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geted delivery and increasing the specificity to tumor tissues of the cytotoxic drug is to transporting and
discharging it through an environment-sensitive mechanism. In this study, a novel enzyme-sensitive
polymer-doxorubicin conjugate was designed to delivery chemotherapeutic drug in a tumor-specific
behavior and selectively activated in tumor tissue. Briefly, doxorubicin (DOX) was conjugated to
. carboxyl-terminated 4-arm poly(ethylene glycol) through a tetrapeptide linker, alanine-alanine-aspara
Legumain . . . . . .
PEG gine-leucine (AANL), which was one of the substrates of legumain, an asparaginyl endopeptidase that
Doxorubicin was found presented in plants, mammals and also highly expressed in human tumor tissues.
Conjugate Hereinafter, the polymer-DOX conjugate was termed as 4-arm PEG-AANL-DOX. Dynamic laser scattering
Drug delivery (DLS) and transmission electron microscopy (TEM) measurements indicated that the 4-arm PEG-AANL-
DOX could self-assemble into micelles in aqueous solution. Drug release and in vitro cytotoxicity studies
revealed that the 4-arm PEG-AANL-DOX could be cleaved by legumain. Ex vivo DOX fluorescence imaging
measurements demonstrated that the 4-arm PEG-AANL-DOX had an improved tumor-targeting delivery
as compared with the free DOX-HCL. In vivo studies on nude mice bearing MDA-MB-435 tumors revealed
that the 4-arm PEG-AANL-DOX had a comparable anticancer efficacy with the free DOX-HCI but without
DOX-related toxicities to normal tissues as measured by body weight change and histological assess-
ments, indicating that the 4-arm PEG-AANL-DOX had an improved therapeutic index for cancer therapy.
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Statement of Significance

Herein we describe the construction of a novel tumor environment-sensitive delivery system through the
instruction of a legumain-cleavable linkage to a polymer-DOX conjugate (4-arm PEG-AANL-DOX). This
particular design strategy allows for polymer-DOX conjugates to be delivered in a tumor-specific manner
and selectively activable in tumor microenvironment so that it can combine the advantages of tumor-
specific delivery and tumor intracellular microenvironment-triggered release systems.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction sively kill both tumor and normal cells, thereby causing numerous
undesirable severe side effects such as cardiotoxicity, renal toxic-

Chemotherapy is among the most commonly used treatments ity, or the digestive tract toxicity and so on, these all are because
for cancer therapy [1]. However, chemotherapeutic drugs aggres- of their non-specific distribution in vivo. In order to selectively
eradicate tumor cells while minimizing toxicity to neighboring tis-
sues, it is urgently needed to develop new chemotherapeutic
agents which are delivered in a tumor-specific manner and selec-
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Doxorubicin hydrochloride (DOX-HCl) is commonly used for
the treatment of a variety of malignancy tumors, including
sarcomas, leukemia and solid tumors [2]. However, the side
effects of DOX-HCI, such as myelosuppression and cardiotoxicity,
greatly impair its usages [3]. In order to enhance the therapeutic
index of DOX-HCI, one frequently-used approach is to exert the
tumor-specific delivery of DOX-HCl using nanocarriers which
can primarily accumulate in tumor tissues via the “passive target-
ing” or “active targeting” after intravenous injection administra-
tion [4-16]. However, DOX-HCl must have access to target
deoxyribonucleic acid (DNA) of tumor cells, not just at the tumor
tissue lesion level. The “passive targeting” or “active targeting”
can deliver DOX-HCI to tumor tissues, but the delivery of DOX-HCl
to DNAs is still a challenge for nanomedicine. Generally speaking,
DOX-HCI that is tightly encapsulated or conjugated in nanocarri-
ers is difficult to liberate free active principle in tumor tissues.
For example, PEGylated liposomal DOX (Doxil) is highly stable
and releases active free DOX-HCI very slowly, hence its anticancer
activity is only moderate [17]. To solve this problem, a number of
tumor extracellular and intracellular microenvironment-triggered
drug release systems were explored. Because the tumor extracel-
lular and intracellular lysosomal environment is relatively acidic
[18], acid-cleavable linkages, including hydrazone, maleyl and
aconityl amide linkages, are widely used to conjugate DOX
[19-23]. In addition, peptide linkers that are cleavable by
tumor-associated endogenous proteases such as matrix metallo-
proteinases and cathepsin B, have attracted considerable
attention [24-28].

