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Reductively degradable α-amino acid-based poly-
(ester amide)-graft-galactose copolymers: facile
synthesis, self-assembly, and hepatoma-targeting
doxorubicin delivery†

Jiaolong Lv,a Huanli Sun,a Yan Zou,a Fenghua Meng,*a Aylvin A. Dias,b

Marc Hendriks,b Jan Feijena,c and Zhiyuan Zhong*a

Novel reductively degradable α-amino acid-based poly(ester amide)-graft-galactose (SSPEA-Gal) copoly-

mers were designed and developed to form smart nano-vehicles for active hepatoma-targeting doxo-

rubicin (DOX) delivery. SSPEA-Gal copolymers were readily synthesized via solution polycondensation

reaction of di-p-toluenesulfonic acid salts of bis-L-phenylalanine 2,2-thiodiethanol diester and bis-vinyl

sulfone functionalized cysteine hexanediol diester with dinitrophenyl ester of adipic acid, followed by

conjugating with thiol-functionalized galactose (Gal-SH) via the Michael addition reaction. SSPEA-Gal

formed unimodal nanoparticles (PDI = 0.10 − 0.12) in water, in which average particle sizes decreased

from 138 to 91 nm with increasing Gal contents from 31.6 wt% to 42.5 wt%. Notably, in vitro drug release

studies showed that over 80% DOX was released from SSPEA-Gal nanoparticles within 12 h under an

intracellular mimicking reductive conditions, while low DOX release (<20%) was observed for reduction-

insensitive PEA-Gal nanoparticles under otherwise the same conditions and SSPEA-Gal nanoparticles

under non-reductive conditions. Notably, SSPEA-Gal nanoparticles exhibited high specificity to asialogly-

coprotein receptor (ASGP-R)-overexpressing HepG2 cells. MTT assays using HepG2 cells showed that

DOX-loaded SSPEA-Gal had a low half maximal inhibitory concentration (IC50) of 1.37 μg mL−1, approach-

ing that of free DOX. Flow cytometry and confocal laser scanning microscopy studies confirmed the

efficient uptake of DOX-loaded SSPEA-Gal nanoparticles by HepG2 cells as well as fast intracellular DOX

release. Importantly, SSPEA-Gal and PEA-Gal nanoparticles were non-cytotoxic to HepG2 and MCF-7

cells up to a tested concentration of 1.0 mg mL−1. These tumor-targeting and reduction-responsive

degradable nanoparticles have appeared as an interesting multi-functional platform for advanced drug

delivery.

Introduction

Biodegradable polymers such as polyesters, polycarbonates,
and polypeptides are key biomaterials that play a pivotal role
in biomedical technology.1–6 In recent years, poly(ester amide)
s (PEAs), in particular α-amino acid-based PEAs, have emerged

as a novel class of biodegradable polymers that show a tremen-
dous potential in various biomedical applications including
implant coatings, gene delivery and tissue engineering.7–14 In
contrast to aliphatic polyesters such as poly(lactic acid) (PLA),
poly(ε-caprolactone) (PCL), and poly(glycolic acid) (PGA), PEAs
are highly functional and versatile in which polymers with
vastly different structures and functionalities along the main
chains and/or at the side chains have been reported.15–19 Unlike
other types of functional biodegradable polymers, α-amino acid-
based PEAs are conveniently prepared by solution polyconden-
sation reaction. It should further be noted that α-amino acid-
based PEAs are subjected to hydrolytic as well as enzymatic
degradation (e.g. by α-chymotrypsin).18,20–23 α-Amino acid-based
PEAs have elegantly combined unique features of polypeptides
and polyesters. Notably, in spite of their obvious advantages,
there are no reports on development of stimuli-responsive drug
delivery systems from α-amino acid-based PEAs.
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In the past several years, reduction-sensitive degradable
nanoparticles have received particular attention for enhanced
intracellular drug and protein delivery,24–28 taking advantage
of the fact that there is a high reducing potential inside the
tumor cells, which is about 2–3 orders of magnitude higher
than that in the extracellular environment including
blood.29,30 The work from different groups has demonstrated
that reduction-responsive polymeric nanocarriers exhibit sig-
nificantly improved in vitro and in vivo antitumor efficacy as
compared to their reduction-insensitive counterparts.31–34 The
synthesis of reduction-responsive biocompatible and bio-
degradable polymeric systems, nevertheless, is not straightf-
orward and often involves multiple steps. It should also be
noted that to enhance their tumor specificity, cellular uptake
and therapeutic efficacy, reduction-responsive biodegradable
nanoparticles are additionally obliged to be equipped with
specific targeting ligands.35–39

In this paper, we report on smart nano-vehicles based on
novel reduction-sensitive degradable α-amino acid-based poly-
(ester amide)-graft-galactose (SSPEA-Gal) copolymers for active
hepatoma-targeting doxorubicin (DOX) delivery (Scheme 1).
β-D-Galactose (Gal) is a specific targeting ligand to the asialo-
glycoprotein receptor (ASGP-R) on mammalian hepatocytes,
which provides a useful means for targeted chemotherapy of
liver cancers.40,41 Notably, galactosamine-PHPMA-GFLG-DOX
(PK2), the first active tumor-targeting polymeric nanomedi-
cine, has been translated to the human clinical trials.42 The
clinical results showed that liver-specific DOX delivery is
achievable using PK2 and targeting is witnessed in primary
hepatocellular tumors. Inspired by these clinical results, we
have recently designed and explored galactose-decorated
degradable nanocarriers for hepatoma-targeting anticancer
drug delivery in vitro38,39 as well as in vivo.43,44 In order to con-
struct hepatoma-targeting and reductively degradable nano-
particles, functional PEAs (SSPEA) containing multiple
disulfide linkages on their main chains and vinyl sulfone at
their side chains were designed and synthesized from solution
polycondensation reaction of di-p-toluenesulfonic acid salts of
bis-L-phenylalanine 2,2-thiodiethanol diester and bis-vinyl
sulfone functionalized cysteine hexanediol diester with dinitro-

phenyl ester of adipic acid. SSPEA-Gal could be readily
obtained by post-polymerization modification of SSPEA with
thiol-functionalized galactose via the Michael addition reac-
tion. Here, the synthesis of SSPEA-Gal copolymers, nanoparti-
cle preparation and DOX loading, reduction triggered drug
release, hepatoma targetability and in vitro anti-tumor activity
of DOX-loaded micellar nanoparticles have been investigated.

