
Chinese Chemical Letters 31 (2020) 1173–1177

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier .com/ locate /cc let
[5_TD$DIFF]Communication
Galactose-modified enzymatic synthesis of poly(amino-co-ester)
micelles for co-delivery miR122 and sorafenib to inhibit hepatocellular
carcinoma development

Jianhua Xie1, Yao Lu1, Baiqing Yu, Jun Wu*, Jie Liu*
School of Biomedical Engineering, Sun Yat-sen University, Guangzhou [6_TD$DIFF]510006, China
A R T I C L E I N F O

Article history:

Received 25 September 2019
Received in revised form 22 October 2019
Accepted 24 October 2019
Available online 30 October 2019
Keywords:
Micelles
miR122
Sorafenib
Hepatocellular carcinoma
Co-delivery
* Corresponding authors.
E-mail addresses:wujun29@mail.sysu.e

(J. Liu).
1 These authors contributed equally to t

https://doi.org/10.1016/j.cclet.2019.10.030
1001-8417/© 2019 Chinese Chemical Socie
du.cn (J. Wu

his work.

ty and Inst
[8_TD$DIFF]A B S T R A C T

Nanomaterials as drug carriers hold promise for the treatment of carcinomas, but integrating multiple
functions into a single vector is difficult. In this study, we aim to develop efficient materials as vectors for
co-delivery of microRNA-122 (miR-122) and sorafenib (SRF). We successfully synthesized amphiphilic
galactose-modified PEGylated poly(amino-co-ester) (Gal-PEG-PPMS) copolymers consisted of hydro-
philic Gal-PEG5k chain segments and hydrophobic poly(v-pentadecalactone-co-N-methyldiethylene-
amine-co-sebacic acid) chain segments, which self-assembled to form cationic micelles at pH 5.2. The
results showed that the micelles could encapsulate SRF and bind miR122 simultaneously, increase
cellular uptake efficiency. Furthermore, the micelles showed favorable transfection efficiency in
enhancingmiR122 expression level, themigration and invasion ability of hepatocellular carcinoma (HCC)
cells were significantly inhibited after being transfectedwithmiR122-loadedmicelles. Most importantly,
the co-delivery micelles decreased cell activities of HepG2 cells, which was more effective than miR122
or SRF loaded micelles alone. Collectively, Gal-PEG-PPMS nanoparticles are promising multifunctional
carriers for miR122 and SRF co-delivery system to treat HCC.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hepatocellular carcinoma (HCC) is one of the most common
malignancies [1] and the survival rate of HCC patients is very poor,
because most of the patients are diagnosed at the advanced stage,
which is not suitable for hepatic transplantation, surgical resection
and eradicative treatment [2]. Kinase inhibitor sorafenib (SRF) is
the most widely used drug for advanced hepatocellular carcinoma,
improving overall survival by inhibiting HCC cells proliferation and
angiogenesis. Yet the therapeutic effects are seriously limited due
to drug resistance [3]. Recent studies found several mechanisms
are involved in the resistance, such as crosstalk between VEGFR/
MAPK and other signal pathways, including PI3K/Akt and JAK-STAT
[4]. As a result, drug resistance can be overcome by targeting
relative pathways.

MicroRNA-122 (miR122) is a liver-specific microRNA and
considered as tumor suppressor microRNA which inhibits migra-
tion, invasion, epithelial-mesenchymal transition (EMT), angio-
genesis and the ability to form tumors [5]. Importantly, it is
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reported that restoration of miR122 sensitizes HCC cells to
therapeutic drug [6]. Further study found that miR122 sensitizes
hepatocellular carcinoma cells to SRF by targeting IGF1R to
regulate MAPK pathway [7]. Thus, combination of SRF and miR122
has synergistic effects against HCC cells. However, a safe and
efficient strategy to co-deliver bothmiR122 and SRF to disease sites
is needed.

For decades, nanoparticle-based drug delivery systems (NDDSs)
have attracted much attention for its unique property. Encapsula-
tion of therapeutic molecules (e.g., RNAi, chemotherapy[9_TD$DIFF]) can
enhance cargo’s solubility [8], prolong blood circulation time,
accelerate target sites cellular uptake via the enhanced permeation
and retention (EPR) effect [9], and reduce side effects on normal
tissues. Passively targeted nanoparticles, only relying on EPR effect,
are not sufficient to target tumor [10]. As a complementary
strategy, actively targeted nanoparticles were developed. Actively
targeted nanoparticles, which are modified with ligands on the
surface, improve the cellular internalization of target cells [11] by
receptor-mediated endocytosis. PEG segments are also used to
improve delivery efficiency as they prolong circulation time of
nanoparticles by providing “stealth” properties [12].

