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ABSTRACT: Cationic glycopolymers stand out as gene delivery nano-
systems due to their inherent biocompatibility and high binding affinity to
the asialoglycoprotein receptor (ASGPR), a target receptor overexpressed in
hepatocellular carcinoma (HCC) cells. However, their synthesis procedure
remains laborious and complex, with problems of solubilization and the need
for protection/deprotection steps. Here, a mini-library of well-defined
poly(2-aminoethyl methacrylate hydrochloride-co-poly(2-lactobionamidoeth-
yl methacrylate) (PAMA-co-PLAMA) glycopolymers was synthesized by
activators regenerated by electron transfer (ARGET) ATRP to develop an
efficient gene delivery nanosystem. The glycoplexes generated had suitable
physicochemical properties and showed high ASGPR specificity and high
transfection efficiency. Moreover, the HSV-TK/GCV suicide gene therapy
strategy, mediated by PAMA144-co-PLAMA19-based nanocarriers, resulted in
high antitumor activity in 2D and 3D culture models of HCC, which was significantly enhanced by the combination with small
amounts of docetaxel. Overall, our results demonstrated the potential of primary-amine polymethacrylate-containing-glycopolymers
as HCC-targeted suicide gene delivery nanosystems and highlight the importance of combined strategies for HCC treatment.

■ INTRODUCTION
Hepatocellular carcinoma (HCC) represents approximately
75−85% of primary liver cancers and is third most common
cause of cancer death worldwide.1 In recent years, multiple
kinase and immune checkpoint inhibitors have been approved
as therapy approaches for patients with late-stage HCC.2,3

However, due to their restricted indications, low response rate,
drug toxicity/resistance, and subsequent tumor relapse, the
development of new antitumor strategies that can provide
improved efficacy and reduced unexpected side effects is
imperative.4

In this regard, gene therapy has become a promising
therapeutic tool for cancer treatment.5 Particularly, suicide
gene therapy represents approximately 6.1% (194 out of 3180)
of all gene therapy clinical trials performed worldwide in
2021.6 The herpes simplex virus thymidine kinase gene (HSV-
TK) is the most commonly used suicide gene and involves the
concomitant treatment with the antiviral prodrug ganciclovir
(GCV).7,8 This nontoxic prodrug is converted into activated
toxic metabolites by the action of HSV-TK followed by
endogenous kinases, causing cell death either by inducing
chain termination during DNA synthesis or by affecting cell
cycle progression.9 Unfortunately, the clinical translation of
suicide gene therapy is still limited by the poor therapeutic
outcome and the low cancer cell specificity.10 Therefore, the
development of a high-performance suicide gene therapy

strategy for the treatment of HCC requires the development of
highly efficient and targeted gene delivery nanocarriers.

In this regard, sugar-based nanocarriers have been
considered an appealing approach for the delivery of genetic
material due to their inherent biocompatibility, colloidal
stability, and tissue-specific targeting.11,12 The development
of reversibly deactivated radical polymerization techniques,
namely, atom transfer radical polymerization (ATRP) and
reversible addition-fragmentation chain transfer polymerization
(RAFT), allowed the synthesis of well-defined glycopolymers
with precise molecular weight, diverse end-group function-
alities, and different compositions, and a variety of
architectures could be readily prepared.13,14 Lactobionic acid-
functionalized nanocarriers, which are recognized by their
biocompatibility and selective binding affinity, stand out as
platforms for liver-specific gene delivery.15 These multifunc-
tional galactosylated molecules display high binding affinity
with the asialoglycoprotein receptor (ASGPR), an endocytic
cell surface receptor overexpressed on liver cancer cells
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compared to hepatocytes,16,17 which make lactobionic-based
nanocarriers a powerful tool to deliver therapeutic genes into
tumor cells to combat HCC. Reineke and Narain’s groups have
conducted a remarkable development on the research study of
cationic glycopolymers and evaluation of their transfection
ability as a function of various synthetic parameters, such as
molecular weight,18 cationic content,19,20 carbohydrate con-
tent,21 and glycopolymer composition (random/block copoly-
mers).11,13−15 Methacrylamide-based copolymers synthetized
by copolymerization between primary amine monomers, such
as 3-aminopropyl methacrylamide22 or 2-amino ethyl meth-
acrylamide,23,24 and carbohydrate-derived monomers, namely,
3-gluconamidopropyl methacrylamide25 and 2-lactobionami-
doethyl methacrylamide,26,27 are the most commonly used
glycopolymers. Recently, Bockman et al. reported the synthesis
of a N-acetyl-d-galactosamine (GalNAc)-derived monomer
through a novel improved two-step route with high yield to
prepare different diblock copolymers with 2-amino ethyl
methacrylamide via RAFT polymerization. The transfection
efficiency of the nanocarriers prepared with these glycopol-
ymers was evaluated in HepG2 cells and depends on the
GalNAc block length, which increases with the degree of
polymerization (DP) of the carbohydrate moiety.28 In an
another study, to understand the role of charge type of
glycopolymers on the transfection efficiency, Haibo Li and co-
workers synthetized various poly(2-deoxy-2-methacrylamido
glucopyranose)-b-poly(methacrylate amine) block copolymers,
bearing primary, secondary, tertiary, or quaternary amine
functionality.29 Their results indicated that secondary-amine
polymethacrylate-based copolymers exhibited higher gene
delivery efficiency and lower cytotoxicity than glycopolymers
containing more highly substituted amines. However, the

potential of primary-amine polymethacrylate-containing glyco-
polymers as gene delivery nanosystems was not evaluated as
this polymer was not hydrosoluble, a crucial characteristic of
polymers for biomedical applications.30