Legumain/asparaginyl endopeptidase is a lysosomal/vascular
cysteine protease and has a strict specificity for the hydrolysis of
peptide bonds with asparagine or aspartic acid at the P1 position
[29,30]. Legumain has an important role in the endosomal/lysoso-
mal degradation system [31]. Under physiological conditions, legu-
main is mainly expressed in kidney [32,33]. Accumulating
evidence shows that legumain is overexpressed on the surface of
tumor-associated macrophages [34] and in a variety of solid
tumors, such as carcinomas of the breast, colon, ovarian, prostate,
central nervous system tumors, lymphoma and melanoma [35].
The level of legumain is positively correlated with the degree of
malignancy. Overexpression of legumain is significant in tumors
with high invasion and metastasis [36-42]. Because of the unique
function and overexpression in many human tumors, legumain
represents a promising target for the design of prodrugs and anti-
cancer drug carriers [43]. Several legumain-cleavable small molec-
ular anticancer drugs conjugates for tumor-specific active agent
release have been reported [32,35,44-48], however, these small
molecular conjugates could not deliver cytotoxic drugs in a
tumor-specific manner.

Herein, we describe the construction of a novel tumor intracellular
microenvironment-sensitive  delivery system through the
introduction of a legumain-cleavable tetrapeptide linkage to a
polymer-DOX conjugate. This particular design strategy allows for
polymer-DOX conjugates to be delivered in a tumor-specific
manner and selectively activable in tumor intracellular
microenvironment so that it can combine the advantages of tumor-
specific delivery and tumor intracellular microenvironment-
triggered release systems. For the proof of concept, a polymer-DOX
conjugate (4-arm PEG-AANL-DOX) was prepared here by using AANL,
a substrate of legumain [35], to link 4-arm PEG and DOX. The 4-arm
PEG-AANL-DOX is expected to accumulate in a treated solid tumor
via the enhanced permeability and retention (EPR) effect after injec-
tion via the tail vein, and specifically release active cytotoxic
leucine-DOX molecules [49] at the tumor site where legumain is often
highly upregulated. The 4-arm PEG-AANL-DOX was synthesized,
characterized and evaluated in vitro and in vivo in detail.

2. Materials and methods
2.1. Materials

4-arm poly(ethylene glycol) (4-arm PEG-OH, M, = 100 K) was
purchased from the Pharmicell Co. Ltd, Korea and implemented as
received. 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) and 4/, 6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI) were purchased from Sigma-Aldrich. Doxorubicin
hydrochloride (DOX-HCl) was purchased from Beijing Huafeng Uni-
ted Technology Corporation, China. Alanine-Alanine-Asparagine-L
eucine (AANL) was custom-made by BAM Biotech Co., Ltd., Xiamen,
China. Recombinant mouse legumain was purchased from Sino Bio-
logical Inc., Beijing, China. Benzotriazol-1-yl-oxytripyrrolidino-pho
sphonium hexafluorophosphate (PyBOP) and N-(3-dimethyl
aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCl) were
purchased from Aladdin Industrial Corporation, Shanghai, China.
N,N-Dimethylformamide (DMF), dichloromethane (DCM), pyridine
(Py)and triethylamine (TEA) were dried by distillation over calcium
hydride (CaH,) before use. All the other reagents and solvents were
purchased from Sinopharm Chemical Reagent Co. Ltd. and used
without further purification.

2.2. Synthesis of 4-arm PEG-COOH

Succinic anhydride (4.00g, 40.0 mmol) and 4-arm PEG-OH
(20.0 g, 2.00 mmol) were dissolved in dry pyridine (50 mL), the
solution was stirring at 25 °C for 48 h, then 250 mL DCM was
added, after the pH of the reaction solution was tuned to 1.0 with
aq. HCI (1 M), the mixture was then washed with saturated sodium
chloride solution three times, dried with Na,SO,4 and evaporated.
The product was isolated by precipitation in excessive ice diethyl
ether and dried under vacuum, yielding a white solid. '"H NMR
(400 MHz, CDCl;, 298K): 6 (ppm) 4.26 (t, 2H, —OCH,CH,0
(CO)), 3.64 (s, 226H, —OCH,CH,0—), 3.41 (s, 2H, C(CH,0—)),
2.64 (m, 4H, —(CO)CH,CH,(CO)—).

2.3. Synthesis of 4-arm PEG-NHS

4-arm PEG-COOH was activated with N-hydroxysuccinimide
(NHS) in the presence of EDC-HCI at room temperature. Briefly,
4-arm PEG-COOH (15.0 g, 1.29 mmol), NHS (2.07 g, 18.0 mmol)
and EDC-HCI (3.44 g, 18.0 mmol) were dissolved into dry DCM
(150 mL). The solution was stirred overnight. Then the mixture
was diluted with DCM, washed with saturated brine, dried over
Na,SO,4 and evaporated, precipitated in excessive ice diethyl ether
and dried under vacuum. 4-arm PEG-NHS was obtained as a white
solid. "TH NMR (400 MHz, CDCls;, 298 K): 6 (ppm) 4.28 (t, 2H,
—OCH,CH,0(CO)—), 3.64 (s, 225H, —OCH,CH,0—), 3.41 (s, 2H, C
(CH,0—)), 2.96 (t, 2H, —(CO)CH,CH,(CO)0Su), 2.84 (s, 4H, —CH,-
CH,— from NHS), 2.78 (t, 2H, —(CO)CH,CH,(CO)0Su).