Experimental section
Materials

2,2-Thiodiethanol (TDE, 98%, ABCR), triethylamine (Et3N,
99%, Alfa Aesar), 1,4-dithio-DL-threitol (DTT, 99%, Merck), lacto-
bionic acid (LBA, 97%, Acros), L-phenylalanine (Phe, 99%,
Aladdin), 1,6-hexanediol (97%, Alfa Aesar), L-cysteine hydrochlo-
ride monohydrate (99%, Alfa Aesar), divinyl sulfone (95%,
Dalian Guanghui Chemical Co., Ltd, China), 2-mercaptoethyl-
amine hydrochloride (99%, Alfa Aesar), glutathione (reduced
form, GSH, 99%, Roche), p-toluenesulfonic acid monohydrate
(TsOH·H2O, 97.5%, J&K), and doxorubicin hydrochloride
(DOX·HCl, >99%, Beijing Zhongshuo Pharmaceutical Technol-
ogy Development Co., Ltd) were purchased and used as-
received. Toluene was dried by refluxing over sodium wire and
distilled prior to use. N,N-dimethyl formamide (DMF) and
dimethyl sulfoxide (DMSO) were dried by refluxing over CaH2

and distilled before use. Thiol-containing galactose (Gal-SH)
and dinitrophenyl ester of adipic acid (Di-NP-AA) were syn-
thesized according to previous reports.39,45 Other reagents were
of analytical grade and used without further purification.

Characterization
1H NMR spectra were recorded on a Unity Inova 400 spectro-
meter operating at 400 MHz using D2O or DMSO-d6 as the
solvent. The chemical shifts were calibrated against solvent
signals. The molecular weight and polydispersity of the copoly-
mers were determined by using a Waters 1515 gel permeation
chromatograph (GPC) instrument equipped with two linear
PLgel columns (500 Å and Mixed-C) following a guard column
and a differential refractive-index detector. The measurements

Scheme 1 Illustration of hepatoma-targeting reductively degradable nanoparticles based on SSPEA-Gal copolymers.
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were performed using DMF as the eluent at a flow rate of
1.0 mL min−1 at 30 °C and a series of narrow polystyrene stan-
dards for the calibration of the columns. Fourier transform
infrared spectroscopy (Varian 3600 FTIR) was performed using
a Thermo Scientific spectrophotometer with Omnic software
for data acquisition and analysis. Samples were ground into
KBr powder and pressed into discs prior to FTIR analysis. The
hydrodynamic sizes and size distribution of nanoparticles
were determined using dynamic light scattering (DLS) at 25 °C
by a Zetasizer Nano-ZS from Malvern Instruments equipped
with a 633 nm He/Ne laser using back-scattering detection.
Transmission electron microscopy (TEM) was performed using
a Tecnai G220 TEM operated at an accelerating voltage of 200
kV. The samples were prepared by dropping 10 μL of 0.1 mg
mL−1 nanoparticle suspension on the copper grid followed by
staining with 1 wt% phosphotungstic acid.

Synthesis of di-p-toluenesulfonic acid salt of L-phenylalanine
2,2-thiodiethanol diester (Phe(TDE)·2TsOH)

Phe(TDE)·2TsOH was synthesized via the reaction of L-phenyl-
alanine (L-Phe) with 2,2-thiodiethanol (TDE) in the presence of
p-toluenesulfonic acid monohydrate (TsOH·H2O). Briefly,
under a nitrogen atmosphere, L-Phe (6.00 g, 36.3 mmol), HES
(2.546 g, 16.5 mmol) and TsOH·H2O (6.909 g, 36.3 mol) in
92 mL of toluene (20 mL for Dean–Stark) were placed in a flask
equipped with a magnetic stirrer, a Dean–Stark apparatus and
a CaCl2 drying tube. The solid–liquid reaction mixture was
heated to reflux for 8 h until 1.25 mL of water was evolved and
the reaction mixture changed to ivory-white. 7 mL of ethanol
was added after the reaction mixture was cooled to below
60 °C. The mixture was further cooled to room temperature
(r.t.), filtered, washed twice using a mixture of toluene and
ethanol (10/1 v/v) and dried in vacuo at r.t. The product was
purified by re-crystallization from methanol/water (1/1 v/v)
three times. The final product Phe(TDE)·2TsOH was obtained
as white crystals. Yield: 78.7%. 1H NMR (DMSO-d6): δ 2.29 (6H,
CH3–Ph–SO3–), 2.86 (4H, –CH2–S–S–), 3.11 (4H, Ph–CH2–), 4.33
(6H, 4H of –COO–CH2–CH2–S–S– and 2H of +H3N–CH-
(CH2PH)–COO–), 8.41 (6H, +H3N–CH(CH2PH)–), 7.10–7.49
(18H, Ph). 13C NMR (100 MHz, DMSO-d6): δ 168.9 (–COO–CH2–

CH2–S–S–), 145.3, 137.8, 134.5, 127.3 (CH3–Ph–SO3–), 129.4,
128.4, 128.1, 125.4 (Ph–CH2–), 63.1 (–COO–CH2–CH2–S–S–),
53.2 (+H3N–CH(CH2PH)–COO–), 36.0 (–COO–CH2–CH2–S–S–),
35.5 (+H3N–CH(CH2PH)–), 20.8 (CH3–Ph–SO3–). Elemental ana-
lysis for Phe(TDE)·2TsOH (C36H44N2O10S4): C: 56.67%; H:
6.18%; N: 4.42%. Found: C: 56.85%; H: 5.94%; N: 4.53%. FTIR
(stretching vibration peaks) (cm−1): 3000 (–NH3

+), 1735 (–CO–),
1450, 1500 and 1600 (–Ph), 1202 (–SO3

−).
The synthesis of di-p-toluenesulfonic acid salt of L-phenyl-

alanine hexanediol ester (Phe(HD)·2TsOH) was conducted
similarly just replacing TDE with 1,6-hexanediol. Yield: 81.4%.

