity and good cell compatibility. Trypsin-cleaved
Poly(O,R,G,D) exhibit an ability of increasing vascular
leakage of Evans blue from dermal microvessels at the
injection site. The intratumoral injection of Poly(O,R,G,D)
significantly enhanced the concentration of cisplatin-
loaded nanoparticles in MCF-7 solid tumors. These phe-
nomena suggest that Poly(O,R,G,D) could increase the
vascular leakage and tissue penetration in a solid tumor.
Therefore, Poly(O,R,G,D) is a potential polymeric tumor-
penetrating agent that can enhance tumor concentration
and efficacy of nanomedicines in the treatment of solid
tumors.

Acknowledgements: This research was financially supported
by National Natural Science Foundation of China (Projects
51173184, 51373168, 81430087, 51473029, 51233004, and
51390484), Ministry of Science and Technology of China
(International Cooperation and Communication Program
2011DFR51090), and the Program of Scientific Development
of Jilin Province (20130206066GX, 20130727050YY, and
20130521011JH).

Macromolecular

837



838

Macromolecular
Bioscience

www.mbs-journal.de

Received: February 6, 2015; Published online: March 4, 2015; DOI:
10.1002/mabi.201500040

Keywords: NCA; penetration; polymerization; polypeptide; tumor

[1] U. Prabhakar, H. Maeda, R. K. Jain, E. M. Sevick-Muraca,
W. Zamboni, O. C. Farokhzad, S. T. Barry, A. Gabizon,
P. Grodzinski, D. C. Blakey, Cancer Res. 2013, 73, 2412.

[2] T. Lammers, F. Kiessling, W. E. Hennink, G. Storm, J. Control
Release 2012, 161, 175.

[3] F.Yuan, M. Leunig, S. K. Huang, D. A. Berk, D. Papahadjopoulos,
R. K. Jain, Cancer Res. 1994, 54, 3352.

[4] H. Lee, H. Fonge, B. Hoang, R. M. Reilly, C. Allen, Mol. Pharm.
2010, 7, 1195.

[5] S.Huo, H. Ma, K. Huang, J. Liu, T. Wei, S.Jin, J. Zhang, S. He, X.-J.
Liang, Cancer Res. 2013, 73, 319.

[6] D. L. Stirland, J. W. Nichols, S. Miura, Y. H. Bae, J. Control
Release 2013, 172, 1045.

[7] M. E. R. O'Brien, N. Wigler, M. Inbar, R. Rosso, E. Grischke,
A. Santoro, R. Catane, D. G. Kieback, P. Tomczak, S. P. Ackland,
F. Orlandi, L. Mellars, L. Alland, C. Tendler, Ann. Oncol. 2004,
15, 440.

[8] A. Gabizon, H. Shmeeda, Y. Barenholz, Clin. Pharmacokinet.

2003, 42, 419.

J. W. Nichols, Y. H. Bae, J. Control Release 2014, 190, 451.

K. Park, ACS Nano 2013, 7, 7442.

R.K.Jain, T. Stylianopoulos, Nat. Rev. Clin. Oncol. 2010, 7, 653.

N. Haspel, D. Zanuy, R. Nussinov, T. Teesalu, E. Ruoslahti, C.

Aleman, Biochemistry 2011, 50, 1755.

[13] E. Ruoslahti, S. N. Bhatia, M. J. Sailor, J. Cell Biol. 2010, 188,
759.

[14] T. Teesalu, K. N. Sugahara, V. R. Kotamraju, E. Ruoslahti, Proc.
Natl. Acad. Sci. USA 2009, 106, 16157.

[15] K. N. Sugahara, T. Teesalu, P. P. Karmali, V. R. Kotamraju, L.
Agemy, O. M. Girard, D. Hanahan, R. F. Mattrey, E. Ruoslahti,
Cancer Cell 2009, 16, 510.

[16] K. N. Sugahara, T. Teesalu, P. P. Karmali, V. R. Kotamraju,
L. Agemy, D. R. Greenwald, E. Ruoslahti, Science 2010, 328,
1031.

[17] G.Gu, X. Gao, Q. Huy, T. Kang, Z. Liu, M. Jiang, D. Miao, Q. Song,
L. Yao, Y. Tu, Biomaterials 2013, 34, 5138.

[18] W. Song, M. Li, Z. Tang, Q. Li, Y. Yang, H. Liu, T. Duan, H. Hong,
X. Chen, Macromol. Biosci. 2012, 12, 1514.

[19] S. Su, H. Wang, X. Liu, Y. Wu, G. Nie, Biomaterials 2013, 34,
3523.

[20] K.-F. Yu, W.-Q. Zhang, L-M. Luo, P. Song, D. Li, R. Du, W. Ren,
D. Huang, W.-L. Lu, X. Zhang, Int. J. Nanomed. 2013, 8,
2473.

[21] Z. Zhuy, C. Xie, Q. Liu, X. Zhen, X. Zheng, W. Wu, R. Li, Y. Ding,
X. Jiang, B. Liu, Biomaterials 2011, 32, 9525.

[22] M. Lj, S. Lv, Z. Tang, W. Song, H. Yu, H. Sun, H. Liu, X. Chen,
Macromol. Biosci. 2013, 13, 1150.