2.4. Synthesis of 4-arm PEG-AANL

The 4-arm PEG-AANL was prepared by the conjugation of 4-arm
PEG-NHS to the N-terminus of peptide AANL. Briefly, the 4-arm
PEG-NHS (2.00 g, 0.177 mmol), AANL (0.486 g, 1.20 mmol) and
TEA (24.0 mg, 2.40 mmol) were dissolved in 20 mL of dry DMF.
The conjugation reaction was carried out at 30 °C for 48 h. The
solution was dialyzed with distilled water. The 4-arm PEG-AANL
was obtained by lyophilization. 'H NMR (400 MHz, trifluoroacetic
acid-d, 298 K): 6 (ppm) 4.97 (br, 1H, —CHZ of Asn unit), 4.52
(br, 2H, —CHZ of Ala unit), 4.42 (br, 1H, —CHZ of Leu unit), 4.22
(br, 2H, —OCH,CH,0(CO)—), 3.70 (s, 227H, —OCH,CH,0—), 3.43
(s, 2H, C(CH,0—)), 2.91 (m, 2H, —CH,— of Asn unit), 2.66 (br, 2H,
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—O(CO)CH,CH,(CO)—), 2.61 (br, 2H, —O(CO)CH,CH,(CO)—), 1.60
(br, 2H, —CH,— of Leu unit), 1.30 (br, 6H, —CHj3 of Ala unit), 1.20
(br, 1H, —CH(CH3),— of Leu unit), 0.77 (br, 6H, —CHs of Leu unit).

2.5. Synthesis of 4-arm PEG-AANL-DOX

To the stirring solution of 4-arm PEG-AANL (200 mg, 15.1 pmol)
and DOX-HCI (69.6 mg, 120 umol) in DMF (5 mL), TEA (62.5 mg,
618 umol) and PyBOP (62.5 mg, 120 pumol) were added. The reac-
tion mixture was stirred for 72 h in the dark, purified by dialysis
against 0.01 M acetate buffer (pH=5) in the dark. The 4-arm
PEG-AANL-DOX was obtained after freeze-drying. 'H NMR
(400 MHz, trifluoroacetic acid-d, 298 K): § (ppm) 7.85 (d, H-Ph),
7.67 (dd, H-Ph), 7.32 (d, H-Ph), 5.34 (br), 4.90 (m), 4.22 (br), 3.68
(s), 3.42 (s), 3.28 (d), 3.02-2.82 (m), 2.76 (s), 2.66 (br), 2.57 (br),
2.45 (d), 2.17 (dd), 1.60-1.37 (br), 1.29 (br), 1.22-1.11 (br), 0.73 (d).

2.6. Determination of DLC and DLE of the DOX conjugates

Drug loading content (DLC, wt.%) and drug loading efficiency
(DLE, wt.%) of the 4-arm PEG-AANL-DOX were determined by
UV-Vis spectrophotometry at 480 nm. DLC and DLE were calcu-
lated according to the following formulas:

DLC(wt.%) = (weight of conjugated DOX
- HCl/weight of conjugates) x 100%

DLE(%) = (weight of loaded DOX - HCl/weight of feeding DOX
-HCI) x 100%

2.7. Characterizations

TH NMR spectra were carried on a Bruker AV 400 NMR spec-
trometer in chloroform-d (CDCl3) or trifluoroacetic acid-d (CFs-
COOD). Dynamic laser scattering (DLS) and transmission electron
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microscopy (TEM) measurements were performed as our previous
study [50,51]. Number-, weight-average molecular weights (M,
M,,) and molecular weight distributions (polydispersity index,
PDI = M,,/M,,) of the 4-arm PEG-NHS and 4-arm PEG-AANL were
determined by gel permeation chromatography (GPC) using a sys-
tem equipped with a Waters Ultrahydrogel Linear column, a 1515
HPLC pump and a 2414 Refractive Index detector. The eluent was
phosphate buffer (PB, 0.2 M, pH 7.4) at flow rate of 1.0 mL/min at
25 °C. Monodispersed poly(ethylene glycol) standards were used
to generate a calibration curve. GPC measurement of the 4-arm
PEG-AANL-DOX was carried out on a GPC system equipped with
a Waters 1515 HPLC pump, a series of linear Tskgel Super columns
(AW3000 and AW5000), and a OPTILAB DSP interferometric refrac-
tometer. The eluent was DMF containing 0.01 M lithium bromide
(LiBr) at a flow rate of 1.0 mL min~! at 40 °C. Monodispersed poly-
styrene standards with different molecular weights were used to
generate the calibration curve. Unconjugated DOX in the
polymer-DOX conjugates was determined using a Waters 1525
Binary HPLC pump with the detector set at 480 nm using acetoni-
trile and water (4:1, v/v) as a mobile phase.