Synthesis of di-p-toluenesulfonic acid salt of vinyl sulfone
substituted cysteine ester (VSC(HD)·2TsOH)

Under a nitrogen atmosphere, to a methanol solution
(200 mL) of divinyl sulfone (29.40 g, 249 mmol), a solution of

cysteine hydrochloride monohydrate (3.364 g, 19.0 mmol) in
50 mL of methanol was added dropwise at 30 °C. After com-
pletion of addition, the reaction was allowed to proceed for
60 h in the dark. The resulting vinyl sulfone substituted
cysteine (VSC) was isolated by concentration, precipitation in
cold ethyl acetate and drying in vacuo. Yield: 69.4%. 1H NMR
(400 MHz, D2O): δ 6.36–6.95 (3H, vinyl), 4.22 (1H, NH3

+–CH-
(–CH2)–COO–), 3.57 (2H,–CH2–(Ov)SvO–), 3.19 (2H,
–CH–CH2–S–) and 2.97 (2H, –S–CH2–CH2–).

To synthesize VSC(HD)·2TsOH, VSC (1.00 g, 3.6 mmol), 1,6-
hexanediol (0.195 g, 1.6 mmol), TsOH·H2O (0.908 g, 4.8 mmol)
and 2-methoxyhydroquinone (10 mg) in 20 mL of toluene were
placed in a flask equipped with a magnetic stirrer, a Dean–
Stark apparatus and a CaCl2 drying tube. The solid–liquid reac-
tion mixture was heated to reflux for 8 h and the reaction
mixture was oily brown. The reaction mixture was cooled to r.t.
and the product was isolated by dissolving in methanol, pre-
cipitation in cold ether three times and drying in vacuo at r.t.
Yield: 85.8%. 1H NMR (400 MHz, D2O): δ 4.44 (2H, NH3

+–CH-
(–CH2)–COO–), 3.55 (4H, –CH2–SO2–), 3.25 (4H, –S–CH2–CH2–),
2.96 (4H, –CH–CH2–S–), 6.36–6.95 (6H, vinyl), 4.30 (4H, –COO–
CH2–), 1.73 (4H, –COO–CH2–CH2–), 1.43 (4H, –COO–CH2–

CH2–CH2–), 7.36, 7.70 (8H, Ph) and 2.40 (6H, CH3–Ph–SO3–).
13C NMR (100 MHz, DMSO-d6): δ 168.1 (–COO–CH2–CH2–

CH2–), 145.2, 137.9, 136.5, 130.5 (CH3–Ph–SO3–), 128.1
(CH2(CH)SO2CH2CH2S–), 125.1 (CH2(CH)SO2CH2CH2S–), 66.0
(–COO–CH2–CH2–CH2–), 52.8 (+H3N–CHCH2–), 51.8 (CH2(CH)-
SO2CH2CH2S–), 31.5 (–COO–CH2–CH2–CH2–), 27.8 (CH2(CH)-
SO2CH2CH2S–), 24.8 (+H3N–CHCH2–), 24.3 (–COO–CH2–CH2–

CH2–), 24.0 (CH3–Ph–SO3–). Elemental analysis for VSC
(HD)·2TsOH (C34H52N2O14S6): C: 44.18%; H: 6.18%; N: 3.82%.
Found: C: 44.35%; H: 6.09%; N: 3.62%.

Synthesis of SSPEA and reduction-insensitive PEA

SSPEA was synthesized via solution polycondensation reaction
of Phe(TDE)·2TsOH and VSC(HD)·2TsOH with dinitrophenyl
ester of adipic acid (Di-NP-AA).45 Briefly, under a nitrogen
atmosphere, to a Schlenk bottle equipped with a magnetic stir
bar were charged Phe(TDE)·2TsOH (0.2596 g, 0.3274 mmol),
VSC(HD)·2TsOH (0.2965 g, 0.3274 mmol), Di-NP-AA (0.2567 g,
0.6614 mmol), Et3N (0.203 mL, 1.455 mmol) and 0.35 mL of
DMF. After 20 min degassing with nitrogen flow, the reaction
vessel was sealed and immersed in an oil bath thermostated at
70 °C. The reaction was allowed to proceed for 48 h. The result-
ing polymer was isolated by dilution with DMF, precipitation
in ethyl acetate two times to remove nitrophenol, precipitation
in water to remove Et3N·TsOH and drying in vacuo at r.t. Yield:
32.4%. 1H NMR (400 MHz, DMSO-d6): δ 4.45 (–NH–CH(–CH2)–
COO–, –HN–CH(CH2Ph)–COO–), 3.55 (–CH2–SO2–), 3.05 (–S–
CH2–CH2–), 2.96 (–CH–CH2–S–), 6.36 (–CH2–SO2–CHvCH2),
6.95 (–CH2–SO2–CHvCH2), 4.10 (–COO–CH2–), 2.03 (–COO–
CH2–CH2–), 1.43 (–COO–CH2–CH2–CH2–), 2.86 (–CH2–S–S–),
3.01 (Ph–CH2–), 4.14 (–COO–CH2–CH2–S–S–), 8.24 (–HN–CH-
(CH2Ph)–), 7.10–7.4 (Ph), 7.44 (–Ph–NO2). Mn (1H NMR) =
5900 g mol−1. Mn (GPC) = 7700 g mol−1, PDI (GPC) = 1.46.

Paper Biomaterials Science

1136 | Biomater. Sci., 2015, 3, 1134–1146 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 0
8 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 S
oo

ch
ow

 U
ni

ve
rs

ity
 C

hi
na

 o
n 

23
/0

2/
20

17
 1

2:
39

:1
7.

 
View Article Online

http://dx.doi.org/10.1039/c4bm00436a


The synthesis of PEA and 1H NMR analysis were the same
as for SSPEA copolymers except that Phe(TDE)·2TsOH was
replaced with Phe(HD)·2TsOH. Yield: 48.4%. Mn (1H NMR) =
6800 g mol−1. Mn (GPC) = 8300 g mol−1, PDI (GPC) = 1.53.