In this work, we proposed the development of a novel HCC-
targeted glycopolymer-based nanocarrier to mediate suicide
gene therapy, with powerful antitumor effect against HCC cells
(Scheme 1). First, a mini-library of well-defined primary-amine
polymethacrylate-based glycopolymers, with fixed DP of 2-
lactobionamidoethyl methacrylate (LAMA) and different DP
values of 2-aminoethyl methacrylate (AMA), was synthesized
by activators regenerated by electron transfer (ARGET)
ATRP. The effect of the primary amine content on the
physicochemical properties, biological activity, biocompatibil-
ity, and ASGPR specificity of the nanocarriers were
investigated. To boost the transfection efficiency and, thus
the therapeutic potential of our best PAMA-co-PLAMA-based
nanocarriers, HCC cells were pre-treated with a low
concentration of docetaxel (DTX), a chemotherapeutic drug
belonging to the category of microtubule depolymerization
inhibitors.31 This drug binds to the β-subunit of the tubulin
protein of the microtubules and promotes the hyperstabiliza-
tion of microtubule assemblies, which impairs the mitotic
progression and, consequently, leads to cell cycle arrest.
Furthermore, as microtubules play a critical role in intracellular
dynamics transport, including the trafficking of nanocarriers to
lysosomes after their uptake by endocytosis, this drug may also
be used to improve the transfection ability of nanocarriers by
decreasing the entrapment inside the endosomal/lysosomal
compartments.32 Therefore, our hypothesis was that DTX at
low concentration could enhance the antitumor effect of HSV-
TK/GCV suicide gene therapy, by increasing the transfection

Scheme 1. Schematic Illustration of the Proposed Anti-HCC Therapeutic Strategy Based on the Combinatorial Effects of DTX
with Suicide Gene Therapy Mediated by PAMA-co-PLAMA-Based Glycoplexes
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efficiency of glycoplexes and inhibiting mitosis. To the best of
our knowledge, this was the first research study that combines
DTX with suicide gene therapy mediated by methacrylate-
based glycoplexes to combat HCC.

■ MATERIALS AND METHODS
Materials. Information regarding materials is described in the

Supporting Information.
Synthesis and Characterization of Glycopolymers. Details about

techniques and equipment are described in the Supporting
Information.

Typical Procedure for the Synthesis of PAMA-co-PLAMA by
ARGET ATRP. AMA (1.51 g, 9.6 mmol), LAMA (0.6 g, 1.3 mmol),
copper(II) bromide (CuBr2) (7.13 mg, 32 μmol), tris(pyridine-2-
ylmethyl)amine (TPMA) (37.1 mg, 127 μmol), and ethyl α-
bromophenyl acetate (EBPA) (15.5 mg, 64 μmol) were dissolved
in the water/dimethylformamide (DMF) mixture (50/50, V/V) (3.5
mL). The mixture was purged with nitrogen for 30 min in the Schlenk
flask. Then, the flask was placed under magnetic stirring at 60 °C, and
a previously deoxygenated ascorbic acid (AscA) solution (43 mM)
was continuously added to the mixture via a syringe pump at 1 μL/
min during 4 h. The final reaction mixture was analyzed by 1H nuclear
magnetic resonance (NMR) spectroscopy and by aqueous size
exclusion chromatography (SEC). After that, it was dialyzed (dialysis
membrane MWCO = 3500) against deionized water, and the
glycopolymer was collected after the freeze-drying process.

Formulation of Polyplexes. Polymers were dissolved in ultra-pure
water at pH 3 and blended with 1 μg of DNA plasmids encoding
luciferase (pLuc), green fluorescent protein (pGFP), or HSV-TK
(pTK) at the desired polymer/DNA N/P (+/−) charge ratio. The
charge of the polymer corresponds to the DP of the monomers (each
monomer unit has a positive charge at acidic pH). The mixture
solution was incubated for 15 min and was immediately used.

Physicochemical Characterization of Polyplexes. The physico-
chemical properties of nanocarriers, namely, their ability to condense
and protect DNA, their size, and their surface charge were assessed
according to Santo et al., and the procedures are described in the
Supporting Information.38

Transfection Activity and Interaction with Target Cells. The
transfection activity, transfection efficiency, cell viability, and
intracellular trafficking of the developed nanocarriers were evaluated
according to Santo et al., and the used methodologies are reported in
the Supporting Information.38

Antitumor Activity. The in vitro antitumor effect induced by non-
viral HSV-TK/GCV gene therapy, DTX, or their combination was
assessed in 2D and 3D HepG2 cell culture models. The procedures
used for 3D cell cultures are described in the Supporting Information.