2.8. Cell cultures

MDA-MB-435 and 4T1 cells were grown at 37 °C in a 5% CO,
atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) with
10% fetal bovine serum, penicillin (50 U mL™!) and streptomycin
(50UmL™).

2.9. Confocal laser scanning microscopy observation

MDA-MB-435 cells were seeded in 6-well plates with a density
of 1.0 x 10° cells per well in 2 mL of DMEM and incubated for 24 h,
then the cells were treated with free DOX-HCI or 4-arm PEG-AANL-
DOX. After 12 or 24 h incubation, the medium was removed, the
cells were washed three times with phosphate buffered saline
(PBS, pH=7.4) and fixed with 4% formaldehyde for 10 min at
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Scheme 1. Preparation of 4-arm PEG-DOX and 4-arm PEG-AANL-DOX.
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Fig. 1. '"H NMR spectra of 4-arm PEG-AANL (A) and 4-arm PEG-AANL-DOX (B) and DOX-HCI (C) in CF;COOD.

37 °C. The cell nucleus were stained with 0.1% DAPI for 10 min in
the dark and washed with PBS three times. The treated cells were
visualized with a Carl Zeiss LSM 780 confocal laser microscope.

2.10. Drug release in the presence/absence of legumain

To a 50 pL citric acid buffer (pH 4.5, containing 50 mM citric
acid, 1 mM DTT, 1 mM EDTA) with or without recombinant mouse

legumain (10 pg), 4-arm PEG-AANL-DOX aqueous solution
(1.0 mg/mL, 50 pL) was added. The mixture was incubated at
37 °C and aliquots (10 pL) were removed at various time points
(12, 24, 48 and 72 h). The aliquots (10 uL) were diluted with
methanol (1.0 mL) and centrifuged at 9600g for 10 min at room
temperature. The supernatant was collected and diluted to
3.0 mL with deionized water. The obtained solution was moved
to an ultrafiltration centrifuge tube (MWCO 3500Da) and
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Fig. 2. MALDI-TOF MS spectra of 4-arm PEG-NHS (A) and 4-arm PEG-AANL (B).
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centrifuged at 1500¢g for 30 min. The ultrafiltrate was collected. The
amount of cleaved 4-arm PEG-AANL-DOX in the ultrafiltrate was
determined using fluorescence spectroscopy (Excitation and emis-
sion wavelengths for doxorubicin, were set at 480 and 590 nm,
respectively). Data are presented as mean + STD (n = 3).

2.11. In vitro cytotoxicity assays

The in vitro cytotoxicity of free DOX-HCI and 4-arm PEG-AANL-
DOX were evaluated by MTT assay in the MDA-MB-435 and 4T1
cell lines. Cells were seeded in 96-well plates with 1.0 x 10° cells
per well in 100 pL DMEM for 24 h. Then culture medium was
removed, fresh DMEM containing the free DOX-HCl or 4-arm
PEG-AANL-DOX was added in different concentrations. After
another 48 h or 72 h incubation, cell viability was analyzed using
MTT assay with a Bio-Rad 680 microplate reader at a wavelength
of 490 nm. The relative cell viability was determined by comparing
the absorbance at 490 nm with control wells containing only cell
culture medium. Data are presented as mean * STD (n = 3).

2.12. Animals

Female Balb/C nude mice (6-8 weeks old) were purchased from
Beijing Huafukang Biological Technology Co. Ltd. (HFK Bioscience,
Beijing). All experimental animals received well care and approved
by the Animal Care and Use Committee of Jilin University.

2.13. Ex vivo DOX fluorescence imaging

Free DOX-HCl and 4-arm PEG-AANL-DOX (5mg/kg on a
DOX-HCI basis) were injected into nude mice bearing MDA-MB-
435 tumor via tail vein. The mice were sacrificed 2 or 24 h after
injection. The tumors and visceral organs (heart, kidney, liver, lung
and spleen) were excised, followed by washing the surface with
physiological saline three times. The ex vivo imaging of DOX fluo-
rescence was carried out on a Maestro in vivo Imaging System from
Cambridge Research & Instrumentation, Inc., USA. The resulting
data were analyzed using commercial software (Maestro software
version 2.4, CRi).

2.14. In vivo anti-tumor efficacy study

A human cancer xenograft tumor model was built by the subcuta-
neous injection of MDA-MB-435 cells (1.5 x 10°)into the right mam-
mary fat pad of each mouse. When the tumor volume was about 50
mm?>, the mice were divided into 4 groups (n = 6) and then treated
with PBS, DOX-HCI (5 mg/kg), 4-arm PEG-AANL-DOX (5 mg/kg on a
DOX-HCI basis) or 4-arm PEG-AANL-DOX (15 mg/kg on a DOX-HCI
basis) by tail intravenous injection six times on days 0, 4, 8, 12, 16
and 20. Tumor size and body weight were measured every two days
to evaluate the antitumor activity and systemic toxicity. Tumor vol-
ume was measured using a Vernier caliper. Tumor volume = a x b?/2,
where a is the length and b is the width of the tumors.