Synthesis of SSPEA-Gal and PEA-Gal (reduction-insensitive
control)

Under a nitrogen atmosphere, to a Schlenk flask equipped
with a magnetic stir bar were charged SSPEA (118 mg,
0.210 mmol of vinyl sulfone), Gal-SH (219 mg, 0.525 mmol),39

and DMSO (3 mL). After 20 min degassing with nitrogen flow,
the reaction vessel was sealed and immersed in an oil bath
thermostated at 30 °C. The reaction was allowed to proceed for
24 h. The crude product was purified by dialysis (MWCO 1000)
against deionized water at r.t. for 48 h and lyophilization.
Yield: 64.7%. 1H NMR (400 MHz, DMSO-d6): δ 8.24 (–HN–CH-
(CH2Ph)–), 7.10–7.4 (Ph), 4.8–5.4 (Gal), 4.45 (–NH–CH(–CH2)–
COO–, –HN–CH(CH2Ph)–COO–), 4.14 (–COO–CH2–CH2–S–S–),
4.10 (–COO–CH2–), 3.55 (–CH2–SO2–), 3.05 (–S–CH2–CH2–),
3.01 (Ph–CH2–), 2.96 (–CH–CH2–S–), 2.86 (–CH2–S–S–), 2.03
(–COO–CH2–CH2–), 1.43 (–COO–CH2–CH2–CH2–).

PEA-Gal was synthesized in a similar way except using PEA
to replace SSPEA. Yield: 70.6%.

Micelle formation and critical aggregation concentration (CAC)
determination

SSPEA-Gal and PEA-Gal micellar nanoparticles were prepared
by dropwise addition of 0.8 mL water to 0.2 mL of copolymer
solution (0.1 wt%) in DMSO under constant stirring at r.t. fol-
lowed by extensive dialysis (Spectra/Pore, MWCO 7000) against
deionized water with 5 times change of dialysis medium. The
size was determined by DLS and CAC by fluorometry using
pyrene as a fluorescent probe.38,39,44

The colloidal stability of SSPEA-Gal nanoparticles in PBS
(pH 7.4, 10 mM, 150 mM NaCl) containing 10% serum was
monitored by DLS at 37 °C in terms of the changes in size and
size distribution.

Reduction-triggered destabilization of SSPEA-Gal
nanoparticles

Briefly, to 1.5 mL SSPEA-Gal nanoparticles in PBS at 37 °C was
added GSH (final GSH concentration is 10 mM). The solution
was shaken at 200 rpm at 37 °C. At different time intervals, the
changes in size and size distribution of nanoparticles were
determined by DLS. SSPEA-Gal nanoparticle dispersions in the
absence of GSH and PEA-Gal nanoparticle dispersions in the
presence of 10 mM GSH were used as controls.

Encapsulation and reduction-triggered release of DOX

In this study, desalted DOX was used as a model hydrophobic
anticancer drug. DOX was obtained by desalting DOX·HCl
using triethylamine in DMSO. DOX-loaded nanoparticles were
prepared by dropwise addition of 0.8 mL deionized water to a
solution of SSPEA-Gal or PEA-Gal copolymers in DMSO (2 mg
mL−1, 0.2 mL) containing 80 μg DOX (theoretical DOX loading
content is 16.7 wt%) under stirring, followed by dialysis

(MWCO of 3500) against deionized water at r.t. for 10 h with
the dialysis medium changed 5 times. To determine drug
loading content (DLC) and drug loading efficiency (DLE),
100 μL of DOX-loaded nanoparticles were freeze-dried, dis-
solved in 3 mL of DMSO and analyzed with fluorescence spec-
troscopy (FLS920, ex. 480 nm), wherein the calibration curve
was obtained with DOX solutions with different concentrations
in DMSO. DLC and DLE were determined according to the fol-
lowing formula:

DLC ðwt%Þ ¼ ðweight of loaded drug=total weight of loaded

drug and polymerÞ � 100

DLE ð%Þ ¼ ðweight of loaded drug=weight of drug in feedÞ
� 100:

The in vitro release profiles of DOX from SSPEA-Gal nano-
particles were studied at 37 °C in PBS (10 mM, pH 7.4) with
10 mM GSH or PBS only. 0.5 mL of the above nanoparticles
was transferred to dialysis tubes (MWCO 12 000–14 000), which
were immersed into 20 mL of the corresponding buffer. The
release medium was stirred at 37 °C. At desired time intervals,
5 mL release medium was taken out and replenished with an
equal volume of fresh medium. The amount of DOX released
was determined by using fluorescence measurement (FLS920,
ex. 480 nm). The release experiments were conducted in tripli-
cate and the results presented are the average data with stan-
dard deviations.

MTT assays

The antitumor activity of DOX-loaded hepatoma-targeting
SSPEA-Gal nanoparticles in ASGP-R over-expressing human
hepatoblastoma cell line (HepG2) was studied by MTT assays.
MCF-7 cells (low ASGP-R expression) were used as a negative
control. In brief, HepG2 or MCF-7 cells were seeded into a 96-
well plate (1.0 × 104 cells per well) under a 5% CO2 atmosphere
at 37 °C in 90 μL of DMEM containing 10% FBS, 1% L-gluta-
mine, antibiotics penicillin (100 IU mL−1) and streptomycin
(100 mg mL−1) for 24 h. The medium was replaced by 90 μL of
fresh DMEM medium, and 10 μL of DOX-loaded SSPEA-Gal
nanoparticle dispersion, DOX-loaded PEA-Gal nanoparticle
dispersion, or free DOX solution (DOX concentrations from 1.0
× 10−3 to 20 μg mL−1) was added. The cells were cultured in
DMEM medium at 37 °C under a 5% CO2 atmosphere for
another 48 h. 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazoliumbromide (MTT) solution (5 mg mL−1 in PBS)
was added and incubated for 4 h at 37 °C. The media were
aspirated, and 150 μL of DMSO was added to dissolve the
MTT-formazan generated by live cells. The optical density was
measured using a microplate reader (Multiskan FC, Thermo
Scientific). The relative cell viability (%) was determined by
comparing the absorbance at 570 nm with control wells con-
taining only cell culture medium. Data are presented as
average ± SD (n = 4). The statistical significance was evaluated
using Student’s t-test.
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To evaluate the specificity of DOX-loaded SSPEA-Gal nano-
particles to HepG2 cells, 10 μL of DOX-loaded nanoparticle dis-
persion or free DOX solution was added into HepG2 or MCF-7
cells in 96-well plates (1 × 104 cells per well) and incubated for
4 h. The medium was replaced by 100 μL of fresh DMEM
medium and the cells were cultured for another 44 h. After
that, the cell viability was determined in a similar way as
described above.