For a 2D cell culture model, following 4 h incubation of HepG2
cells with PAMA144-co-PLAMA19-based polyplexes, in the presence or
absence of different concentrations of DTX (0.006; 0.003; 0.0125;
0.0250; 0.5; and 0.1 μM), the cell culture medium was renewed with
DMEM-HG containing 10% (V/V) FBS. 24 h after, the cell culture
medium was renewed with DMEM-HG with or without 100 μM of
GCV, and cells were further incubated for 5 days in 5% CO2 at 37 °C.
The cell viability was evaluated at 24, 72, and 120 h by Alamar Blue
assay. After each measurement, the cell culture medium (with or

without GCV) was renewed. In addition, the cell viability was also
assessed at 120 h through sulforhodamine B (SRB) assay.33

The cell death mechanisms were assessed by flow cytometry using
FITC-Annexin V and propidium iodide (PI) probes in 24-well culture
plates. After 72 h of incubation with PAMA144-co-PLAMA19/pTK;
PAMA144-co-PLAMA19/pTK + GCV; DTX; PAMA144-co-PLAMA19/
pTK + DTX; and PAMA144-co-PLAMA19/pTK + GCV + DTX, cells
were harvested, washed, and resuspended in 100 μL of binding buffer
[10 mM HEPES (pH 7.4), 2.5 mM CaCl2, and 140 mM NaCl]
containing 2 μL of FITC-annexin V and 1 μL of PI (0.05 mg/mL).
Cells were incubated at RT and protected from light for 5 min and
then analyzed (10,000 events) in a FACS Calibur flow cytometer
(Becton Dickinson, USA). The data were analyzed using FlowJo
software. Fluorescence images were obtained using fluorescein
diacetate (5 mg/mL in acetone) and PI (2 mg/mL in PBS) for
live/dead staining of HepG2 cells. After incubating for 15 min, the
cells were washed and fixed with 4% paraformaldehyde solution (15
min, RT). The images were acquired with 20x magnification on an
Axio Imager Z2 microscope (Zeiss, Munich, Germany) coupled to
AxioCam HRc camera (Zeiss, Germany).

Statistical Analysis. All the results correspond to mean ± standard
deviation, achieved from triplicates and are representative of at least
three independent experiments. Data were analyzed by GraphPad
Prism (version 6.01 GraphPad Software Inc., San Diego, CA, USA)
using one-way analysis of variance (ANOVA) followed by the
Dunnett test or using two-way ANOVA followed by Dunnett or Sidak
tests. For all tests, statistical significance was considered for p-values
<0.05.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of PAMA-co-PLAMA

Glycopolymers. To prepare new methacrylate-based glyco-

Scheme 2. Synthesis of the Random PAMA-co-PLAMA Glycopolymers by ARGET ATRP

Table 1. Composition and Molecular-Weight Parameters of
Glycopolymers Prepared by ARGET ATRPa

DP

polymer sample AMA LAMA
Mn

th ×
103b

Mn
SEC ×

103c Đ

PLAMA38 38 18.4 25.4 1.05
PAMA161

d 161 N/A 25.7 26.9 1.10
PEG45-b-PAMA168

d 168 N/A 29.9 28.8 1.10
PAMA55-co-PLAMA21 55 21 19.4 18.9 1.37
PAMA73-co-PLAMA21 73 21 22.0 23.4 1.36
PAMA88-co-PLAMA20 88 20 24.0 27.6 1.32
PAMA144-co-

PLAMA19

144 19 33.0 38.7 1.31

aMn, number-average molecular weight; D̵, dispersity (Mw/Mn).
bDetermined from monomer conversion. Mn

th = [(AMA conversion/
100) × DPAMA × Mw,AMA] + [(LAMA conversion/100) × DPLAMA ×
Mw,LAMA] + Mw,EBPA. cDetermined by SEC using conventional
calibration with PEG standards. dThe synthesis and characterization
of PAMA161 and PEG45-b-PAMA168 were previously reported.38
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polymers with well-defined, functionalized, and controlled
structures which further developed a highly efficient and
hepatocyte-specific gene delivery nanocarrier, a series of
random PAMA-co-PLAMA glycopolymers were synthetized
by ARGET ATRP. Lactobionic acid displays high binding
affinity with the ASGPR and is capable of forming an amide
bond between its carboxyl group and the amine groups of
monomers or functional polymers, making lactobionic acid an
ideal molecule for selectively targeting HCC cells.17,34 In this
regard, LAMA, an inexpensive lactobionic-acid derivative
monomer, was synthetized by reacting AMA with lactobiono-
lactone, without protecting group chemistry.35 The chemical
structure of the LAMA monomer was confirmed by 1H and
13C NMR spectroscopies (Figure S1, Supporting Information),
and it is in agreement with data reported in the literature.35

Then, LAMA and AMA, a primary amine-containing monomer
that will ensure the polyplex formation via electrostatic
interaction with genetic material, were further polymerized
through ARGET ATRP. Armes’ group reported the polymer-
ization of LAMA and AMA, by ATRP in 3:2 methanol/water
mixtures or in isopropanol/water mixtures using the CuBr/
bipyridine complex as the catalyst, to obtain different AMA-
and LAMA-block copolymers.35,36 However, for biomedical
applications, the synthesis of glycopolymers by ARGET ATRP
is advantageous as it allows control over the molecular weight
of the polymers using a much lower concentration of the metal
catalyst.37 Here, the synthesis of well-defined random
copolymers was performed using a slow feeding of AscA as a
reducing agent in the 1:1 DMF/water mixture at 60 °C,
without protecting group chemistry, avoiding the typically
troublesome multistep protection/deprotection reactions of
glycopolymers synthesis (Scheme 2).

