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The clinical success of cancer nanomedicines critically depends on availability of simple, safe and highly
efficient nanocarriers. Here, we report that robust and multifunctional nanoparticles self-assembled from
hyaluronic acid-g-poly(y-benzyl-i-glutamate)-lipoic acid conjugates achieve a remarkably high loading
(up to 25.8 wt.%) and active targeted delivery of doxorubicin (DOX) to human breast tumor xenograft
in vivo. DOX-loaded nanoparticles following auto-crosslinking (DOX-CLNPs) are highly stable with little
drug leakage under physiological conditions while quickly release ca. 92% DOX in 30h under a
cytoplasmic-mimicking reductive environment. The in vitro assays reveal that DOX-CLNPs possess a
superior selectivity and antitumor activity to clinically used pegylated liposomal doxorubicin hydrochlo-
ride (DOX-LPs) in CD44 receptor overexpressing MCF-7 human breast cancer cells. Strikingly, DOX-CLNPs
exhibit a superb tolerated dose of over 100 mg DOX equiv./kg, which is more than 5 times higher than
DOX-LPs, and an extraordinary breast tumor accumulation of 8.6%ID/g in mice. The in vivo therapeutic
studies in MCF-7 human breast tumor-bearing nude mice show that DOX-CLNPs effectively inhibit tumor
growth, improve survival rate, and significantly decrease adverse effects as compared to DOX-LPs. DOX-
CLNPs based on natural endogenous materials with high drug loading, great stability and CD44-
targetability are highly promising for precision cancer chemotherapy.
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Statement of Significance

We demonstrate that with rational design, simple and multifunctional anticancer nanotherapeutics can
be developed to achieve highly efficient and targeted cancer chemotherapy. Doxorubicin-loaded multi-
functional nanoparticles based on hyaluronic acid-g-poly(y-benzyl-L-glutamate)-lipoic acid conjugates
exhibit a high drug loading, superior stability, fast bioresponsivity, high tolerability, and obvious selectiv-
ity toward CD44-overexpressing tumors in vivo. These nanotherapeutics achieve effective tumor suppres-
sion, drastically improved survival rate and reduced side effects as compared to clinically used pegylated
liposomal doxorubicin in MCF-7 human breast tumor-bearing nude mice. Unlike previously reported
multifunctional nanomedicines, the present nanotherapeutics primarily based on natural endogenous
materials are simple and straightforward to fabricate, which makes them potentially interesting for clin-
ical translation.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nanomedicines present a most promising treatment for various
cancers that are incurable nowadays [1,2]. It should be noted, how-
ever, that though significant scientific progress has been made in
the past decade, few nanomedicines have been approved by the
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authorities for use in the clinics [3]. The clinical results reveal that
current nanomedicines can indeed improve the pharmacokinetics
and biodistribution of chemotherapeutic agents leading to a better
tolerability and broader therapeutic window [3-6]. The therapeu-
tic efficacy has, however, not much improved likely due to several
existing challenges including drug leakage in circulation, poor
tumor accumulation and cellular uptake, and inefficient drug
release at the target site [7-9]. In order to achieve efficacious can-
cer treatments, a number of multifunctional nanocarriers have
recently been developed and explored [10,11]. These studies
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provide a proof-of-concept that multifunctional nanomedicines
through solving these systemic delivery barriers instigate better
therapeutic outcomes in different tumor models [12-14]. Never-
theless, multifunctional nanocarriers that are typically made from
novel and complex synthetic materials encounter involved prepa-
ration and potential safety concerns [10,15]. In addition, many
reported multifunctional nanomedicines still suffer from a low
drug loading level, poor stability, and insufficient tumor accumula-
tion [9].

In this paper, we report robust, bioresponsive and highly speci-
fic anticancer nanotherapeutics based on fully natural endogenous
materials i.e. hyaluronic acid (HA), .-glutamate and lipoic acid (LA)
for high loading and targeted delivery of doxorubicin (DOX) to
human breast tumor xenograft in vivo (Scheme 1). These multi-
functional nanotherapeutics are readily assembled from hyaluro-
nic acid-g-poly(y-benzyl-i-glutamate)-lipoic acid (HA-PBLG-LA)
graft copolymer. We recently reported that DOX-loaded reversibly
crosslinked nanoparticles based on HA-LA conjugates (i.e. without
PBLG block) exhibit potent antitumor effect toward CD44-positive
drug-resistant human breast cancers in vitro and in vivo [16]. How-
ever, HA-LA nanoparticles revealed a moderate drug loading con-
tent (lower than 15.1 wt.%) and a relatively large particle size
(154-225 nm). HA is a biocompatible and biodegradable natural
polysaccharide, and has been approved by the FDA as intra-
articular injection [17,18]. Notably, taking advantages of its effec-
tive targeting ability to CD44 receptor overexpressing cancer cells
[16,19,20], HA-drug conjugates with paclitaxel, irinotecan, doxoru-
bicin, and 5-fluorouracil have been developed and advanced to
Phase I-III clinical trials for the treatment of various cancers such
as bladder, colorectal, breast, lung, prostate, sarcoma [21]. PBLG
as other polypeptides possesses excellent biocompatibility and
biodegradability [22,23]. Notably, several nanomedicines based
on polypeptides (NK105, NKO12, NK911, NC-6004, NC-4016,
NC-6300, CT-2103, CT-2106, etc.) have entered different phases
of clinical trials [4,24-26]. Lipoic acid (LA) is a natural antioxidant
produced by human body and has been employed to treat diseases
like diabetes and Alzheimer’s disease [27,28|. Remarkably, our
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results showed that the present multifunctional nanoparticulate
doxorubicin possesses an ultrahigh drug loading level (up to
25.8 wt.%), small particle size (72-80 nm), superior stability, trig-
gered cytoplasmic drug release, high tolerability and therapeutic
index, and excellent tumor accumulation and selectivity toward
CD44-overexpressing tumors in vivo, resulting in effective tumor
suppression, drastically improved survival rate, and markedly
decreased side effects as compared to clinically used pegylated
liposomal doxorubicin hydrochloride (DOX-LPs) in MCF-7 human
breast tumor-bearing nude mice.