For competitive inhibition experiments, HepG2 and MCF-7
cells were pretreated with lactobionic acid (LBA, 2 mg mL−1)
for 4 h to block the ASGP-R receptors on the cell surface before
adding DOX-loaded SSPEA-Gal nanoparticles.

The cytotoxicity of SSPEA-Gal42 and PEA-Gal42 micellar
nanoparticles to HepG2 and MCF-7 cells was determined in a
similar way at varying nanoparticle concentrations of 0.2, 0.4,
0.6, 0.8 and 1.0 mg mL−1.

Cellular uptake and intracellular DOX release studied by CLSM

MCF-7 or HepG2 cells were cultured on microscope coverslips
in a 24-well plate (5 × 104 cells per well) under a 5% CO2

atmosphere at 37 °C using DMEM medium containing 10%
FBS, 1% L-glutamine, antibiotics penicillin (100 IU mL−1) and
streptomycin (100 mg mL−1). After 24 h, the medium was
replaced by 450 μL of fresh DMEM and 50 μL of prescribed
amounts of DOX-loaded SSPEA-Gal nanoparticles, DOX-loaded
PEA-Gal nanoparticles or free DOX (dosage: 10 μg DOX equiv.
mL−1). The cells were incubated for 4 h at 37 °C in a humidi-
fied 5% CO2-containing atmosphere. The culture medium was
removed and the cells on the coverslips were rinsed three
times with PBS. The cells were fixed with 4% paraformalde-
hyde and the cell nuclei were stained with DAPI. The fluo-
rescence images of cells were obtained with a confocal laser
scanning microscope (Leica, TCS SP5).

Flow cytometry studies

HepG2 cells were seeded onto 6-well plates (1 × 106 cells per
well) for 24 h using 2 mL DMEM medium containing 10%
FBS, 1% L-glutamine, antibiotics penicillin (100 IU mL−1) and
streptomycin (100 mg mL−1). After 24 h incubation, the
medium was replaced by 1.8 mL of fresh DMEM and 0.2 mL of
DOX-loaded SSPEA-Gal nanoparticles, DOX-loaded PEA-Gal
nanoparticles or free DOX (dosage: 10 μg DOX equiv. mL−1).
After 4 h incubation at 37 °C, the cells were digested by 0.25%
w/v trypsin/0.03% w/v EDTA. The suspensions were centrifuged
at 2000 rpm for 8 min, pelleted in Eppendorf tubes, washed
twice with cold PBS, and then resuspended in 500 μL of PBS.
Fluorescence histograms were recorded with a BD FACSCalibur
(Becton Dickinson, USA) flow cytometer and analyzed using
Cell Quest software. 10 000 gated events were analyzed to gene-
rate each histogram and the gate was arbitrarily set for the
detection of DOX fluorescence.

For competitive inhibition experiments, HepG2 cells were
pretreated with LBA (2 mg mL−1) for 4 h before adding DOX-
loaded SSPEA-Gal nanoparticles to block the ASGP-R receptors
on the cell surface. The media were aspirated and replaced by

fresh cell culture media. After that, the same procedure was
carried out as described above.

Results and discussion
Synthesis of SSPEA-Gal copolymers

SSPEA-Gal copolymers were synthesized in two steps: (i) solu-
tion polycondensation reaction of di-p-toluenesulfonic acid
salts of bis-L-phenylalanine 2,2-thiodiethanol diester (Phe-
(TDE)·2TsOH) and bis-vinyl sulfone functionalized cysteine
hexanediol diester (VSC(HD)·2TsOH) with dinitrophenyl ester
of adipic acid (Di-NP-AA), providing the VS-functionalized
SSPEAs; and (ii) treatment of VS-functionalized SSPEAs with
thiolated galactose (Gal-SH) (Scheme 2). Phe(TDE)·2TsOH was
readily obtained by esterification reaction between L-Phe and
TDE in the presence of p-toluenesulfonic acid (Scheme S1†).
1H NMR showed characteristic signals of TDE (δ 2.86 and 4.21)
and L-Phe (δ 3.11, 4.33, 7.10–7.49 and 8.42) moieties
(Fig. S1A†). The signals at δ 3.8 assignable to the methylene
protons of TDE next to the hydroxyl group completely dis-
appeared and new resonance emerged at δ 4.21, indicating
quantitative esterification. The signals at δ 3.11, 2.86, and
2.29 had an integral ratio close to the theoretical value
(2 : 2 : 3). 13C NMR and elemental analysis results further con-
firmed the successful synthesis of Phe(TDE)·2TsOH (Fig S1B†).

VSC(HD)·2TsOH was prepared by treating cysteine hydro-
chloride with divinyl sulfone to yield vinyl sulfone substituted
cysteine (VSC), followed by esterification with 1,6-hexanediol
(Scheme S2†). The structure of VSC has been confirmed by 1H
NMR (Fig. S2†) and FTIR (Fig. S4†). 1H NMR of VSC
(HD)·2TsOH showed characteristic peaks of VSC moieties at δ
2.97, 3.57 and 6.3–6.95, 1,6-hexanediol moieties at δ 1.43 and
1.73, and TsOH at δ 7.36 and 7.70 (Fig. S3A†). The integral
ratio of peaks at δ 1.73, 3.25, and 4.44 was close to the theore-
tical value of 2 : 2 : 1. 13C NMR and elemental analysis results
corroborated the successful synthesis of VSC(HD)·2TsOH (Fig
S3B†).