The chain length of LAMA was fixed (DP = 20) and
different DP values of AMA (DP = 55, 73, 88, and 144) were
targeted to evaluate the effect of the cationic content on the
physicochemical properties, transfection capacity, cytotoxicity,
and targeting ability of the methacrylate-containing glycopol-
ymers-based gene delivery nanocarriers (Table 1).

A PAMA161 homopolymer and a PEG45-b-PAMA168 block
copolymer were also synthesized through the same technique,

Figure 1. Transfection activity (a) and cytotoxicity (b) of PAMA-co-
PLAMA-based nanocarriers in HepG2 cells. Polyplexes were prepared
by complexing glycopolymers, PAMA161 and PEG45-b-PAMA168 with
DNA plasmid encoding luciferase at different N/P ratios. Asterisks
(****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05) and
cardinals (####p < 0.0001, ###p < 0.001, and #p < 0.05) indicate
values with statistical significance when compared to those obtained
with the standard formulations, PEI-and PEG45-b-PAMA168-based
polyplexes, respectively.

Figure 2. Transfection efficiency assessed by fluorescence microscopy in HepG2 cells. Typical fluorescence images (I) and overlapping (II) of
fluorescence microscopy and phase contrast images of cells after transfection with different glycopolymer-based nanocarriers (scale bar = 50 μm).
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to be used as control samples, as we previously confirmed the
potential of these polymers as gene delivery nanocarriers.38 All
polymers were purified by dialysis against water and collected
by the freeze−drying process, yielding solids with high water
solubility, which enabled their application in gene delivery.
Then, their chemical structure was analyzed by 1H NMR
spectroscopy and SEC (Figures S2 and S4 Supporting
Information).

The results showed that the developed ARGET ATRP
method yielded homopolymers and random glycopolymers
with good control over molecular weight (Đ < 1.4), as
illustrated by representative monomodal SEC chromatograms
(Figure S3, Supporting Information) (Table 1).

The synthesis of these copolymers with controlled structure
is very important to clarify the relationship between chemical
structures and biological properties.

Figure 3. Effect of the presence of asialofetuin and an antibody against the ASGPR on biological activity of PAMA-co-PLAMA-based polyplexes in
HepG2 cells. Biological activity of polyplexes in Hela cells. (a,b) Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05) correspond
to values that differ significantly from those obtained with the same formulations in the absence of asialofetuin or Ab against ASGPR. (c) Typical
fluorescence images (I) and overlapping of fluorescence microscopy and phase contrast images (II) of cells transfected with different nanocarriers
in the presence and absence of asialofetuin (scale bar = 100 μm). (d) Asterisks (**p < 0.01 and *p < 0.05) and cardinals (###p < 0.001 and ##p <
0.01) indicate values with statistical significant differences when compared to those obtained with the PEI-based nanosystem at a 25/1 N/P ratio,
or with PEG45-b-PAMA168-based polyplexes, respectively.
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Transfection Activity and Cytotoxicity of Glycopol-
ymer-Based Polyplexes. To the best of our knowledge, the
effect of the primary amine content on the transfection activity
and cytotoxicity of methacrylate-based glycoplexes in gene
delivery has never been studied. Therefore, to evaluate the
potential of PAMA-co-PLAMA glycopolymers as gene delivery
nanosystems, a preliminary study was performed in HepG2
cells using luciferase as a reporter gene (Figure 1).

As shown in Figure 1a, the ability of the different
nanocarriers to effectively deliver plasmid DNA into HepG2
cells depends on their N/P ratio and composition. The
transfection activity of the developed PAMA-co-PLAMA-based
polyplexes was generally improved by the increase of the tested
N/P ratios. Nanocarriers prepared with PAMA55-co-PLAMA21
and PAMA73-co-PLAMA21 copolymers presented the highest
gene reporter expression for 50/1 N/P ratios, while nano-
vehicles prepared with PAMA88-co-PLAMA20‑ and PAMA144-
co-PLAMA19 glycopolymers, which have higher content of
AMA, exhibited high levels of biological activity even for 25/1
N/P ratios. This fact could be related to higher amounts of
cationic polymers, which establish multiple electrostatic
interactions with endosomal membranes, facilitating the escape
of genetic material from the endolysosomal pathway to the
cytoplasm.39 In addition, the results showed that the

carbohydrate homopolymer PLAMA38-based nanosystems
promoted low transgene expression. This poor performance
as gene delivery nanocarriers can be explained by their low
ability to condense the genetic material, consequently allowing
the premature release of DNA and/or enabling its degradation
before reaching the nucleus (Figure S6d, Supporting
Information). Moreover, the results demonstrate that
PAMA144-co-PLAMA19-based nanosystems presented the high-
est biological activity, exhibiting higher transgene expression
than that PAMA161- and PEG-b-PAMA168-based polyplexes.
This is a remarkable result because it has been reported that
the glycopolymer-based nanosystems usually present lower
transfection efficiency than the corresponding cationic
homopolymer-based nanocarriers.15,22