2.15. Hematoxylin-eosin staining

At day 36 of the treatment, all MDA-MB-435 tumor-bearing mice
were sacrificed. Tumors and major organs were excised and fixed in
4% PBS buffered paraformaldehyde overnight, and then embedded
in paraffin. The paraffin embedded tumors and organs were cut at
5 mm thickness, and stained with hematoxylin and eosin (H&E) to
assess histological alterations by microscope (Nikon TE2000U).
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Fig. 3. GPC traces of 4-arm PEG-NHS (A), 4-arm PEG-AANL (B) and 4-arm PEG-
AANL-DOX (C).

) ]l

(B)

Time (min)
Fig. 4. The HPLC curves of DOX-HCI (A) and 4-arm PEG-AANL-DOX (B).

2.16. Statistical analysis

Data are expressed as the mean * STD. Statistical significance
was determined using the Student’s t-test. p < 0.05 was considered
statistically significant, and p<0.01 was considered highly
significant.



232 H. Zhou et al./Acta Biomaterialia 54 (2017) 227-238

3. Results and discussion
3.1. Synthesis and characterization of polymer-DOX conjugate

As shown in Scheme 1, 4-arm PEG-AANL-DOX was prepared in
4 steps. Firstly, 4-arm PEG-COOH was prepared by the reaction of
4-arm PEG-OH with succinic anhydride. Secondly, 4-arm PEG-NHS
was obtained by the reaction of 4-arm PEG-COOH with N-
hydroxysuccinimide. Thirdly, 4-arm PEG-AANL was synthesized
by the conjugation of the AANL to the 4-arm PEG-NHS. Finally,
the 4-arm PEG-AANL-DOX was made by the amide-forming reac-
tion of the 4-arm PEG-AANL with DOX-HCI using PyBOP as conden-
sation reagent at the presence of TEA.

The 'H NMR spectra of the DOX-HCI, 4-arm PEG-AANL and 4-
arm PEG-AANL-DOX are shown in Fig. 1. For the 4-arm PEG-
AANL, the signals at 6 3.43, 2.66-2.61 and 0.77 ppm were assigned
to the protons of C(CH,0—) (g), —O(CO)CH,CH,(CO)— (f) and —CH;
of Leu unit (a), respectively. The intensity ratio of signals at § 3.43,
2.66-2.61 and 0.77 ppm was 1:2:3 (Fig. 1A), suggesting that all the
arms of the 4-arm PEG were connected to —(CO)CH,CH,(CO)-AANL
groups in the obtained 4-arm PEG-AANL. MALDI-TOF MS analysis
(Fig. 2) showed M, (4-arm PEG-AANL)> M, (4-arm PEG-NHS).
After conjugation of DOX, the 4-arm PEG-AANL-DOX showed peaks
(j1 + j2 + j3) in the range of § 7.28-7.93 ppm (H-Ph in DOX) in the 'H
NMR spectrum (Fig. 1B) as comparing with the 4-arm PEG-AANL,
indicating that DOX was successfully conjugated to the 4-arm
PEG-AANL. GPC analyses (Fig. 3) revealed that the 4-arm PEG-
NHS, 4-arm PEG-AANL and 4-arm PEG-AANL-DOX had a narrow,
unimodal molecular weight distribution (PDI=1.29, 1.27 and
1.07, respectively). These data confirmed that the 4-arm PEG-
AANL-DOX was prepared successfully.

HPLC curves of DOX-HCl and 4-arm PEG-AANL-DOX were
shown in Fig. 4. The peak of DOX-HCI at 2.07 min almost disap-
peared in the spectrum of the 4-arm PEG-AANL-DOX, indicating
that the polymer-DOX conjugate had a high purity. According to
the HPLC results, only 2.7% of DOX existed in the form of free drug
in the obtained 4-arm PEG-AANL-DOX, which further confirmed
that polymer-DOX conjugate was prepared successfully.

Considering that multi-arm PEG could bring relatively high DLC,
the 4-arm PEG-OH was selected for conjugate preparation. The DLC
and DLE of the 4-arm PEG-AANL-DOX were determined by UV-Vis
spectrophotometry. The DLC and DLE for the 4-arm PEG-AANL-
DOX were 14.9 wt.% and 89.3% (Table 1), respectively.

For comparison, a control drug conjugate without legumain
cleavable linker (4-arm PEG-DOX) was prepared by the reaction
of 4-arm PEG-NHS with DOX-HCl in DMF at the presence of TEA
(Please see Supplementary Materials). The 'H NMR spectrum of
the obtained 4-arm PEG-DOX in CF3COOD was shown in Fig. S1.
Clear signals from DOX and PEG moieties could be found in the
spectrum. HPLC measurement (Fig. S2) showed that only 2.3% of
DOX existed in the form of free drug in the obtained 4-arm PEG-
DOX sample, which further confirmed that the 4-arm PEG-DOX
was prepared successfully. The DLC of the 4-arm PEG-DOX deter-
mined by UV-Vis spectrophotometry were 13.5 wt.%, which is
close to that of the 4-arm PEG-AANL-DOX.