Co-delivery of gene and drug via a single delivery system offers
several advantages over separate carriers. Encapsulation of two
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Synthesis of Gal-PEG5k-PPMS polymers.

Table 1
Characterization of the co-delivery micelles in ddH2O.

Samples Size (nm) Zeta (mV) PDI DL (%) EE (%)

PEG-PPMS 165.1� 7.3 7.3� 3.3 0.15� 0.11 3.43� 0.1 71.9� 0.5
Gal-PEG-PPMS 195.1� 8.3 6.8� 1.2 0.13� 0.08 3.28� 0.1 68.8� 0.4
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Fig. 1. (A) Size distribution of Gal-PEG-PPMS blank micelles. (B) TEM image of Gal-
PEG-PPMS blank micelles (Scale bar: 50 nm). (C) Size variations of PEG-PPMS and
Gal-PEG-PPMS micelles in PBS solution containing 10% FBS. (D) Relative
fluorescence intensity of gel-red incubated with different samples. Data are [4_TD$DIFF]

expressed as mean� SD (n = 3).
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therapeutic agents into a single system endows the same
pharmacokinetics and allows tumor cells to internalize both
agents at a specific dose, which ensures that gene and drug work
together to enhance anti-tumor effect [13]. Polymers are one of the
main materials for constructing co-delivery system. However,
most of the block polymers are synthesized via metal-based
catalysts, as the residual catalysts may cause cytotoxicity and
environmental pollution [14]. Relatively speaking, enzymatic
catalysts show great potential because they are not only
nontoxic and environmentally friendly, but also show higher
catalytic activity [15].

Herein,we report a typeof enzymatic synthesis block copolymer,
galactose-poly(ethylene glycol)-poly(v-pentadecalactone-co-N-
methyldiethyleneamine-co-sebacic acid) (Gal-PEG-PPMS), which
can self-assemble into functional positively charged micelles in
sodium acetate buffer at pH 5.2 to bind miR122. Meanwhile, PPMS
segments are used as core to encapsulate SRF through hydrophobic
effect. Furthermore, galactose (Gal) modification on PEG-PPMS
micelles could enhance the targeting to asialoglycoprotein receptor
(ASGPR) on hepatocytes [16].

The synthesis of Gal-PEG-PPMS polymers was carried out as
Scheme 1. Firstly, PPMS-COOH polymer was synthesized via
CALB-mediated copolymerization of v-pentadecalactone (PDL),
N-methyldiethanolamine (MDEA) and sebacic acid (SA). The molar
ratio of PDL:MDEA:SA is 15:85:85. The GPC analysis
showed polymers had molecule weight (Mw) value of 28,500
Da with Mw/Mn of 3.5. Meanwhile, Gal-PEG5k-NH2 was synthe-
sized by conjugating HOOC-PEG5k-NH2 to 4-aminophenyl
β- [10_TD$DIFF]D-galactopyranoside.

Tomaximum the galactose conjunction, the numbermoles of 4-
aminophenyl β-[10_TD$DIFF]D-galactopyranoside was adjusted to be 3-fold as
moles of HOOC-PEG5k-NH2. The structurewas characterized by 1H
NMR spectroscopy and the detailed assignments were showed
(Fig. S1A in Supporting information). The amphiphilic polymers,
Gal-PEG-PPMS and PEG-PPMS, were synthesized by carbodiimide
chemistry, followed by dialysis against DMSO and the structure
was characterized by 1H NMR spectroscopy (Figs. S1B and S1C in
Supporting information).

Gal-PEG5k-NH2 polymer: 1H NMR (DMSO-d6[11_TD$DIFF]): d 3.52 (s), 6.97
(br.), 7.49 (br.), 9.81 (s); Gal-PEG5k-PPMS polymer: 1H NMR
(DMSO-d6[11_TD$DIFF]): d 2.51 (t), 2.62 (t), 3.52 (s), 4.06 (t), 6.97 (br.), 7.48 (br.),
9.81 (s).