Additionally, all the developed formulations exhibited higher
transfection activity than that obtained with the gold-standard
polymer for gene delivery application�the polyethylenimine
(PEI). Cytotoxicity is one of the most common shortcoming of
polymeric-based gene delivery nanosystems.30 To overcome
this drawback, without affecting the gene delivery efficacy,
some modifications of cationic polymers with different
biocompatible molecules, such as PEG, have been explored.38

In this regard, functionalization of cationic polymers with
carbohydrates, ubiquitous components of biological systems,

Figure 4. Effect of the presence of asialofetuin on the cellular uptake of PAMA144-co-PLAMA19 and PEG45-b-PAMA168-based polyplexes, evaluated
by confocal microscopy (a) and flow cytometry (b) and the influence of endocytosis inhibitors on their transfection ability (c). (a) Representative
confocal microscopic images of HepG2 cells treated with PAMA144-co-PLAMA19-based nanocarriers (scale bar = 10 μm): (I) cell nucleus stained
by DAPI (blue); (II) acidic cellular compartments stained with Lysotracker Red DND-99 (red); (III) polyplexes prepared with 1% fluorescein-
labeled glycopolymer (green); and (IV) overlay of images I−III. (b) Asterisks (*p < 0.05) correspond to values which differed significantly from
those obtained with the same formulations in the absence of asialofetuin. (c) HepG2 cells were treated or not treated (Nt) with endocytosis
inhibitors: chlorpromazine (50 mM), filipin (1 μg/mL), and amiloride (0.25 mM). Asterisks (***p < 0.001 and *p < 0.05) indicate values with
statistical significance compared to those measured in untreated cells (control).
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has been considered an attractive strategy to improve the
biocompatibility of polymeric-based nanosystems.40

As illustrated in Figure 1b, the viability of HepG2 cells
depends on the N/P ratio of polyplexes and their composition.
In general, PAMA-co-PLAMA-based nanocarriers induced low
cytotoxicity, with cell viability exceeding 80% for all
formulations, except for PAMA144-co-PLAMA19-based com-
plexes, which were prepared at an N/P/ratio of 50/1 and
exhibited a cytotoxicity of 30%. This reduction in cell viability
can be explained by the multiple and strong interactions of the
nanosystems with the cytomembranes, causing their destabi-
lization and, consequently, influencing the metabolic activity of
the cells.41 Nevertheless, the data obtained showed that
polyplexes based on PAMA144-co-PLAMA19 prepared at a 25/1
N/P ratio presented an excellent biocompatible profile and

induced much lower cytotoxicity than PAMA161-, PEG45-b-
PAMA168, and PEI-based nanocarriers.

To assess the influence of the AMA content on the
transfection efficiency of PAMA-co-PLAMA-based nanocar-
riers, fluorescence microscopy was performed after transfection
of HepG2 cells with glycoplexes prepared with plasmid DNA
encoding green fluorescent protein (pGFP) (Figure 2).

The obtained results revealed that the transfection efficiency
was improved by the increase of the polymerization of AMA,
with the highest number of GFP-expressing cells being
observed after transfection with PAMA144-co-PLAMA19-based
polyplexes (Figure 2). In addition, these nanosystems
promoted a large number of transfected cells than that
obtained with PEG45-b-PAMA168- or PEI-based polyplexes
(Figure S7, Supporting Information).

Asialoglycoprotein Receptor-Targeted Nanocarriers.
To improve the biocompatibility of cationic-based nano-
systems, glycopolymers have been widely used as multivalent
ligands to target lectin receptors overexpressed on the surface
of cancer cells. The ASGPR binds specifically galactose
moieties of desialylated glycoproteins, and the binding affinity
augments with the valence of the carbohydrate residues, a
phenomenon termed as the cluster glycoside effect.42 To
determine whether the developed PAMA-co-PLAMA-based
polyplexes are specifically recognized by the ASGPR of HCC
cells, a competition assay of transfection in the presence of
asialofetuin, a natural ligand of ASGPR, or an antibody against
the ASGPR was performed.