3.2. Self-assembly of polymer-DOX conjugates

Amphiphilic polymers that have hydrophilic and hydrophobic
domains can form micelles by self-assembling in aqueous solution.
Due to the hydrophilicity of PEG segments, 4-arm PEG-AANL-DOX
can be directly dissolved in water to obtain micelles [7].

Table 1
Characterizations of DOX-HCI and 4-arm PEG-AANL-DOX.
Polymer-DOX conjugates DLC%? DLE%® ICso (g mL~')°
MDA-MB-435 4T1
48 h 72h 48 h 72h
DOX-HCI / / 1.20 0.56 0.22 0.26
4-arm PEG-AANL-DOX 14.9 89.3 5.37 2.82 >10 >10

@ Determined by UV-Vis spectrophotometry.
b Determined by MTT.

A

: r .....10 160
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" 1000

Fig. 5. DLS size distribution (A) and typical TEM image (B) of 4-arm PEG-AANL-DOX micelles.
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Fig. 6. CLSM images of MDA-MB-435 cells (scale bar = 20 um) after incubation with free DOX-HCI (A) and 4-arm PEG-AANL-DOX (B) in identical concentration on the basis of

net DOX-HCI for 12 and 24 h.

The hydrodynamic sizes of the polymer-DOX conjugate micelles
were determined by DLS measurements. As shown in Fig. 5A, 4-
arm PEG-AANL-DOX micelles had a narrow size distribution. The
hydrodynamic radius (Ry,) of the 4-arm PEG-AANL-DOX micelles
was 32+ 11 nm. TEM micrograph showed that the 4-arm PEG-
AANL-DOX micelles had an average radius around 23 +5nm
(Fig. 5B). The smaller values from TEM observations could be
explained by the dehydration of the micelles in the sample prepara-
tion process [52]. The size of the 4-arm PEG-AANL-DOX micelles will
bring great advantages for solid tumor targeting delivery via EPR
effect because they are in the ideal range to avoid the filtration by
kidney (R, > 10 nm) and sequestration by spleen and liver (R < 50 -
nm) [53].

3.3. Intracellular drug delivery

In order to evaluate the cellular uptake and intracellular release
of drug, 4-arm PEG-AANL-DOX micelles and free DOX-HCl were
incubated with MDA-MB-435 cells for 12 h or 24 h at 37 °C. CLSM
was used for the observation of the cells (Fig. 6). The cellular nuclei
were stained with DAPI (blue) for subcellular observation. Red flu-
orescence imaging was employed for the visualization of the
released active small molecular agents. For the free DOX-HCI-
treated cells (A), strong DOX fluorescence was found to be primar-
ily located in the nuclei because free DOX-HCI could pass quickly
through the MDA-MB-435 cell membrane to the cytosol and be
rapidly transported to the nuclei and bound to the DNA [54]. For
the cells treated with 4-arm PEG-AANL-DOX (B), the DOX fluores-
cence was located in both cytoplasm and nuclei and much weaker
than that of free DOX-HClI-treated cells. These could be explained
as follows. The 4-arm PEG-AANL-DOX was taken up by the cells
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Fig. 7. Drug release from the 4-arm PEG-AANL-DOX in the citric acid buffer in the
presence/absence of legumain. Data were presented as the mean + STD (n = 3).

through endocytosis and trapped in subcellular compartments
(endosomes and lysosomes). Subsequently, the subcellular envi-
ronment induced the cleavage of bonds and the release of free
DOX. Therefore, the doxorubicin fluorescence of 4-arm PEG-
AANL-DOX micelles-treated cells was weaker than that of free
DOX-HCl-treated cells and distributed in both the cytoplasm and
nuclei. The 4-arm PEG-AANL-DOX-treated cells showed stronger
DOX fluorescence intensity in nuclei than those treated with
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Fig. 8. In vitro cell viabilities of legumain-overexpressed MDA-MB-435 and legumain-lowexpressed 4T1 cells incubated with free DOX-HCI, 4-arm PEG-DOX or 4-arm PEG-
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4-arm PEG-DOX, indicating an increased rate in DOX release,
which could be attributed to the legumain-cleavable AANL linkage
in the 4-arm PEG-AANL-DOX (Fig. S3).