The solution polycondensation reaction was carried out in
DMF at 70 °C at a fixed [Di-NP-AA]/[Phe(TDE)·2TsOH + VSC
(HD)·2TsOH] molar ratio of 1.01/1 and [Phe(TDE)·2TsOH]/[VSC-
(HD)·2TsOH] molar ratio of 7/3 or 5/5 (Table 1). 1H NMR of the
resulting SSPEA polymer displayed resonances assignable to
Di-NP-AA moieties (δ 2.00 and 1.43), Phe(TDE) moieties
(δ 2.86, 3.01, 4.24, 4.45, 7.20 and 8.24) and VSC(HD) moieties
(δ 1.33, 1.73, 2.96, 3.25, 3.55, 4.3, 4.45, 6.36–6.95) (Fig. 1A). The
molar ratio of [Phe(TDE)]/[VSC(HD)] in the copolymers could
be determined by comparing the integrals of signals at δ 4.45
and 6.36. The DP and number-average molecular weight (Mn)
were determined from 1H NMR end group analysis by compar-
ing the integrals of signals at δ 6.36 and 7.45 (p-nitrophenol
end groups). The results showed that thus-obtained copoly-
mers had compositions close to the design (Table 1). The Mn

decreased from 6.9 to 5.9 kg mol−1 with decreasing [Phe-
(TDE)·2TsOH]/[VSC(HD)·2TsOH] molar ratios from 7/3 to 5/5.
The Mn determined by GPC, though showed some deviation
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likely due to use of polystyrene as standards, was in parallel
with that from 1H NMR end group analysis. These SSPEA co-
polymers had moderate polydispersity indexes of 1.43–1.46.

The post-polymerization modification of SSPEA with Gal-SH
was carried out in DMSO at r.t. for 24 h, which readily yielded
SSPEA-Gal graft copolymers. 1H NMR showed that new peaks
assignable to galactose moieties appeared at δ 3.6–3.8 and
4.7–5.4, while signals attributable to vinyl protons at
δ 6.36–6.95 completely disappeared, corroborating quantitative
coupling of Gal-SH (Fig. 1B). By using SSPEAs with different
VSC contents in Table 1, SSPEA-Gal copolymers with different
Gal contents of 31.6 wt% and 42.5 wt% were obtained accord-
ingly (Table 2).

Using the same method, reduction-insensitive PEA-Gal was
synthesized based on PEA with a [Phe(HD)]/[VSC(HD)] molar
ratio of 4.8/5.2, Mn (1H NMR) of 6.8 kg mol−1, and a moderate
PDI of 1.53 (Table 1, entry 3).

Preparation of SSPEA-Gal nanoparticles, drug loading, and
in vitro drug release

Micellar nanoparticles were readily prepared by the solvent
exchange method. Similar to PCL-g-SS-Gal graft copolymers,39

SSPEA-Gal copolymers are stabilized by the hydrophilic Gal
shells. The dynamic light scattering (DLS) measurements
showed that all SSPEA-Gal copolymers self-assembled into
nano-sized micellar particles with a unimodal distribution
(Fig. 2A). The average sizes of SSPEA-Gal nanoparticles

Scheme 2 Synthesis of SSPEA-Gal copolymers. Conditions: (i) Et3N, DMF, 70 °C, 2 d; (ii) Gal-SH, DMSO, r.t., 24 h.

Table 1 Characteristics of SSPEA and PEA with different compositions

Entry Polymer

[Phe(TDE)]/[VSC(HD)]
or [Phe(HD)]/[VSC
(HD)] ratio Mn (g mol−1)

Mw/Mn
dDesigna Determinedb 1H NMRc GPCd

1 SSPEA 7/3 6.9/3.1 6900 9200 1.43
2 5/5 4.6/5.4 5900 7700 1.46
3 PEA 5/5 4.8/5.2 6800 8300 1.53

aMolar ratio of Phe(TDE) or Phe(HD) to VSC(HD) in feed. bMolar ratio
of Phe(TDE) or Phe(HD) to VSC(HD) determined by 1H NMR.
cDetermined by 1H NMR end group analysis. Mn was calculated
according to the following formula: Mn = M1 × X + M2 × Y + M3, where
X and Y representing numbers of Phe(TDE) containing repeating unit
(repeating unit 1) and VSC(HD) containing repeating unit (repeating
unit 2) were obtained by comparing the integrals of signals at δ 4.45
and 6.36, respectively, to those at δ 7.45 (p-nitrophenol end groups).
M1, M2 and M3 representing the molecular weights of repeating units
1 and 2, and Di-NP-AA are equal to 558, 670 and 388 g mol−1,
respectively. dDetermined by GPC (eluent: DMF, flow rate: 0.5 mL
min−1, standards: polystyrene).
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decreased from ca. 138 to 91 nm with Gal contents increasing
from 31.6 wt% to 42.5 wt% (Table 2). The increase in Gal
content would lead to increase of steric repulsion and decrease
of hydrophobic interactions, which favors formation of micel-

lar nanoparticles with decreased micelle aggregation numbers
and hence smaller particle sizes. The nanoparticles were
denoted as SSPEA-GalX, wherein X represents the Gal content
in weight percentage. TEM micrograph displayed that SSPEA-

Fig. 1 1H NMR spectra (400 MHz, DMSO-d6) of SSPEA (A) and SSPEA-Gal (B).
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Gal42 nanoparticles had an average size of ca. 65 nm (Fig. 2B),
which was somewhat smaller than that determined by DLS
likely due to shrinkage of nanoparticles upon drying. The criti-

Table 3 DOX loading content and loading efficiency of nanoparticles

Nanoparticles

DLC (wt%)

DLE (%) Sizeb (nm) PDIbTheory Determineda

SSPEA-Gal42 4.8 4.1 86.4 105 ± 2 0.12
9.1 7.3 78.7 122 ± 3 0.13

16.7 11.9 67.5 143 ± 3 0.16
PEA-Gal42 4.8 4.0 84.2 112 ± 4 0.11

9.1 7.5 81.5 133 ± 5 0.15
16.7 12.4 70.5 154 ± 3 0.18

aDetermined by fluorescence measurement. b Size and PDI of DOX-
loaded nanoparticles were determined by DLS.

Table 2 Characteristics of SSPEA-Gal and PEA-Gal micellar
nanoparticles

Entry Nanoparticles
Gal content
(wt%)

Sizea

(nm) PDIa
CACb

(mg L−1)

1 SSPEA-Gal32 31.6 138 ± 3 0.12 8.56
2 SSPEA-Gal42 42.5 91 ± 3 0.10 3.47
3 PEA-Gal42 42.4 97 ± 2 0.09 2.58

aDetermined by DLS. bDetermined by fluorescence measurement.