2. Materials and methods
2.1. Materials

Unless stated otherwise, reactions were conducted in oven-
dried glassware under an atmosphere of nitrogen using anhydrous
solvents. Sodium hyaluronic acid (HA, molecular weight: 35 kDa,
Shandong Freda Biopharm Co., Ltd.), lipoic acid (LA, 98%, J&K),
NE-benzyloxycarbonyl-i-glutamic acid (H-Glu(OBzl)-OH, GL
Biochem (Shanghai) Ltd.), 1,4-butanediamine (98%, J&K), N,N’-
carbonyldiimidazole (CDI, 98%, J&K), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC, 98%, Alfa Aesar),
N-hydroxysuccinimide (NHS, 98%, J&K), 1,4-dithio-p,.-threitol
(DTT, 99%, Merck), glutathione (GSH, 99%, Roche), doxorubicin
hydrochloride (DOX-HCI, >99%, Beijing Zhongshuo Pharmaceutical
Technology Development Co., Ltd.), and doxorubicin hydrochloride
peglated liposome injection (DOX-LPs, 20 mg/mL, Shanghai Fudan-
zhangjiang Biomedical Co., Ltd) were used as received. N,N-
dimethyl formamide (DMF) was dried by refluxing over anhydrous
magnesium sulfate and distilled under reduced pressure before
use. Dichloromethane (DCM), ethyl acetate, and petroleum ether
(b.p. 60-90 °C) were refluxed over CaH, and distilled before use.
All the other reagents and solvents were purchased from Sino-
pharm Chemical Reagent Co., Ltd. and used as received. BLG-NCA
was prepared according to the Fuchs-Farthing method using
triphosgene [29].
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Scheme 1. Illustration of robust, active tumor-targeting and fast bioresponsive anticancer nanotherapeutics based on hyaluronic acid-g-poly(y-benzyl-L-glutamate)-lipoic
acid (HA-PBLG-LA) conjugates for high efficient and targeted breast tumor chemotherapy in vivo.
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2.2. Characterization

TH NMR spectra were recorded on a Unity Inova 400 spectrom-
eter operating at 400 MHz using DMSO-dg or CF3COOD as a solvent.
The chemical shifts were calibrated against residue solvent signals.
The size of nanoparticles was evaluated by dynamic light scatter-
ing (DLS). Measurements were carried out at 25 °C by a Zetasizer
Nano-ZS from Malvern Instruments equipped with a 633 nm
He-Ne laser using back-scattering detection. Zeta potential mea-
surements were carried out using Zetasizer Nano-ZS instrument
(Malvern) equipped with a standard capillary electrophoresis cell.
Transmission electron microscopy (TEM) was carried out using a
Tecnai G220 TEM operated at an accelerating voltage of 200 kV.
The samples were prepared by dropping 20 pL of 0.5 mg/mL
nanoparticles suspension on the copper grid followed by staining
with 1 wt.% phosphotungstic acid.

2.3. Synthesis of N-lipoyl-1,4-butanediamine (LA-NH>)

LA-NH, was prepared according to a previous report [30]. To
a solution of LA (0.824g, 4.0 mmol) in dry DCM (15mL), a
small excess of CDI (0.680g, 4.2mmol) was added over
5min. This resulting solution was then added slowly to a
stirred solution of 1,4-butanediamine (6 mL, 60 mmol). The
reaction was allowed to proceed under magnetic stirring for
1h at room temperature. The reaction mixture was extracted
with NaCl aqueous solution (10wt.%) and water for three
times, dried by Na,SO4 at —24 °C overnight, and filtrated. The
filtrate was concentrated via rotary evaporation and dried
at room temperature in vacuo for 24h. Yield: 93.3%. 'H
NMR (400 MHz, DMSO-dg, Fig. S1, §): 3.59 (m, methine of
lipoic ring), 3.12 (m, -CONHCH,-), 3.00 (t, -SSCH,CH,-),
2.53 (m, -CH,NH;), 240 and 1.85 (m, -SSCH,CH,-), 2.03
(t, -CH,CONH-), 1.65 and 1.49 (m, -CH,CH,CH,CH,CONH-),
1.37-1.28 (m, -CH,CH,CH,CH,CONH-; m, —CH2CH2CH2NH2).
The integral ratio of signals at 6 3.12 (-CONHCH,-) and ¢ 3.59
(methine proton of lipoic ring) was close to 2, indicating that
LA-NH, has been prepared successfully.

2.4. Synthesis of LA-PBLG polypeptides

LA-PBLG polypeptides were synthesized via the ring-opening
polymerization of BLG-NCA using LA-NH, as an initiator. Briefly,
a solution of LA-NH, (110.4 mg, 0.40 mmol) in dry DMF (10 mL)
was rapidly added to a solution of BLG-NCA (1052.0 mg, 4.0 mmol)
in dry DMF (10 mL) via syringe under a nitrogen atmosphere. The
reaction was stirred at 30 °C for 3 days. The product was precipi-
tated in excess diethyl ether, collected by centrifugation, and then
dried in vacuo for 24 h. Yield: 92%. 'H NMR (400 MHz, CF;COOD,
Fig. 1A, 6): 717 (s, -CgHs), 5.12 (s, -CHCgHs), 4.60 (m,
-NHCOCH-), 4.36 (m, methine of lipoic ring), 3.44 (m, -CH,
CONHCH,-), 3.26 (t, -SSCH,CH,-), 2.58 (m, -CH,CONHCH,CH,
CH,CH,-), 2.38 (t, -CH,CH,COO-), 2.10-1.89 (m, -CH,CH,COO-;
t, -CH,CONHCH,-), 1.60-1.20 (m, -SSCH,CH,-; -CH,CH,CH,CH,
CONHCH,CH,CH,CH,-). The degree of polymerization (DP) of
PBLG was determined to be 10.0 (denoted accordingly as PBLG1o)
by comparing the integrals of signals at § 7.17 and 3.26, which
were assignable to the phenyl protons of PBLG and methylene pro-
tons of LA-NH,, respectively. Similarly, PBLG;9 and PBLG;3¢ Were
prepared at BLG-NCA/LA-NH, molar feed ratios of 8 and 14,
respectively.