3.4. Drug release in the presence/absence of legumain

To investigate the influence of legumain on the polymer-DOX
conjugate, drug release from the 4-arm PEG-AANL-DOX in the
citric acid buffer was carried out in the presence/absence of a cat-
alytic amount of legumain. As shown in the Fig. 7, a complete
release of small molecular drug from the 4-arm PEG-AANL-DOX
was observed after 72 h incubation with the legumain protease.
In contrast, less than 4% of DOX was released in the absence of
legumain protease. This indicated that the drug release rate from
the 4-arm PEG-AANL-DOX was much higher in the presence of
legumain than that in the absence of legumain, suggesting the 4-
arm PEG-AANL-DOX was legumain-activable. Because the released
leucine-DOX has higher maximum tolerated dose and efficacy than
free DOX-HCI [49], it would make sense to compare the anticancer
activity of 4-arm PEG-AANL-DOX and free DOX-HCl in vitro and
in vivo.

3.5. In vitro cytotoxicity study

To further confirm that the 4-arm PEG-AANL-DOX is activable
in the presence of legumain, the relative cytotoxicities of free
DOX-HClI and 4-arm PEG-AANL-DOX were evaluated against
MDA-MB-435 and 4T1 cancer cells for 48 and 72 h using MTT
assay. The MDA-MB-435 and 4T1 cell lines were selected in this
study because the MDA-MB-435 cells expressed active legumain
in high level and the 4T1 cells in vitro had only weak expression
of active legumain [45,46]. The MTT results are presented in
Fig. 8 and Table 1. The ICsq (48 h) of free drug (DOX-HCl) against
MDA-MB-435 cells (1.20 pg/mL) was much higher than that of
4T1 cells (0.22 pg/mL). In contrast, the ICso (48 h) of the 4-arm
PEG-AANL-DOX against MDA-MB-435 cells (5.37 pg/mL) was
much smaller than that of and 4T1 cells (>10 pg/mL). The ICso
(48 h) ratio of DOX-HCl/4-arm PEG-AANL-DOX was 4.5 for the
legumain-overexpressed MDA-MB-435 cells, by contrast, the ICsq
(48 h) ratio increased to over 45.5 for the legumain-lowexpressed
4T1 cells. Similar phenomenon was also observed for 72 h incuba-
tion time. These indicated that cytotoxic DOX could be efficiently
liberated from the 4-arm PEG-AANL-DOX in the legumain-
overexpressed MDA-MB-435 cells, but not in the legumain-
lowexpressed 4T1 cells in vitro. The ICso (48 h) and ICso (72 h) of
the 4-arm PEG-DOX towards legumain-overexpressed MDA-MB-
435 cells were much higher than 10 pg/mL (Fig. S4). This further
indicated that the legumain-cleavable AANL linkage in the 4-arm
PEG-AANL-DOX was important for increased activity.

3.6. Ex vivo DOX fluorescence imaging

In order to investigate the tumor targeting ability of free
DOX-HCI and 4-arm PEG-AANL-DOX, the ex vivo imaging of the iso-
lated tumors and visceral organs of MDA-MB-435 tumor bearing
Balb/C nude mice at 2 and 24 h post-injection was carried out
(Fig. 9). At 2 h, liver displayed strong DOX fluorescence for all the
formulations, revealing that DOX-HCl was mainly captured and
metabolized by the liver. As compared with the free DOX-HCl
group, stronger fluorescence in tumor was observed in the group
of 4-arm PEG-AANL-DOX, indicating that the 4-arm PEG-AANL-
DOX could alter the biodistribution of the chemotherapeutic drug.
At 24 h, fluorescence in liver greatly faded in the ex vivo imaging
for all the formulations, and meanwhile tumor showed slightly
weaker DOX fluorescence for the free DOX-HCL. It is noteworthy
that a much stronger DOX fluorescence was observed in tumors

treated with the 4-arm PEG-AANL-DOX compared to that of free
DOX-HCI, indicating less reticuloendothelial system sequestration
and more tumor accumulation for the polymer-DOX conjugates
than free DOX-HCL