The amphiphilic polymers can self-assemble into micelles after
dialysis at sodium acetate buffer (25 mmol/L, pH 5.2). The relative
characterizations of micelles were measured and shown in Table 1.
Micelles with a low polydispersity index (PDI) ranging from 0.13 to
0.15 proved its uniform size distribution (Table 1). The average size
of PEG-PPMS micelles is 165.1 � 7.3 nm, and the size of Gal-
PEG-PPMS micelles is slightly larger (195.1 � 8.3 nm), which are
beneficial to reducing reticuloendothelial system (RES) clearance
and enhancing EPR effect. The size distribution and transmission
electronmicroscope (TEM) images of Gal-PEG-PPMSmicelles were
also shown ([12_TD$DIFF]Figs. 1A and B).
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Gal-PEG-PPMS micelles have spherical morphology with
uniform size distribution and were dispersed well. The size of
micelles in TEM image was slightly smaller than that in Table 1
because when measured by DLS in ddH2O, the PEG layer formed
hydration shell on the surface of micelles. The surface charge of
miR122-loadedmicelles (range of 6.8–7.3mV)was slightly positive
and lower than that of blankmicelles (range 16.9–18.2mV) (Fig. S2
in Supporting information) due to negatively charged miR122
mimic. It is well-known that nanoparticles with neutral charge
(ranging from �10mV to +10mV) on the surface can extend blood
circulation by lessening binding with serum protein [17]. The drug
loading (DL) and entrapment efficiency (EE) were measured by
HPLC. The EE for PEG-PPMS and Gal-PEG-PPMS micelles was 71.9%
and 68.8%, and the DL capacity was 3.43% and 3.28%, respectively
(Table 1), indicating their excellent drug loading capability.

Besides the capability to load drug and gene, the stability of
nanoparticles in serum solution is important for preventing drug
release in the blood stream. The colloidal stability of micelles was
evaluated. Typically, PEG-PPMS and Gal-PEG-PPMS micelles were
incubated with PBS solution (10 mmol/L, pH 7.4) containing 10%
FBS for 5 days and the hydrodynamic diameters of micelle was
measured at various intervals by DLS. Obviously, there was no
significant size change after incubation during experiment time
(Fig. 1C), due to the existence of PEG segments which avoid
interaction with serum protein, indicating that micelles were
stable sufficiently and suitable for in vivo application. Sufficient
condensation of RNA/DNA into micelles is important for effective
gene delivery. The condensation ability ofmicelleswas explored by
a gel-red exclusion assay. The relative fluorescence intensity of
solutions incubation with PEG-PPMS and Gal-PEG-PPMS micelles
and LPF2k is 38.9% and 34.8%, 2.81%, respectively (Fig. 1D),
indicating that micelles have high RNA condensing capability for
further study.

Burst release of drug is a common but serious problem of drug-
loaded micelles. Most micelles release most of drug in initial 24 h,
which is adverse for drug delivery. The in vitro release behavior of
SRF was tested by a dialysis method. The release profile was
showed in Fig. S3 (Supporting information). At initial 7 days, drug
was continually released from micelles at a similar speed. At the
end of 7 days, 51.38% and 47.97% of SRF were released from PEG-
PPMS and Gal-PEG-PPMSmicelles, respectively. For the last 3 days,
less than 10% of SRF was released from both micelles. The slow
release speed of SRF frommicelles is attributed to the thick PEG5k
shell. As previously reported, the diffusion of hydrophobic SRF
across thick PEG5k shell from PPMS core to outer medium was
slow [18]. The result indicated that the micelles had the ability to
achieve long-term sustained drug release.

Biocompatibility of drug vector affects its application greatly.
Vector with high cytotoxicity has restricted the application of
many carriers. The cytotoxicity of blank micelles against HepG2
cells was evaluated by MTT assay. Generally, cell viabilities
[(Fig._2)TD$FIG]

Fig. 2. (A) Viabilities of HepG2 cells after incubation with blank micelles for 48 h.
(B) Hemolytic rate of RBCs after incubation with blank micelles for 2 h. Data are
given as mean� SD (n = 3).
decreased with the increase of polymer concentration from 25
mg/mL to 400 mg/mL. Importantly, the average cell viabilities of
PEG-PPMS and Gal-PEG-PPMS micelles were over 80% (81.3% and
81.6%, respectively) even at a polymer concentration of 400mg/mL
(Fig. 2A). Obviously, polymer micelles showed minimal cytotoxici-
ty to cells. The hemolytic activity of blank micelles was
investigated. The result showed the hemolytic rate was low at
all polymer concentrations (Fig. 2B). Even when the polymer
concentration was as high as 400 mg/mL, the hemolytic rate after
incubated with PEG-PPMS and Gal-PEG-PPMS micelles (4.20% and
4.24%, respectively) was less than 5%, confirming their excellent
biocompatibility.