The data presented in Figure 3a showed that the
pretreatment of HepG2 cells with asialofetuin drastically
reduced the transfection activity of PAMA-co-PLAMA-based
polyplexes, while it did not significantly change the biological
activity of PEI- and PEG45-b-PAMA168-based nanocarriers. In
addition, the effect of the preincubation of HepG2 cells with an
antibody against the ASGPR on the biological activity of
PAMA144-co-PLAMA19-based nanocarriers revealed that this
pretreatment induced a strong reduction in their transfection
activity. However, it did not affect the biological activity of
PEG45-b-PAMA168-based nanocarriers (Figure 3b). To further
confirm that our most promising formulation, PAMA144-co-
PLAMA19-based nanocarriers prepared at a 25/1 N/P ratio,
was specifically recognized by the ASGPR of HepG2 cells, the
effect of asialofetuin on the transfection efficiency was also
evaluated by fluorescence microscopy (Figure 3c). The results
confirmed that asialofetuin bound to the ASGPR blocks the
internalization of the developed formulation, consequently
resulting in a significantly lower number of GFP-expressing
cells than that observed in the absence of asialofetuin. On the
other hand, the data showed that PEG-b-PAMA168- or PEI-
based nanocarriers promoted similar transfection efficiencies,
regardless of the presence or absence of asialofetuin, which
highlights the fact that the developed glycoplexes are
specifically recognized by the ASGPR expressed on the surface
of HepG2 cells (Figures 3c and S7). These assays were also
performed in Hep3B cells, and a similar decrease in the
transfection activity of the developed glycoplexes was observed
in the presence of the ASGPR-competition agent, being this
effect more pronounced with PAMA144-co-PLAMA19-based
nanocarriers (Figure S8, Supporting Information). In addition,
the biological activity of PAMA-co-PLAMA-based polyplexes
was also investigated in cells not expressing ASGPR (Hela
cells) (Figure 3d).15 The results showed that the higher
transfection activity of PLAMA-containing nanocarriers

Figure 5. Effect of the DTX concentration on the biological activity
(a) and cytotoxicity (b) of PAMA144-co-PLAMA19-based glycoplexes,
prepared at a 25/1 N/P ratio, in HepG2 cells. Asterisks (****p <
0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05) indicate values that
significantly differ from those measured for PAMA144-co-PLAMA19-
based nanocarriers in the absence of DTX.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.2c01329
Biomacromolecules 2023, 24, 1274−1286

1280

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c01329/suppl_file/bm2c01329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c01329/suppl_file/bm2c01329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c01329/suppl_file/bm2c01329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c01329?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c01329?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c01329?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c01329?fig=fig5&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c01329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


obtained in HepG2 and Hep3B cells, compared with PEI-
based nanosystems, was not observed in Hela cells. In fact, in
these cells, the highest transfection efficiency was obtained
with the non-targeted nanocarriers PEG-b-PAMA168-based
polyplexes. Overall, these results demonstrated that the

developed nanocarriers with galactose residues have the ability
to specifically bind ASGPR, enhancing both their cell
internalization and transfection activity.

Endocytosis and Intracellular Fate of Glycoplexes.
The transfection efficiency of non-viral vectors is conditioned

Figure 6. Therapeutic potential of the suicide gene therapy strategy mediated by the glycopolymer-based nanocarrier combined with DTX. Effect
on viability (a) and apoptosis levels of HepG2 cells (b,−d). HepG2 cells were treated with different antitumor strategies: suicide gene therapy
(PAMA144-co-PLAMA19/pTK + GCV), chemotherapy (free DTX), and suicide gene therapy combined with chemotherapy (PAMA144-co-
PLAMA19/pTK + GCV + DTX). (a) Data are expressed as the percentage of cell viability with respect to untreated cells (control). Asterisks
(****p < 0.0001 and ***p < 0.001) indicate values that significantly differ from those measured for cells transfected with PAMA144-co-PLAMA19-
based nanocarriers, containing 1 μg of pTK plasmid. Cardinals (####p < 0.0001 and ###p < 0.001) correspond to data from cells treated with each
individual strategy (PAMA144-co-PLAMA19/pTK + GCV or DTX) which significantly differ from those obtained with cells treated with the
combined therapy (PAMA144-co-PLAMA19/pTK + GCV + DTX). (b) Percentage of viable, early apoptotic, late apoptotic/necrotic and necrotic
cells obtained from flow cytometry analysis, measured after 72 h of treatment. (c) Representative scatter plots of FITC-annexin V vs PI. Q1,
necrotic cells; Q2, late apoptotic/necrotic cells; Q3, early apoptotic cells; and Q4, viable cells. (d) Representative images of overlapping
fluorescence microscopy and phase contrast of cells using fluorescein diacetate (green) and PI (red) staining for imaging live and dead cells,
respectively (scale bar = 50 μm).
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by multiple intracellular barriers as the cellular uptake and
endolysosomal escape to nuclear internalization.43,44 The
interaction of nanocarriers with cells, and consequently their
internalization, is affected by several parameters, in particular
by their physicochemical properties and glycopolymer
composition.21 The cellular internalization of the developed
nanocarriers, containing 1% fluorescein-labeled PAMA-co-
PLAMA glycopolymer, was evaluated by confocal microscopy
and flow cytometry, in the presence or absence of asialofetuin
(Figure 4ab).