3.7. In vivo antitumor efficacy

In order to further examine the in vivo tumor inhibitory activi-
ties of different DOX formulations, female Balb/C nude mice bear-
ing MDA-MB-435 tumors were divided into 4 groups and injected
six times at 4 d intervals with PBS, free DOX-HCI (5 mg/kg), or 4-
arm PEG-AANL-DOX (5 and 15 mg/kg eq.) via tail vein. As shown
in Fig. 10A, all DOX formulations showed some efficacy in inhibit-
ing tumor growth as compared with the PBS-treated group. At the
end of the experiment, the reduction in tumor volume in mice
receiving free DOX-HCl (5 mg/kg) and 4-arm PEG-AANL-DOX
(5 mg/kg eq.) were 71.6% and 56.6%, respectively. This indicated
that the tumor inhibition ability of the 4-arm PEG-AANL-DOX
was slightly weaker than that of free DOX-HCI at equal dosage.
The inhibitory effect of the 4-arm PEG-AANL-DOX could be further
improved by increasing the dosage to 15 mg/kg eq., which showed
a 77.7% reduction in tumor volume at the end of 36 days. This was
slightly higher than that of free DOX-HCI (5 mg/kg) group. The
reduction in tumor volume in mice receiving 4-arm PEG-DOX
(5 mg/kg eq.) was 35.2% (Fig. S5). This was significantly lower than
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Fig. 10. In vivo anti-tumor efficacies of various DOX formulations in the MDA-MB-
435 tumor bearing Balb/C nude mice model. (A) Tumor volume growth curve. (B)
Body weight changes of tumor-bearing mice with the time. Tumor sizes and body
weight changes were measured every 2 days. The mice were treated on days 0, 4, 8,
12, 16 and 20 with PBS (a), DOX-HCI (5 mg/kg) (b), 4-Arm PEG-AANL-DOX (5 mg/kg
eq.) (c) or 4-arm PEG-AANL-DOX (15 mg/kg eq.) (d). Dosage for all the groups is
based on net DOX-HCl. The data are shown as mean+STD (n=6). “p<0.01,
"'p<0.001.
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Fig. 11. H&E analyses of tumors and major organs of MDA-MB-435 tumor bearing Balb/C nude mice (scale bar = 200 pm): (a) PBS; (b) free DOX-HCI (5 mg/kg); (c) 4-arm PEG-
AANL-DOX (5 mg/kg eq.); (d) 4-arm PEG-AANL-DOX (15 mg/kg eq.). Dosage for all the groups is based on net DOX-HCI.

that of PEG-AANL-DOX (5 mg/kg eq.), indicating that the tumor
inhibition ability of 4-arm PEG-AANL-DOX is much higher than
that of 4-arm PEG-DOX at equal dose, further confirming that the
legumain-cleavable AANL linkage in the 4-arm PEG-AANL-DOX
was important for increased anticancer activity. All the mice were
alive during the whole experimental period, body weight change
could clearly reflect drug-related systemic toxicity. As shown in
Fig. 10B, a significantly body weight loss was observed in the free
DOX-HCI (5 mg/kg) treatment group (5.4% body weight loss), while
the 4-arm PEG-AANL-DOX treatment groups did not show any
body weight loss during the 36 days observation period, even if
the dosage was three folds of the free DOX-HCl. These results
demonstrated that the 4-arm PEG-AANL-DOX possessed enhanced
antitumor efficacy and lower drug related toxicity over free
DOX-HCI by using a proper dosage, that is to say, the 4-arm
PEG-AANL-DOX have an improved therapeutic index than the free
DOX-HCI, indicating that the legumain-cleavable polymer-DOX
conjugate is promising in cancer therapy.

3.8. Histopathology evaluation

To further evaluate the anticancer activity of various DOX for-
mulations, tumors and visceral organs were dissected from mice

on day 36 and sectioned for H&E analyses and the results were
shown in Fig. 11. A number of cells with large nuclei, a spherical
or spindle shape, or more chromatin and binucleolates were
observed in the tumor tissue from PBS-treated group, revealing a
rapid tumor growth. In contrast, significant tumor tissue necrosis
was seen in all the DOX formulation-treated groups. The tendency
of necrotic level was (d) 4-arm PEG-AANL-DOX (15 mg/ kg eq.) >
(b) free DOX-HCI (5 mg/kg)> (¢) 4-arm PEG-AANL-DOX (5 mg/
kg eq.) > (a) PBS, which was consistent with the results of in vivo
antitumor efficacy study. Treatments with the free DOX-HCI and
4-arm PEG-AANL-DOX have not caused significant morphological
changes in liver, spleen, lung and kidney compared to the PBS
group. However, it is worth noting that the group treated with free
DOX-HCI (group b) had noticeable signals of heart damage, with
critical pathological changes and muscle fibers necrosis in cardiac
tissues. In contrast, treatments by the 4-arm PEG-AANL-DOX
(group ¢ and d) obviously reduced the blight of heart, indicating
reduced cardiotoxicity. This explained why the 4-arm PEG-AANL-
DOX exhibited lower systemic toxicity than the free DOX-HCI in
the in vivo antitumor efficacy study. Based on the results received
from the tumor volume growth curve, body weight change and
H&E staining, a 4-arm PEG-AANL-DOX with a higher therapeutic
index than the free DOX-HCI was achieved.
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4. Conclusions

In summary, a novel legumain-cleavable polymer-DOX
conjugate, 4-arm PEG-AANL-DOX, was designed and prepared via
a typical amide-forming condensation reaction here. The 4-arm
PEG-AANL-DOX could be delivered in a tumor-specific manner and
selectively activable in legumain overexpressed tumor intracellular
microenvironment. The 4-arm PEG-AANL-DOX showed high antitu-
mor efficacy without systemic toxicity compared to free DOX-HCI.
Thus, the legumain-cleavable 4-arm PEG-AANL-DOX is a promising
drug delivery system for cancer therapy.
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