To verify the target ability of Gal-micelles, we explored cell
uptake activity and distribution of HepG2 cells which expresses a
great amount of AGSPR on the cell surface (Fig. 3A). Obviously, the
MFI of cells is time-dependent and themaximumvalue of MFI is at
2 h. Compared to PEG-PPMS micelles, the mean fluorescence
intensity of HepG2 cells incubated with Gal-PEG-PPMS micelles
was higher. For example, MFI of cells incubated with PEG-PPMS
and Gal-PEG-PPMS micelles for 4 h was 672 and 864.5,
respectively, in which mean MFI of cells incubated with Gal-
micelles was 1.3-fold higher, demonstrating the higher uptake
efficiency of Gal-micelles. CLSM was utilized to visualize cellular
transportation of micelles on HepG2 cells. Stronger intracellular
fluorescence intensity of C6was observed in cells treatedwith Gal-
PEG-PPMS micelles relative to PEG-PPMS micelles after 4 h
incubation. These result illustrated that galactose residues
modification on the surface of micelle can promote HepG2 cells
uptake. Competitive inhibition assay was conducted to explore the
role of ASGPR in the augment of cell uptake. When treated with 65
mmol/L free galactose before incubation, HepG2 cells incubated
with Gal-PEG-PPMS micelles exhibited similar fluorescence
intensity with cells incubated with PEG-PPMS micelles (Fig. 3B).
The enhanced cell uptake is attributed to ASGPR-mediated
endocytosis. If ASGPR on the surface is blocked by free galactose,
Fig. 3. (A)MFI of HepG2 cells after incubation with C6-loaded micelles at different
time points. (B) Competitive inhibition assay. Before incubating with C6-loaded
micelles, HepG2 cells were pretreated with 65mmol/L galactose. Data are given as
mean� SD (n = 2). (C) CLSM images of HepG2 cells incubated with C6-loaded
micelles (green). Hoechst 33342 (blue) was used to visualize nucleus. The scale bars
are 10mm and * represents P< 0.05.
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Fig. 4. (A) miR122 level in HepG2 cells. (B) Wound closure percentage of scratch
after transfected with miR122-loaded micelles. (C) Microscope images of scratch
after various treatments. (D) Invasion percentage of cells after transfected with
miR122-loaded micelles. (E) Optical images of cells after various treatments. The
scale bar is 40mm. Data are given as mean� SD (n = 3). ** represents P< 0.01, ***
represents P< 0.001.
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the binding affinity between cells and Gal-micelles wound will
decrease, which lead to similar MFI relative to cells treated with
PEG-PPMSmicelles. The CLSM imageswere in consistencewith the
result obtained by flow cytometry (Fig. 3C). Results above

[(Fig._5)TD$FIG]

Fig. 5. (A) Flow cytometry images of HepG2 cell after various treatments. (Q1: dead cel
analysis of cell apoptosis. (C) Cell viabilities of HepG2 cells after incubation with differe
different PEG-PPMS micelles. Data are given as mean� SD (n = 3).
demonstrated the Gal-PEG-PPMS micelles as an efficient carrier
for targeting liver cancer.

To testify the function of miR122 mimic after being loaded in
micelles, the real-time PCR assay was carried out to measure
miR122 level of HepG2 cells (Fig. 4A). After incubation with PEG-
PPMS/miR122, PPMS-PEG-Gal/miR122 or LPF2k/ miR122, the
relative miR122 levels of cells were 11.05, 17.25 and 53.83,
respectively. The result showed that polymeric micelles did not
affect the function of miR122mimic and greatly promotedmiR122
level in HepG2 cells. Importantly, due to the higher cellular uptake
of Gal-micelles, cells treated with PPMS-PEG-Gal/miR122 micelles
expressed higher miR122 level, further demonstrating the target-
ing capability of Gal-PEG-PPMS micelles.