The results, as shown in Figure 4a, indicated that cellular
internalization of PAMA144-co-PLAMA19-polyplexes was sig-
nificantly inhibited by pretreatment with asialofetuin. In
addition, colocalization was not observed between the
developed glycoplexes and lysosomal compartments (red
fluorescence), which suggests that they have the ability to
efficiently escape from the endolysosomal pathway to the
cytoplasm, avoiding the subsequent DNA degradation in acidic
cellular compartments. This observation can probably be
explained by the high content of PAMA, a polymer containing
primary amines that may interact and disrupt the endocytic
membranes promoting the release of nanocarriers into the cell

cytoplasm.45 Furthermore, ASGPR-mediated cellular internal-
ization of the developed nanocarriers was confirmed by flow
cytometry (Figure 4b). As expected, the cellular internalization
of PAMA144-co-PLAMA19-based nanocarriers decreased sig-
nificantly in the presence of asialofetuin, whereas the uptake of
PEG45-b-PAMA168-based polyplexes was not affected by the
pretreatment with this glycoprotein. This result can be
explained by the binding of asialofetuin to the ASGPR,
which blocks the internalization of the LAMA-containing
nanosystems, but not the internalization of PEG45-b-PAMA168-
based nanocarriers, since the latter do not interact with the
ASGPR. The extension of the interaction between glycopol-
ymers and specific lectins depends on their molecular weight,
composition, arrangement in the nanoparticle structure, and
length of spacer groups between polymer backbone and the
pendant carbohydrate groups.22,46 For a fixed amount of
carbohydrates, the increase of DP value of AMA resulted in a
substantial decrease of the cellular internalization of PAMA-co-
PLAMA-based nanocarriers (Figure S5, Supporting Informa-
tion). Despite the higher cellular internalization of PAMA55-co-
PLAMA21-based polyplexes when compared to PAMA144-co-
PLAMA19-based ones, their transfection activity was much

Figure 7. Effect of the suicide gene therapy strategy mediated by the glycopolymer-based nanocarriers combined with DTX on the tumor spheroid
growth. HepG2-spheroids were treated with different antitumor strategies: suicide gene therapy (PAMA144-co-PLAMA19/pTK + GCV) and DTX
and suicide gene therapy combined with DTX (PAMA144-co-PLAMA19/pTK + GCV + DTX). (a) Asterisks (****p < 0.0001, ***p < 0.001)
correspond to data achieved with spheroids treated with each individual strategy and non-treated control, which significantly differ from those
obtained with spheroids treated with the combined therapy (PAMA144-co-PLAMA19/pTK + GCV + DTX). (b) Microscopic images (scale bar =
200 μm) from 0 to 120 h are phase contrast images, and the microscopic images for 168 h are fluorescence images using fluorescein diacetate
(green) and PI (red) staining for imaging live and dead cells, respectively. (c) PI mean fluorescence intensity (MFI) per spheroid area.
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lower, suggesting the higher ability of our best formulation to
effectively overcome the multiple intracellular barriers. The
pKa values of PAMA-co-PLAMA glycopolymers likely help
explain these differences between nanocarriers with different
DP of AMA (Figure S5, Supporting Information). The
PAMA144-co-PLAMA19 glycopolymer has the lower pKa value
and, consequently, the lower degree of protonation at
physiological pH, resulting in a higher buffering capacity.
The endocytic pathway has a critical role in the intracellular
trafficking of nanocarriers and, consequently, in the trans-
fection efficiency.47 To evaluate the endocytic pathway
involved in the cellular uptake of PAMA144-co-PLAMA19-
based nanocarriers, their transfection activity was measured in
the presence of various endocytic inhibitors (Figure 4c).
Clathrin-mediated endocytosis was inhibited using chlorpro-
mazine, caveolae-mediated endocytosis was blocked through
the treatment with filipin, and amiloride was used to hinder
macropinocytosis. Different concentrations of each endocytic
inhibitor were used to define the lower drug concentration at
which the inhibitor was efficient, without provoking significant
toxicity (Figures S10 and S11, Supporting Information). In
addition, the endocytic pathways engaged in the cellular uptake
of non-targeted nanocarriers�PEG-b-PAMA168-based nano-
systems�were also evaluated. As shown in Figure 4c,
pretreatment of HepG2 cells with chlorpromazine resulted in
a significant reduction on transgene expression, suggesting that
the clathrin-coated pit endocytic pathway is involved in the
uptake of the developed PAMA144-co-PLAMA19-based nano-
carriers. The physicochemical properties of these glycoplexes,
namely, their size of approximately 144 nm, were compatible
with their internalization by clathrin-mediated endocytic
pathway (Figure S6, Supporting Information). Moreover, this
result confirmed the ASGPR-mediated cellular internalization,
due to the specific binding of the galactose residues to this
receptor. Regarding the PEG45-b-PAMA168-based polyplexes,
the obtained data showed that the transgene expression was
also negatively affected by the preincubation with chlorpro-
mazine, indicating the involvement of clathrin-mediated
endocytosis. This transfection activity reduction was not due
to the toxicity of the endocytic inhibitors as no significant
changes in cell viability were observed for the selected
concentrations (Figures S10 and S11, Supporting Informa-
tion).