2.5. Synthesis of HA-PBLG-LA conjugates

HA-PBLG-LA was obtained in two steps. Firstly, EDC
(57.60 mg, 0.30 mmol) and NHS (17.25mg, 0.15 mmol) were
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Fig. 1. "H NMR spectra (400 MHz, CF;COOD) of (A) LA-PBLG 1, and (B) HA-PBLG-LA.

added to a stirred solution of HA (37.84 mg, 0.10 mmol -COOH)
in D.I. water (3.0mL), and then the pH of the solution was
adjusted to 5.0 with 2 M HCI to preactivate the carboxyl groups
of HA. After stirring for 0.5h at room temperature, a certain
amount of DMSO (40mL) and a solution of LA-PBLG
(122.80 mg, 0.05 mmol) in DMSO (6.0 mL) were added sequen-
tially. The reaction was allowed to proceed at pH 9.0 for 24 h
at 30°C. The HA-PBLG-LA conjugate was isolated by extensive
dialysis against DMSO for two days and deionized water for
another two days (Spectra/Pore, MWCO 7000), and lyophiliza-
tion. Yield: 78%. 'H NMR (400 MHz, CF;COOD, Fig. 1B, §): HA:
4.20, 3.93-3.72 and 3.44-3.11; LA-PBLG: 7.17, 5.02, 4.60, 2.94,
2.85, 2.63, 2.39, 2.14-1.89, and 1.57-1.18. The degree of substi-
tution (DS) was determined to be 14 by comparing the integrals
of signals at 6 7.17 (phenyl protons of PBLG) and 4.20 (anomeric
proton of HA).
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2.6. Preparation of crosslinked nanoparticles

HA-PBLG-LA noncrosslinked nanoparticles (NCLNPs) were pre-
pared by dropwise addition of phosphate buffer (PB, pH 7.4,
10 mM) to a DMSO solution of HA-PBLG-LA under stirring at room
temperature, followed by extensive dialysis against PB (pH 7.4,
10 mM) for 10 h using a dialysis bag (MWCO 3500 Da). The water
was refreshed every one hour. The size and zeta potential of the
noncrosslinked nanoparticles were measured by DLS. The critical
micelle concentration (CMC) of NCLNPs was determined using pyr-
ene as a fluorescence probe. The concentration of the conjugates
varied from 4.88 x 107> to 0.2 mg/mL and the concentration of
pyrene was fixed at 6 x 10~ M. The fluorescence spectra were
detected by FLS920 fluorescence spectrometer with the excitation
wavelength at 330 nm, and the emission fluorescence at 373 and
383 nm. The CMC was estimated as the cross-point when extrapo-
lating the intensity ratio Is73/I3g3 at low and high concentration
regions.

Crosslinked HA-PBLG-LA nanoparticles (CLNPs) were obtained
by the ring-opening polymerization of disulfide-containing lipoic
ring using a catalytic amount of DTT under a nitrogen atmosphere,
as reported previously [31,32]. Briefly, a DTT (2.6 ng, 10 mol% rel-
ative to the lipoyl units) solution in PB (13.0 uL) was added to
2.0 mL of HA-PBLG-LA nanoparticle dispersion (0.5 mg/mL). The
mixture was stirred at room temperature under a nitrogen atmo-
sphere for 24 h, and then dialyzed against PB (10 mM, pH 7.4) for
10 h (Spectra/Pore, MWCO 3500). The stability of CLNPs was eval-
uated via DLS following large volume dilution or incubation with
10% FBS. The reduction-sensitivity of CLNPs in the presence of
10 mM DTT solution was monitored by DLS measurement, follow-
ing setting in a shaking bed at 200 rpm and 37 °C for a predeter-
mined time.

2.7. Loading and reduction-triggered release of DOX

DOX loading into nanoparticle was accomplished by dropwise
addition of PB (900 pL, 10 mM, pH 7.4) to a DMSO solution of
HA-PBLG-LA (100 pL, 5 mg/mL) and DOX at DOX feed ratios of
20-40 wt.% under stirring at room temperature. The resulting
drug-loaded nanoparticles were crosslinked as described above
using a catalytic amount of DTT (10 mol% relative to the lipoyl
units), followed by dialysis against PB (10 mM, pH 7.4) for 12 h
(Spectra/Pore, MWCO 3500) to obtain DOX-loaded crosslinked
nanoparticles (DOX-CLNPs). The dialysis medium was changed
per hour, and the whole procedure was performed in the dark.
For determination of drug loading content (DLC), the solution of
DOX-CLNPs was diluted with DMF (30-fold) followed by sonifica-
tion, and analyzed using fluorescence measurement (FLS920) with
excitation at 480 nm and emission at 560 nm. Calibration curve of
DOX fluorescence was obtained with different DOX concentrations
in DMF solution. Drug loading content (DLC) and drug loading effi-
ciency (DLE) were calculated according to the following formula:

DLC (wt.%) = (weight of loaded drug/total weight of polymer
and loaded drug) x 100

DLE (%) = (weight of loaded drug/weight of drug in feed) x 100

The drug release of DOX-CLNPs was studied using a dialysis
tube (Spectra/Pore, MWCO 12000) at a nanoparticle concentration
of 0.2 mg/mL under shaking (200 rpm) at 37 °C in two different
media: (i) PB (10 mM, pH 7.4), and (ii) PB (10 mM, pH 7.4) contain-
ing 10 mM GSH. Typically, 0.6 mL of DOX-loaded nanoparticle dis-
persion was dialyzed against 25 mL of the corresponding medium
to acquire sink conditions. At desired time intervals, 5.0 mL of
release medium was taken out and replenished with an equal vol-

ume of fresh medium. The amount of released DOX was deter-
mined by fluorescence measurement (FLS920). The release
experiments were conducted in triplicate, and the results pre-
sented were the average data with standard deviations.