To further investigate the bioactivity of miR122 mimic, the
migration and invasion ability of HCC cells were explored on HCC
cells. Because of the strong migration and invasion capability,
SMMC7721 cells were investigated. For wound healing assay, cells
in a 6-well plate were treated with micelles/miR122 (or negative
control RNA) for 24 h and the migration behavior within another
24 h was explored. Great inhibition of cell migration capacity was
observed after treated with miR122-loaded micelles, and cells
incubated with micelles/NC did not show the same result ( [12_TD$DIFF]Figs. 4B
and C). For example, the wound closure percentages of cells were
40.82% and 37.26% in PEG-PPMS/miR122 and Gal-PEG-PPMS/
miR122 micelles treated group, and 84.60%, 76.03% and 76.94% in
control group, PEG-PPMS/NC and Gal-PEG-PPMS/NC group,
respectively. The optical images of cells also exhibited similar
result. Clearly, scratch was larger after incubation with miR122-
loaded micelles, indicating the inhibition of migration capability.

Furthermore, the invasion capability of cells was explored on
SMMC7721 cells by Transwell chamber. The percentage of invasive
cells after transfected with miR122-loaded micelles decreased
significantly, indicating the suppress of cell invasion capability
([12_TD$DIFF]Figs. 4D and E). Collectively, Gal-PEG-PPMS micelles can keep the
function of miR122 and then inhibit the migration and invasion
ability of HCC cells by up-regulating miR122 level.

Up-regulation of miR122 level sensitizes HCC cells to SRF, so the
synergistic effect of SRF and miR122 was further explored. As
shown in [12_TD$DIFF]Figs. 5A and B, higher cell apoptosis was observed in
ls; Q2: late apoptotic cells; Q3: early apoptotic cells; Q4: live cells). (B) Quantitative
nt Gal-PEG-PPMS micelles. (D) Cell viabilities of HepG2 cells after incubation with
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group treated with co-delivery micelles, suggesting enhanced
ability of co-delivery micelles to induce cell apoptosis.

[13_TD$DIFF]Moreover, the synergistic effect was also evaluated by MTT
assay (Figs. 5C and D). The cell viabilities decreased with the
increase of drug concentration. The miR122-loaded micelles
did not exhibit obvious inhibition on cell proliferation. Compared
to SRF@Gal-PEG-PPMS micelles, SRF@Gal-PEG-PPMS/miR122
micelles resulted in lower cell viabilities, indicating the enhanced
ability of co-delivery micelles to inhibit cell proliferation. Exactly,
IC50 values for SRF@Gal-PEG-PPMS, SRF@Gal-PEG-PPMS/miR122
micelles were calculated to be 8.72 and 4.32 mg/mL, respectively.
The similar experiment result appeared in the cells treated with
PEG-PPMS micelles, whose IC50 values in SRF@PEG-PPMS and
SRF@PEG-PPMS/miR122 group were 12.4 and 6.96 mg/mL
respectively. The stronger inhibition effect observed was
attributed to the addition of miR122. As reported previously,
miR122 can sensitizes HCC cells to SRF by regulating MAPK
pathways, which is associated with drug resistance [7]. Compared
to single treatment, co-delivery of SRF and miR122 could
overcome SRF resistance, thus showedmore significant inhibition
effect.

Furthermore, co-delivery of gene and drug using a single
carrier is challenging because of their different physicochemical
properties [19]. Nano-carrier for co-delivery is required to be
non-toxic, stable and capable of efficiently condensing gene, as
well as encapsulating drug. In this study, in order to co-deliver
SRF and miR122, Gal-PEG-PPMS polymeric micelle system was
developed. And such micelles were stable and had gradual
sustained drug release profile of SRF and desirable gene
transfection efficiency. Besides, Gal-micelles enhanced the
uptake of HepG2 cells owing to ASGPR-mediated endocytosis.
The polymer micelles could efficiently improve miR122 level and
inhibit the migration and invasion capability of HCC cells.
Importantly, synergistic effect on inducing cell apoptosis and
inhibiting cell proliferation was observed. As a result, the Gal-
PEG-PPMS micelles are promising nano-carriers for target
delivery of therapeutic drug and gene to treat HCC.
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