Fig. 2 DLS and TEM measurements of SS-PEA-Gal and PEA-Gal nanoparticles. (A) Size distribution profiles of SSPEA-Gal and PEA-Gal nanoparticles
determined by DLS; (B) TEM micrograph of SSPEA-Gal42 nanoparticles; (C) size change of SSPEA-Gal42 nanoparticles in response to 10 mM GSH in
PBS (10 mM, pH 7.4) measured by DLS; and (D) the change of count rate of SSPEA-Gal42 at a concentration of 0.5 mg mL−1 in PBS (10 mM, 150 mM
NaCl) containing 10% serum at pH 7.4 and 37 °C with or without 10 mM GSH monitored by DLS.
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cal aggregation concentration (CAC) was 3.47 and 8.56 mg L−1

for SSPEA-Gal42 and SSPEA-Gal32, respectively. In comparison,
PEA-Gal42 nanoparticles were 97 nm in diameter and had a
CAC of 2.58 mg L−1 (Table 2).

To investigate their reduction-sensitivity, the size change of
SSPEA-Gal nanoparticles in PBS at pH 7.4 in response to
10 mM GSH was monitored over time. The results showed that

the size of SSPEA-Gal42 nanoparticles increased from 91 nm
to 190 nm in 0.5 h, reaching over 600 nm after 2 h (Fig. 2C). In
contrast, little size change was observed for SSPEA-Gal42 nano-
particles in 24 h under non-reductive conditions as well as for
reduction-insensitive PEA-Gal42 nanoparticles in the presence
of 10 mM GSH in 24 h (Fig. S5†). It should further be noted
that SSPEA-Gal42 nanoparticles were rather stable in 10%
serum containing PBS at 37 °C, as revealed by little change in
the count rate (scattering intensity) in 12 h (Fig. 2D). In con-
trast, the count rate dropped significantly in the presence of
10 mM GSH under otherwise the same conditions, in agree-
ment with reduction-triggered shedding of Gal shells and
destabilization of nanoparticles.

SSPEA-Gal nanoparticles showed decent DOX loading
capacity with drug loading contents (DLCs) of 4.1, 7.3 and
11.9 wt%, which corresponded to drug loading efficiencies
(DLEs) of 86.4%, 78.7% and 67.5%, at theoretical DLCs of 4.8,
9.1 and 16.7 wt%, respectively, for SSPEA-Gal42 nanoparticles
(Table 3). The size increased from ca. 105 to 143 nm with
increasing drug loading levels. The size distributions, however,
remained low (PDI = 0.12 − 0.16). PEA-Gal42 nanoparticles
exhibited similar DOX loading and particle sizes.

The in vitro drug release studies showed that under intra-
cellular-mimicking reductive conditions (in PBS at pH 7.4 and
37 °C in the presence of 10 mM GSH), DOX was rapidly dis-
charged from SSPEA-Gal42 nanoparticles, in which ca. 50%
and 80% DOX was released in 2 and 12 h, respectively (Fig. 3).
In contrast, less than 20% drug release was observed in 12 h
for reduction-insensitive PEA-Gal42 nanoparticles under other-
wise the same conditions and for SSPEA-Gal42 nanoparticles
under non-reductive conditions.

Fig. 3 The in vitro DOX release from SSPEA-Gal42 nanoparticles in PBS
(pH 7.4, 10 mM, 150 mM NaCl) in the presence or absence of 10 mM
GSH at 37 °C. DOX release from PEA-Gal42 nanoparticles in the pres-
ence of 10 mM GSH was used as the control (n = 3). The initial micelle
concentration was fixed at 0.2 mg mL−1.

Fig. 4 The antitumor activity of DOX-loaded SSPEA-Gal42 and PEA-Gal42 to HepG2 cells (A) and MCF-7 cells (B). Free DOX was used as a control.
The cells were incubated with DOX-loaded nanoparticles or free DOX for 48 h at DOX concentrations ranging from 1.0 × 10−3 to 20 μg mL−1. Data
are presented as the average ± SD (n = 4).
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Targeted antitumor activity of DOX-loaded SSPEA-Gal
nanoparticles

The anti-tumor activity of DOX-loaded SSPEA-Gal was investi-
gated using MTT assays in ASGP-R over-expressing HepG2
cells. MCF-7 cells with low ASGP expression were used as a
negative control. The results demonstrated that DOX-loaded
SSPEA-Gal42 exhibited a high anti-tumor effect on HepG2 cells
following 48 h incubation with a half maximal inhibitory con-
centration (IC50) of 1.37 μg DOX equiv. mL−1, which was over
6 times lower than that of DOX-loaded reduction-insensitive
PEA-Gal42 counterparts (Fig. 4A). Given the fact that SSPEA-
Gal42 and PEA-Gal42 nanoparticles have similar surface pro-
perties, the lower IC50 is most probably due to the fast intra-
cellular drug release from DOX-loaded SSPEA-Gal42 triggered
by cytoplasmic GSH. In accordance with this, DOX-loaded
SSPEA-Gal42 also displayed much higher anti-tumor activity
than DOX-loaded PEA-Gal42 toward MCF-7 cells (Fig. 4B). It is
noted that DOX-loaded SSPEA-Gal42 showed obviously higher
cytotoxicity to HepG2 cells than to MCF-7 cells (IC50 1.37 vs.
3.64 μg DOX equiv. mL−1), supporting specific recognition and
efficient cellular uptake of SSPEA-Gal42 by the ASGP receptor
overexpressing HepG2 cells. Moreover, DOX-loaded SSPEA-
Gal42 exhibited much higher antitumor effect in HepG2 cells
as compared to DOX-loaded SSPEA-Gal32 (IC50 1.37 vs. 4.99 μg
DOX equiv. mL−1) (Fig. 4), signifying that the Gal density plays
an important role in the targetability and cytotoxicity of DOX-
loaded SSPEA-Gal nanoparticles to HepG2 cells.