2.8. In vitro cytotoxicity assays

The cytotoxicity of HA-PBLG-LA CLNPs was evaluated in human
breast cancer cells (MCF-7), which are known to express a high
level of CD44 receptors [16]. The cells were plated in a 96-well
plate (5000 cells/well) with 80 pL DMEM media supplemented
with 10% fetal bovine serum, 1% L-glutamine, and antibiotics peni-
cillin (100 IU/mL), and streptomycin (100 pg/mL) for 24 h. When
the cells reached about 70% confluence, bare nanoparticles in
20 pL PB were added to yield final nanoparticle concentrations of
0.2,0.4, 0.6, 0.8 and 1.0 mg/mL. The cells were cultured in an atmo-
sphere containing 5% CO, at 37 °C for 48 h. Then, 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl tetrazoliumbromide (MTT) solution
(10 pL, 5 mg/mL) in PBS was added to each well. After incubation
for 4 h, the supernatant was carefully aspirated and 150 pL DMSO
was added into each well to dissolve the formazan crystals gener-
ated by live cells for 10 min. The absorbance was measured at a
wavelength of 570nm using a microplate reader (Bio-Tek,
ELX808IU). The cell viability (%) was determined by comparing
the absorbance at 570 nm with control wells containing only cell
culture medium. The experiments were performed in quartets.
The antitumor activity of DOX-CLNPs and DOX-LPs was also exam-
ined by MTT assays in a similar way. The final DOX concentration
in DOX-CLNPs or DOX-LPs incubated with MCF-7 cancer cells was
fixed at 0.01, 0.1, 0.5, 1, 5, 10, 20 and 40 pg/mL. U87 cells that have
been reported to express a low level of CD44 receptors [33,34]
were used as a control. The inhibition experiments were performed
by pretreating MCF-7 cells with free HA (5 mg/mL) for 4 h prior to
incubating with DOX-CLNPs.

2.9. Flow cytometry assays and confocal microscopy measurements

Flow cytometry assays and confocal microscopy measurements
were employed to investigate the cellular uptake and intracellular
drug release behaviors of DOX-CLNPs in MCF-7 cells. The cells were
cultured on microscope slides in a 6-well plate (1 x 106 cells/well)
using DMEM media supplemented with 10% fetal bovine serum, 1%
L-glutamine, and antibiotics penicillin (100 IU/mL), and strepto-
mycin (100 pg/mL) for 24 h to reach 70% confluence. DOX-CLNPs
or DOX-LPs in 200 pL PB were added to each well (10.0 pg DOX/
mL). After incubation at 37 °C for 8 h, the cells were detached by
0.25% (w/v) trypsin and 0.03% (w/v) EDTA. The suspensions were
centrifuged at 1000 rpm for 3 min, and the cells were collected fol-
lowing washing twice with PBS, and then re-suspended in 500 L
PBS. Fluorescence histograms were then recorded with a BD
FACSCalibur flow cytometer (Becton Dickinson, USA) and analyzed
using Cell Quest software. We analyzed 10,000 gated events to
generate each histogram. The gate was arbitrarily set for the detec-
tion of FITC fluorescence. The inhibition experiments were per-
formed by pre-treating MCF-7 cells with free HA (5 mg/mL) for
4 h prior to incubating with DOX-CLNPs.

The cellular uptake and intracellular drug release behaviors of
DOX-CLNPs were also monitored using confocal laser scanning
microscopy (CLSM). MCF-7 cells were cultured on microscope
slides in a 24-well plate (2 x 10* cells/well) using 400 uL DMEM
media containing 10% fetal bovine serum, 1% i-glutamine, and
antibiotics penicillin (100 [U/mL) and streptomycin (100 pg/mL).
After 24 h, DOX-CLNPs or DOX-LPs in 100 pL PB was added to each
well (DOX dosage: 10.0 pig/mL), and incubated with cells for 8 h or
12 h. Then, the culture medium was removed and the cells on
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microscope plates were washed three times with PBS, then fixed
with 4% paraformaldehyde solution for 15 min and washed with
PBS for three times. The cell nuclei were stained with 4’,6-diami
dino-2-phenylindole (DAPI, blue) for 15 min and washed with
PBS for three times. The fluorescence images were obtained using
a confocal microscope (TCS SP5). The inhibition experiments were
performed by pretreating MCF-7 cells with free HA (5 mg/mL) for
4 h prior to incubating with DOX-CLNPs.