[23] W.Song, Z. Tang, D. Zhang, Y. Zhang, H. Yu, M. Li, S. Lv, H. Sun,
M. Deng, X. Chen, Biomaterials 2014, 35, 3005.

[9
[10
[11
[12

Macromolecular
» Journals

Macromol. Biosci. 2015, 15, 829-838
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

H. Yu et al

[24] W. Song, Z. Tang, M. Li, S. Lv, H. Sun, M. Deng, H. Liu, X. Chen,
Acta Biomater. 2014, 10, 1392.

[25] L. Wu, Y. Zou, C. Deng, R. Cheng, F. Meng, Z. Zhong,
Biomaterials 2013, 34, 5262.

[26] Z. Kadlecova, Y. Rajendra, M. Matasci, L. Baldi, D. L. Hacker,
F. M. Wurm, H.-A. Klok, J. Control. Release 2013, 169, 276.

[27] S.Yan, K. Zhang, Z. Liu, X. Zhang, L. Gan, B. Cao, X. Chen, L. Cui,
J. Yin, J. Mat. Chem. B 2013, 1, 1541.

[28] J. Qian, X. Yong, W. Xu, X. Jin, Mater. Sci. Eng. C Mater. Biol.
Appl. 2013, 33, 4587.

[29] V. Joshi, V. Dighe, D. Thakuria, Y. Malik, S. Kumar, Indian J.
Virol. 2013, 24, 312.

[30] A. Gasnier, . M. Gonzdlez-Domhguez, A. Ansén-Casaos,
J. Hernandez-Ferrer, M. L. Pedano, M. D. Rubianes, M. T.
Marthez, G. Rivas, Electroanalysis 2014, 26, 1676.

[31] TJ. Deming, Adv. Polym. Sci. 2006, 202, 1.

[32] C.Deng, J. Wu, R. Cheng, F. Meng, H.-A. Klok, Z. Zhong, Prog.
Polym. Sci. 2014, 39, 330.

[33] H.Luy,J. Wang, Z. Song, L. Yin, Y. Zhang, H. Tang, C. Ty, Y. Lin, J.
Cheng, Chem. Commun. 2014, 50, 139.

[34] S. H. Wibowo, A. Sulistio, E. H. H. Wong, A. Blencowe, G. G.
Qiao, Chem.Commun. 2014, 50, 4971.

[35] T. J. Deming, Prog. Polym. Sci. 2007, 32, 858.

[36] U.-J. Choe, V. Z. Sun, J.-K. Y. Tan, D. T. Kamei, Top. Curr. Chem.
2012, 310, 117.

[37] J. Rodriguez-Hernandez, S. Lecommandoux, J. Am. Chem. Soc.
2005, 127, 2026..

[38] A. Duro-Castano, I. Conejos-Sanchez, M. J. Vicent, Polymers
2014, 6, 515.

[39] S. Hehir, N. R. Cameron, Polym. Int. 2014, 63, 943.

[40] D.Huesmann, A. Birke, K. Klinker, S. Tiirk, H. J. Rdder, M. Barz,
Macromolecules 2014, 47, 928.

[41] L Conejos-Sanchez, A. Duro-Castano, A. Birke, M. Barz, M. J.
Vicent, Polym.Chem. 2013, 4, 3182.

[42] Y. Huang, Z. Tang, X. Zhang, H. Yu, H. Sun, X. Pang, X. Chen,
Biomacromolecules 2013, 14, 2023.

[43] S.Lv, Z. Tang, M. Li, J. Lin, W. Song, H. Liu, Y. Huang, Y. Zhang,
X. Chen, Biomaterials 2014, 35, 6118.

[44] T.J. Deming, Adv. Drug Del. Rev. 2002, 54, 1145.

[45] S.H. Wibowo, A. Sulistio, E. H. Wong, A. Blencowe, G. G. Qiao,
Chem.Commun. 2014, 50, 4971.

[46] A. Miller, S. Shapiro, R. Gershtein, A. Kinarty, H. Rawashdeh,
S. Honigman, N. Lahat, J. Neuroimmunol. 1998, 92, 113.

[47] W. H. Daly, D. Poché, Tetrahedron Lett. 1988, 29, 5859.

[48] T.J. Deming, J. Polym. Sci. Pol. Chem. 2000, 38, 3011.

[49] H.Yu, Z.Tang, D. Zhang, W. Song, Y. Zhang, Y. Yang, Z. Ahmad,
X. Chen, J. Control Release, DOI: 10.1016/j.jconrel.2014.12.022.

[50] H. Yu, Z. Tang, M. Li, W. Song, D. Zhang, Y. Zhang, Y. Yang,
H. Sun, M. Deng, X. Chen, J Biomed Nanotechnol. Accepted. .

[51] J. V. Olsen, S.-E. Ong, M. Mann, Mol.Cell. Proteomics 2004, 3,
608.

[52] C. Pellet-many, P. Frankel, H. Jia, I. Zachary, Biochem. J 2008,
411, 211.

[53] N.Koshikawa, Y. Nagashima, Y. Miyagi, H. Mizushima, S. Yanoma,
H. Yasumitsu, K. Miyazaki, FEBS Lett. 1997, 409, 442.

’a\
M“‘“\)iir’ﬁ

www.MaterialsViews.com