The targetability of DOX-loaded SSPEA-Gal42 to HepG2
cells was further confirmed by competitive inhibition exper-
iments. The results revealed that pretreating HepG2 cells with
free LBA, thereby blocking ASGP-R receptors, led to a signifi-
cant increase of cell viability from ca. 59% to 89% (Fig. 5A). In
contrast, the LBA pretreatment had little influence on the cyto-

toxicity of SSPEA-Gal42 to MCF-7 cells (Fig. 5B). These results
point out that SSPEA-Gal possesses excellent targetability to
HepG2 cells and can efficiently deliver and release DOX into
target cells inducing effective cell death. It is noteworthy that
both SSPEA-Gal42 and PEA-Gal42 were practically nontoxic to
HepG2 and MCF-7 cells (cell viabilities >92%) up to a tested
concentration of 1.0 mg mL−1 (Fig. S6†). The potential degra-
dation product, mercaptoethanol, following complete degra-
dation of the SSPEA-Gal42 polymer might cause a toxic effect.

Fig. 5 Cytotoxicity of DOX-loaded SSPEA-Gal42, PEA-Gal42 nanoparticles and free DOX to HepG2 cells (A) and MCF-7 cells (B) (DOX dosage:
10 μg mL−1). The cells were either pretreated with LBA (+LBA) for 4 h or without pretreatment (−LBA). The cells were incubated with DOX-loaded
nanoparticles or free DOX for 4 h, the medium was replaced with fresh medium, and the cells were further cultured for 44 h. Data are presented as
the average ± SD (n = 4, Student’s t-test, ***p < 0.001).

Fig. 6 Flow cytometric analysis on the cellular internalization of DOX-
loaded SSPEA-Gal42 and DOX-loaded PEA-Gal42 into HepG2 cells and
LBA pretreated HepG2 cells (+LBA) following 24 h incubation (DOX
dosage: 10 μg DOX equiv. mL−1, micelle concentration: 0.2 mg mL−1,
cell counts of 10 000). HepG2 cells and free DOX were used as controls.
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The observed low cytotoxicity of SSPEA-Gal42 nanoparticles is
possibly due to the fact that polymers were degraded into mer-
captoethanol derivatives and there was little mercaptoethanol
if present.

Cellular uptake and intracellular drug release

The cellular uptake and intracellular release of DOX from
SSPEA-Gal42 nanoparticles were evaluated using flow cytome-
try and CLSM. The flow cytometry results showed that the cel-
lular DOX level in HepG2 cells treated with DOX-loaded
SSPEA-Gal42 was ca. 3-fold higher than that with DOX-loaded
PEA-Gal42 (reduction-insensitive control) (Fig. 6). Previous
studies have shown that fluorescence of DOX inside nanoparti-
cles is largely self-quenched.46 The higher cellular DOX level
observed for DOX-loaded SSPEA-Gal42 is most likely related to

its fast DOX release inside HepG2 cells. The competitive inhi-
bition experiments showed that pretreatment of HepG2 cells
with free LBA resulted in an obviously decreased cellular DOX
level (Fig. 6), supporting that DOX-loaded SSPEA-Gal42 is inter-
nalized by HepG2 cells via a receptor-mediated mechanism.

CLSM studies demonstrated that strong DOX fluorescence
was observed in HepG2 cells following 4 h incubation with
DOX-loaded SSPEA-Gal42, and a significant amount of DOX
entered the nuclei (Fig. 7A), which was similar to HepG2 cells
treated with free DOX (Fig. 7D), in accordance with efficient
cellular uptake and intracellular drug release. In comparison,
much less DOX fluorescence was detected in the nuclei of
MCF-7 cells following 4 h treatment with DOX-loaded SSPEA-
Gal42 under otherwise the same conditions (Fig. 7B). More-
over, weak DOX fluorescence was observed in HepG2 cells

Fig. 7 CLSM images of HepG2 cells treated with DOX-loaded SSPEA-Gal42 (A), MCF-7 cells treated with DOX-loaded SSPEA-Gal42 (B), HepG2 cells
treated with DOX-loaded PEA-Gal42 (C), and HepG2 cells treated with free DOX (D). The cells were incubated with drug-loaded nanoparticles or
free DOX for 4 h (DOX dosage: 10 μg DOX equiv. mL−1). For each panel, the images from left to right were cell nuclei stained with DAPI (blue), DOX
fluorescence (red), and overlays of the above two images. The scale bars represents 20 μm.
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treated with DOX-loaded PEA-Gal42 (Fig. 7C), confirming the
significant role of reductive degradation in intracellular DOX
release. These results corroborate that SSPEA-Gal42 have high
targetability to HepG2 cells and efficient intracellular drug
release. The superior specificity and antitumor efficacy toward
hepatocellular carcinoma cells, low cytotoxicity, and facile
preparation render SSPEA-Gal nanoparticles interesting for tar-
geted chemotherapy of hepatocellular carcinoma in vivo.

Conclusions

We have demonstrated that galactose-decorated reduction-sen-
sitive degradable nanoparticles prepared from α-amino acid-
based poly(ester amide)-graft-galactose graft copolymers
(SSPEA-Gal) present superior specificity and antitumor activity
to HepG2 cells. These smart yet simple nano-vehicles offer
several attractive features: (i) α-amino acid-based SSPEA-Gal
are biodegradable and nontoxic, and can be readily prepared
with tunable galactose densities; (ii) SSPEA-Gal form small-
sized micellar nanoparticles with decent drug loading
capacity, in which galactose acts as a hydrophilic shell and
reduction-sensitive enzymatically degradable poly(ester amide)
as a hydrophobic core; and (iii) DOX-loaded nanoparticles
show apparent targetability to hepatoma cells as well as fast
intracellular DOX release, resulting in high specificity and anti-
tumor effect on hepatocellular carcinoma cells in vitro. This
study presents a novel and versatile strategy to fabricate tumor-
targeting nanoparticles, i.e. grafting a hydrophilic targeting
ligand onto a stimuli-sensitive degradable polymer backbone.
In the following studies, we will study the in vivo targeting and
therapeutic performance of DOX-loaded nanoparticles in the
treatment of human hepatoma xenografts in nude mice.
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