2.10. Blood circulation

The mice were handled under protocols approved by Soochow
University Laboratory Animal Center and the Animal Care and
Use Committee of Soochow University. To measure the DOX level
in blood in mice treated with DOX-CLNPs or DOX-LPs at a DOX
concentration of 10 mg/kg, about 100 pL of blood was withdrawn
from the orbit of Kunming (KM) mice at different time points,
and dissolved in 0.1 mL of lysis buffer (1% Triton X-100) with brief
sonification. DOX was extracted by incubating blood samples in
0.5 mL DMF containing 20 mM DTT overnight. After centrifugation
at 23 krpm for 20 min, the DOX level of the supernatant was deter-
mined by fluorescence measurement. The blood circulation fol-
lowed a typical two compartment model: a distribution phase
with usually a rapid decline, and an elimination phase with usually
a long period, which is the predominant process for drug clearance.
The half-lives of two phases (t; and t;) were calculated according
to the following formula:

Y =Ar x exp(=x/t1) + Az x exp(—x/t2) + ¥,

2.11. In vivo imaging and biodistribution

To monitor the nanoparticle distribution in vivo, fluorescent
molecule DIR was loaded into HA-PBLG-LA CLNPs, and then
injected into mice bearing human MCF-7 breast tumor (tumor size:
~100 mm?) via tail vein. Human breast tumor xenograft model
was established by subcutaneous inoculation of 1 x 107 MCF-7
cells in 50 pL PBS media into the hind flank of each mouse. The flu-
orescent scans were carried out at different time points of 2, 6, 10,
12 and 48 h following i.v. injection using the Maestro in vivo fluo-
rescence imaging system (CRi Inc.).

Biodistribution of DOX-CLNPs was investigated using ex vivo
fluorescence imaging based on the fluorescent nature of DOX. A
single dose of DOX-CLNPs or DOX-LPs in 200 pL PB was adminis-
trated intravenously via the tail vein at a dosage of 10 mg DOX
equiv./kg. After 6 h, MCF-7 tumor-bearing mice were sacrificed.
The tumor block and several major organs including heart, liver,
spleen, lung, and kidney were collected, washed, and dried. Fluo-
rescence images were captured with the Maestro in vivo fluores-
cence imaging system (CRi Inc.). To quantify the amount of DOX
delivered to the tumor and different organs, tumor-bearing mice
following 6 h iv. injection with DOX-CLNPs or DOX-LPs (10 mg
DOX equiv./kg) were sacrificed. The tumor block and major organs
(heart, liver, spleen, lung, and kidney) were collected, washed,
weighed, then homogenized in 0.5 mL of 1% Triton X-100 with a
Superfine Homogenizer (F6/10, Fluko). To the above tissue lysates,
0.9 mL of extraction solution of DMF containing 20 mM DTT was
added. The samples were incubated overnight, and then cen-
trifuged at 23 krpm for 30 min. The amount of DOX was quantified
by fluorescence measurement.

2.12. In vivo antitumor efficacy
In vivo antitumor efficacy was examined in MCF-7 tumor-

bearing mice. When tumors grew up to about 100 mm? in volume,
DOX-CLNPs or DOX-LPs at a dosage of 7.5 mg DOX equiv./kg were

intravenously administered every three days for four times. PBS
was used as a blank control. The tumor sizes were measured by
calipers every three days and volume was calculated according to
the formula: V=0.5 x L x W x H, wherein L is the tumor dimen-
sion at the longest point, W is the tumor dimension at the widest
point, and H is the tumor dimension at the highest point. Relative
tumor volumes were calculated as V[V (Vg is the tumor volume at
the start of treatment, and V is the tumor volume at any given day).
Mice were weighed with the relative body weights compared to
their initial weights. Mice in each group were considered to be
dead either when the tumor volume increased to 1500 mm?, or
when the mice died during treatment. Maximum Tolerated Dosage
(MTD) studies were evaluated in nude mice through a single intra-
venous injection of DOX-CLNPs (60 and 100 DOX equiv./kg) or
DOX-LPs (10 and 20 mg DOX equiv./kg). Mice were weighed for
12 days with the relative body weights compared to their initial
weights. The MTD was defined as the highest dose of DOX that
does not cause over 15% body weight loss, unacceptable toxicity
like death or other remarkable changes in the general appearance
of the mice within the experiment period [35,36].

2.13. Histological analysis

At the end of the treatment, one mouse of each group was sac-
rificed, and the tumor, liver, heart and kidney were excised. The tis-
sues were fixed with 4% paraformaldehyde solution and embedded
in paraffin. The sliced organ tissues (thickness: 4 mm) mounted on
the glass slides were stained by hematoxylin and eosin (H&E) and
observed by a digital microscope (Leica QWin).

3. Results and discussion
3.1. Synthesis of HA-PBLG-LA conjugates

HA-PBLG-LA was readily synthesized by the ring-opening poly-
merization of BLG-NCA using LA-NH,; as an initiator followed by
conjugating to HA via carbodiimide chemistry (Scheme 2). 'H
NMR spectrum of LA-PBLG showed characteristic signals of PBLG
(6 717, 5.12, 4.60, 2.38, 2.10-1.89) and LA-NH, moieties (6 4.36,
3.44, 3.26, 2.58, 1.60-1.20) (Fig. 1A). The degree of polymerization
(DP) of LA-PBLG was determined by comparing the signal intensi-
ties of phenyl protons of PBLG (6 7.17) and methylene of lipoic ring
(6 3.26), to be 7.9, 10.0 and 13.9 depending on molar feed ratios of
BLG-NCA to LA-NH, (Table 1). The molecular weights of LA-PBLG
determined by 'H NMR were close to the design, indicating that
PBLG had defined structure and controlled DP. MALDI-TOF mass
spectrum further confirmed thus obtained LA-PBLG had a narrow
molecular weight distribution with major peaks corresponding to
mfz=276.1 (LA-NH)+n x 219.1 (BLG)+23.0 (Na*) (Fig. S2). It
should be mentioned that there exists also a minor mass distribu-
tion corresponding to m/z=276.1 (LA-NH,)+n x 219.1 (BLG)
+112.1 (pyroglutamate) + 23.0 (Na*), which was atributed to for-
mation of a cyclic end-group (pyroglutamate) as a result of back-
biting reaction and elimination of benzyl alcohol [37]. The content
of amino end group in PBLG was quantified by TNBSA assay to be
72.4%.

PBLG with a DP of 10 was employed to graft onto HA in the fol-
lowing study. '"H NMR spectrum of HA-PBLG-LA displayed besides
resonances owing to LA-PBLG moieties (6 7.17, 5.02, 4.60, 2.94,
2.85, 2.63, 2.39, 2.14-1.89, 1.57-1.18) also signals attributable to
HA backbone (5§ 4.20, 3.93-3.72, 3.44-3.11) (Fig. 1B). The degree
of substitution (DS), which is defined as the number of PBLG chain
per 100 sugar residues of HA polymer, could be determined by
comparing the integral of signals at § 7.17 (phenyl protons in PBLG)
and § 4.20 (anomeric proton in HA). It is known that the CD44
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Table 1
Synthesis of LA-PBLG polypeptides.
Entry [M]/[1] (mol/mol) M, (kg/mol) 'H NMR Yield (%)
Feed ratio 'H NMR?
1 8.0 7.9 2.0 76.4
10.0 10.0 2.5 80.4
3 14.0 13.9 33 82.5

2 Calculated from "H NMR by comparing intensities of signals at 5 7.17 and 3.26,
which were assignable to phenyl protons of PBLG and methylene protons of LA-
NH,, respectively.

receptor-binding property of HA is closely related to its carboxylic
acid groups [38,39]. To retain a high tumor-targetability, HA-PBLG-
LA conjugate with a low degree of substitution of 14 was prepared
at a HA carboxyl group/LA-PBLG molar feed ratio of 2/1.

3.2. Formation and stability of crosslinked HA-PBLG-LA nanoparticles
(CLNPs)

HA-PBLG-LA CLNPs were easily prepared through self-assembly
of HA-PBLG-LA in water followed by auto-crosslinking in the pres-
ence of catalytic amount of dithiothreitol (DTT) as reported before
[31,32,40]. DLS measurements revealed that CLNPs had an average
diameter of 115 nm and a low polydispersity index (PDI) of 0.15
(Table 2). The stability tests revealed that HA-PBLG-LA CLNPs were
robust against extensive dilution and 10% FBS (Fig. 2A). CLNPs
swelled, however, to over 1000 nm in 12 h in the presence of
10 mM glutathione (GSH) under otherwise the same conditions
(Fig. 2B), indicating that CLNPs are fast responsive to intracellular

Table 2
Characteristics of HA-PBLG-LA NCLNPs and CLNPs.

Size* (nm) PDI* Zeta” (mV) CMC* (mg/L)
NCLNPs 124 0.15 -204 9.2
CLNPs 115 0.12 —-19.2 -

2 Determined by DLS analysis using Zetasizer Nano-ZS (Malvern Instruments) at
25 °C in water.

> Measured using Zetasizer Nano-ZS (Malvern Instruments) equipped with a
standard capillary electrophoresis cell at 25 °C in water.

¢ Determined using pyrene as a fluorescence probe.

reductive environment. The largely increased size of CLNPs follow-
ing treatment with 10mM GSH is mainly due to increased
hydrophilicity of nanoparticle core as disulfide crosslinks are trans-
formed into dihydrolipoyl groups. Therefore, HA-PBLG-LA CLNPs
while possess superior colloidal stability under physiological con-
ditions are prone to rapid decrosslinking under a reductive condi-
tion mimicking that of the cytoplasm and cell nucleus.

3.3. Loading and reduction-triggered release of DOX

The loading of doxorubicin (DOX), a potent hydrophobic anti-
cancer drug, was performed at a polymer concentration of 5 mg/mL
and DOX feeding ratios of 20-40 wt.%. Notably, CLNPs exhibited
a remarkably high drug loading content (DLC) of 25.8 wt.% and
drug loading efficiency (DLE) of over 81.1%, in which both DLE
and DLC increased with increasing DOX feed ratios (Table 3). DLS
measurements showed that DOX-loaded CLNPs (DOX-CLNPs) had
small sizes of 72-80 nm (Fig. 2C), which were smaller than blank
CLNPs (115 nm) as well as clinically used DOX-LPs (~100 nm)
[41]. In comparison, crosslinked HA-LA nanoparticles without
PBLG block had much larger sizes (154-225 nm) and lower drug
loading levels (less than 15.1%) [16]. The enhanced drug loading
for CLNPs is likely due to the existence of -7 stacking interactions
between DOX and the benzene groups in PBLG. Several groups
have reported that -7 stacking can significantly enhance loading
of drugs including DOX, paclitaxel and docetaxel into polymeric
micelles with aromatic groups in the core [42-44]. TEM micro-
graph confirmed that DOX-CLNPs had small particle size and a
spherical morphology (Fig. 2C). This small size is desired for
nanomedicines to achieve enhanced tumor penetration and treat-
ment effects [45,46]. The in vitro release studies showed that
DOX release while largely inhibited under physiological conditions
(pH 7.4, 37 °C) was significantly enhanced in the presence of
10 mM GSH (17.7% versus 91.5% release in 30 h) (Fig. 2D). It is
interesting to note that DOX-CLNPs had less drug release under
physiological conditions than reported HA-LA nanoparticles
(24.2% release in 22 h) [16], signifying the important role of PBLG
block in inhibiting drug leakage from CLNPs. Hence, DOX-CLNPs
not only have a high drug loading capacity and a small size but also
have a potential to solve the in vivo stability and drug release
dilemma that persists as a long challenge for targeted nanothera-
peutics [47,48].
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Fig. 2. Characteristics of crosslinked and noncrosslinked HA-PBLG-LA nanoparticles. (A) Size distribution and colloidal stability of HA-PBLG-LA CLNPs and NCLNPs measured
by DLS; (B) change of size distribution profiles of HA-PBLG-LA CLNPs in response to 10 mM GSH in PB (pH 7.4, 10 mM) at 37 °C; (C) size distribution of DOX-CLNPs measured
by DLS and TEM; (D) in vitro release of DOX in the presence or absence of 10 mM GSH from DOX-CLNPs. The drug release studies were performed at a concentration of

0.2 mg/mL. Data are presented as mean = SD (n = 3).

Table 3

Characteristics of DOX-NCLNPs and DOX-CLNPs.
Entry DOX feed NCLNPs CLNPs DLC DLE

ratio (We%) oo ppp sige'  ppr (WEE) (%)
(nm) (nm)

1 20 89 0.16 72 0.14 14.0 81.1
2 30 93 0.17 74 0.15 20.1 83.9
3 40 99 0.23 80 0.23 25.8 87.1

2 Determined by DLS analysis using Zetasizer Nano-ZS (Malvern Instruments) at
25 °C in water.

3.4. In vitro antitumor activity

To evaluate the cytotoxicity of blank CLNPs and antitumor
activity of DOX-CLNPs, MTT assays were performed in CD44 recep-
tor overexpressing MCF-7 breast cancer cells. The results showed
that blank CLNPs were practically nontoxic at concentrations of
0.2-1.0 mg/mL (Fig. 3A), indicating that HA-PBLG-LA nanoparticles
possess excellent biocompatibility. Notably, DOX-CLNPs induced
obviously better antitumor effect than clinically used DOX-LPs
(Fig. 3B). The half-maximal inhibitory concentration (ICsg) of
DOX-CLNPs was determined to be 4.2 pg DOX equiv./mL (corre-
sponds to a blank nanoparticle concentration of 16.7 pg/mL),
which was though higher than that observed for free DOX five-
fold lower than that of DOX-LPs (23 pg DOX equiv./mL). In con-
trast, DOX-CLNPs displayed a significantly lower antitumor activity
to U87 cells (ICs0=40 g DOX equiv./mL) (Fig. 3B), confirming
receptor-mediated uptake of DOX-CLNPs by MCF-7 cells.

To investigate the cellular uptake and intracellular drug release
behaviors of DOX-CLNPs, we conducted flow cytometry and CLSM
studies using MCF-7 cells. Interestingly, flow cytometry results
showed that MCF-7 cells following 8 h incubation with DOX-
CLNPs displayed more than 10-fold higher cellular DOX level than

those with DOX-LPs (Fig. 3C). The pretreatment of MCF-7 cells with
free HA prior to incubating with DOX-CLNPs resulted in markedly
reduced cellular DOX level, further confirming that CLNPs were
internalized by MCF-7 cells via a receptor-mediated mechanism
[21]. CLSM images showed strong DOX fluorescence in the nuclei
of MCF-7 cells following 12 h incubation with DOX-CLNPs, while
weak DOX fluorescence was observed for DOX-LPs in MCF-7 cells
as well as for DOX-CLNPs in MCF-7 cells pretreated with free HA
(Fig. 3D). These results point out that DOX-CLNPs can actively tar-
get and release drug to CD44 overexpressing tumor cells. The high
antitumor activity of DOX-CLNPs is likely due to a combination of
efficient internalization by MCF-7 cells and rapid intracellular drug
release. The pretreatment MCF-7 cells with free HA significantly
reduced the anti-tumor activity of DOX-CLNPs, confirming that
DOX-CLNPs were taken up by MCF-7 cells via a receptor-
mediated mechanism.

3.5. In vivo pharmacokinetics and biodistribution

The in vivo pharmacokinetics of DOX-CLNPs was investigated by
measuring the plasma DOX levels in mice following a single intra-
venous injection at a dosage of 10 mg DOX equiv./kg. Notably,
DOX-CLNPs displayed a long circulation time with an elimination
phase half-life of 4.9 h (Fig. 4A), approaching to that of DOX-LPs
(8.1 h) which are well-known for its long circulation time in vivo
[41]. Considerable amount of DOX was observed even at 24 h post
injection. To visualize their in vivo tumor-targetability, DIR-loaded
CLNPs were administered intravenously to nude mice bearing
human breast MCF-7 tumor xenografts and monitored via a Mae-
stro EX in vivo fluorescence imaging system (CRi, Inc.). Interest-
ingly, significant DIR fluorescence was observed in the tumor at
2 h post injection and tumor DIR fluorescence intensity became
stronger at 6-12 h and remained strong even at 48 h post injection
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CLNPs and DOX-LPs (DOX dosage: 5.0 pg/mL). The competitive inhibition experiment was performed by pretreating cells with free HA (5 mg/mL) for 4 h before adding DOX-
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(Fig. 4B), confirming high tumor accumulation and long retention
of CLNPs in vivo.

To further examine their in vivo distribution, tumor and sev-
eral major organs of MCF-7 tumor-bearing nude mice following
6 h iv. injection of DOX-CLNPs or DOX-LPs were excised for
ex vivo fluorescence imaging. Intriguingly, mice treated with
DOX-CLNPs revealed intense DOX fluorescence in the tumor,
which was significantly stronger than that in the major organs
such as heart, liver, spleen, lung and kidney (Fig. 4C). In compar-
ison, mice treated with DOX-LPs exhibited obviously weaker
tumor DOX fluorescence and moreover strong DOX fluorescence
was observed in the liver and kidney. As DOX fluorescence stems
mainly from free DOX but not DOX-CLNPs [49], these results indi-
cate that DOX-CLNPs can effectively target and release drug to
human MCF-7 breast tumor xenografts in vivo. To quantify its
in vivo biodistribution, DOX in tumor and major organs was
extracted and measured using fluorometry. Notably, DOX-CLNPs
demonstrated a strikingly high tumor DOX uptake of 8.6% of
injected dose per gram of tissue (%ID/g), which was almost two
times of that for DOX-LPs (Fig. 4D). It should be mentioned that
nanotherapeutics have typically less than 5%ID/g accumulation
in the tumor sites [50,51]. The high tumor DOX level achieved
by DOX-CLNPs is likely due to a combination of small size, low
drug leakage, long circulation time, and selective tumor homing,.
Importantly, DOX-CLNPs also reduced DOX accumulation in the
healthy organs particularly heart, liver, spleen, and lung as com-
pared to DOX-LPs, indicating that DOX-CLNPs can further reduce
the systemic side effects including cardiomyopathy and conges-
tive heart failure [52,53].

3.6. In vivo therapeutic efficacy

The therapeutic efficacy of DOX-CLNPs in MCF-7 human breast
tumor-bearing nude mice was investigated and compared with
DOX-LPs. The results showed that both DOX-CLNPs and DOX-LPs
could effectively inhibit tumor growth at a dosage of 7.5 mg DOX
equiv./kg (Fig. 5A). Importantly, DOX-CLNPs group exhibited no
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body weight loss (Fig. 5B), indicating that DOX-CLNPs have little
systemic toxicity. On the contrary, DOX-LPs group displayed con-
tinuous body weight loss, serious hand-foot syndrome, and even
death as from day 8. It is likely that the suppressed tumor growth
observed for DOX-LPs is partly due to their systemic toxic effect.
The Kaplan-Meier survival curves showed that DOX-CLNP group
all survived within an experimental period of 52 d (Fig. 5C). In
comparison, mice treated with DOX-LPs and PBS had median sur-
vival times of 13 d and 29 d, respectively. The short survival time
observed for DOX-LPs mainly results from their pronounced side
effects, while the short survival time for PBS treated group derives
from the fast tumor growth. The histological analysis using H&E
staining revealed that both DOX-CLNPs and DOX-LPs caused wide-
spread tumor cell necrosis characterized by nuclei lysis (Fig. 6). In
contrast to DOX-LPs that generated significant damage to liver
with obscure boundary of hepatic cells, heart with disorganized
cardiomyocyte structure, and kidney with inflammatory cell infil-
tration in renal interstitial, DOX-CLNPs resulted in little damage
to the healthy organs. For clinical use, it is of critical importance
for nanotherapeutics to possess a high therapeutic index. Here,
the maximum-tolerated dose (MTD) was evaluated by a single i.
v. administration of DOX-CLNPs and DOX-LPs in nude mice fol-
lowed by body weight measurement and toxicity observation for
12 d. Remarkably, DOX-CLNPs were shown to cause little mice
body weight loss even at a high dosage of 100 mg DOX equiv./kg
(Fig. 5D), indicating that DOX-CLNPs have an MTD of over
100 mg DOX equiv./kg, which is higher than most of the reported
DOX nanomedicines [54,55]. In contrast, DOX-LPs resulted in sig-
nificant body weight loss and obvious hand-foot syndrome at
20 mg DOX equiv./kg. Hence, DOX-CLNPs have at least 5 times
improvement of MTD over clinically used DOX-LPs, confirming that
DOX-CLNPs have superior tolerability. The remarkably high MTD of
DOX-CLNPs is likely due to their exceptional stability, selective
tumor accumulation, and low uptake in major organs. The broad
therapeutic window of DOX-CLNPs might allow effective treat-
ment of various malignancies without causing dose-limiting side
effects.
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Fig. 5. In vivo antitumor performance of DOX-CLNPs in MCF-7 human breast tumor-bearing nude mice. (A) Tumor volume changes of mice treated with DOX-CLNPs, DOX-LPs
and PBS, respectively. The drug was given on days 0, 3, 6, and 9 (dosage: 7.5 mg DOX equiv./kg in 0.2 mL PBS). Data are presented as mean + SD (n = 6). “#” denotes one mouse
died during treatment; (B) bodyweight changes of mice in different treatment groups within 22 d. Data are presented as mean + SD (n = 6); (C) survival rates of mice in
different treatment groups within 52 d; (D) maximum-tolerated dose (MTD) evaluated by a single i.v. administration of DOX-CLNPs and DOX-LPs in nude mice followed by

body weight measurement for 12 d. Data are presented as mean + SD (n = 6).
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Fig. 6. H&E staining assays of tumor, live, heart and kidney sections excised from tumor-bearing mice following 15 d treatment with DOX-CLNP, DOX-LPs, and PBS. The
images were obtained by a Leica microscope at magnification (400x). The arrows indicate destroyed cell morphology and vacuoles in cytoplasm in liver, disorganized cell

structure in heart, and inflammatory cell infiltration in renal interstitial, respectively.

4. Conclusions

We have demonstrated for the first time that doxorubicin-
loaded multifunctional nanoparticles based on hyaluronic acid-g-
poly(y-benzyl-L-glutamate)-lipoic acid conjugates, which are
derived from natural endogenous materials, possess a high drug
loading, superior stability, triggered cytoplasmic drug release, high
tolerability and therapeutic index, and enhanced tumor accumula-
tion and selectivity toward CD44-overexpressing tumors in vivo.
The therapeutic studies clearly show that these robust, fast biore-
sponsive and highly specific nanotherapeutics cause little side
effects and can effectively suppress tumor growth and drastically
improve the survival rate of CD44-posive MCF-7 human breast
tumor-bearing nude mice, greatly outperforming the clinically
used pegylated polymersomal doxorubicin. It should further be
noted that unlike previously reported multifunctional nanomedici-
nes, the present nanotherapeutics primarily based on natural
endogenous materials are simple and straightforward to fabricate.
This proof-of-concept study highlights that with rational design,
we are likely able to develop simple and multifunctional anticancer
nanotherapeutics to achieve better cancer chemotherapy with
reduced adverse effects.
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