Antitumor Activity. DTX is a standard first-line chemo-
therapeutic drug for the treatment of various cancers.
However, clinical trials indicate that DTX does not seem to
be safe and effective enough for patients suffering from
advanced HCCs.48 This anticancer agent has multiple target
processes, including apoptotic, angiogenic, and gene expression
ones.31 In addition, as an inhibitor of microtubule depolyme-
rization, this second-generation taxane may also decrease the
intracellular traffic of polyplexes to lysosomes, enhancing the
transfection efficiency of non-viral vectors.49,50 The HSV-TK/
GCV gene therapy strategy focus on the delivery into tumor
cells of a gene encoding the enzyme HSV-TK that metabolizes
GCV to GCV monophosphate, which in turn is phosphory-
lated to the triphosphate form by cellular kinases.51 Since the
latter compound is an analogue of deoxyguanosine triphos-
phate, the inhibition of DNA polymerase and/or incorporation
into DNA will occur, resulting in chain termination and tumor
cell death.52 Moreover, suicide gene therapy yields better
therapeutic outcomes due to the bystander effect involving the

neighboring cancer cells, thus suppressing the necessity to
deliver therapeutic genetic material to all tumor cells.7

Considering that one of the goals of this work was to
develop an effective anti-HCC strategy, we investigated
whether DTX as a transfection enhancer, together with its
anticancer activity, would improve the therapeutic potential of
the suicide gene therapy strategy mediated by the developed
glycoplexes. To this end, we analyzed the effect of different
DTX concentrations on luciferase gene expression in HepG2
cells transfected with PAMA144-co-PLAMA19/DNA nano-
systems prepared at a 25/1 N/P ratio.

The data presented in Figure 5a showed that pretreatment of
HCC cells with DTX resulted in an increase of the biological
activity of the nanocarriers. This booster effect was
concentration-dependent and reached the highest effect at
0.1 μM DTX, under the conditions tested and limited by the
drug cytotoxicity. The cytoskeleton plays a pivotal role in
different cellular processes, namely, the maintenance of cell
shape, mitosis, cell motility, and intracellular trafficking of
nanoparticles. Filopodia, actin projections that extend from the
cell surface, actively detect glycoplexes in the extracellular
milieu and internalize these nanoparticles into clathrin-coated
vesicles, which are then transported along microtubules to the
main cell body to deliver nucleic acids to the nucleus.47 As
DTX binds to the β-subunit of the tubulin protein of the
microtubules and promotes the hyperstabilization of micro-
tubule assemblies, it probably prevents the transport of
glycoplexes to lysosomes. Thus, as previously reported by
several authors, the increase in transgene expression induced
by microtubule-targeting agents is probably due to the
enhancement of intracellular trafficking from the endocytic
pathway to the nucleus rather than an increase in cellular
binding and internalization of nanosystems.53,54 Increasing the
concentration of DTX resulted in high levels of cytotoxicity,
and as DTX treatment was performed in the free form, it was
critical to select a concentration that enhanced transfection
activity without affecting the cell viability (Figure 5b).
Therefore, the concentration of 0.006 μM, which tripled the
transgene expression of the developed nanocarriers, was
selected for further studies, namely those involving the delivery
of the therapeutic gene.

In this regard, to evaluate the therapeutic potential resulting
from the combination of the suicide gene therapy strategy with
a low concentration of DTX, HepG2 cells were treated with
free drug or with PAMA144-co-PLAMA19-based nanosystems
carrying the pTK plasmid, in the presence (combined therapy)
or absence of DTX, followed by incubation for 5 days with 100
μM of GCV.

As shown in Figure 6, the cytotoxic effect promoted by the
HSV-TK/GCV gene therapy strategy or the combined
approach is time-dependent, being the highest cytotoxic effect
observed at the fifth day of treatment. After transfection with
PAMA144-co-PLAMA19/pTK-based nanocarriers, followed by 5
days of treatment with 100 μM GGV, 68% of cell death was
achieved. On the other hand, the treatment of non-transfected
cells with DTX resulted only in a slight decrease of cell
viability. However, the preincubation of cells with 0.006 μM
DTX, followed by 5 days of treatment with 100 μM GGV
resulted in 85% of cytotoxicity, showing an additive effect
promoted by the combination of these two therapeutic
approaches. As shown in Figure 6a, GCV was not toxic to
non-transfected cells, either per se or in the presence of DTX,
and no significant toxicity was measured upon transfection of
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cells in the absence of GCV treatment. To confirm these data,
cytotoxicity was also measured through SRB assay, which
allows determination of cell viability in terms of cell
proliferation, based on the protein content relatively to
untreated control cells, instead of metabolic activity. The
results showed that the combined therapeutic strategy indeed
produced a higher level of toxicity than that obtained with the
individual approaches (Figure S12 Supporting Information).
This additive effect was probably a consequence of the
multiple effects associated with the combined strategy. Most
notably, the small amount of DTX, which by itself does not
cause a significant toxicity, could enhance the effect of the gene
therapy strategy, by binding to beta-tubulin, inhibiting
microtubule depolymerization, and consequently enhancing
gene expression HSV-TK. Moreover, DTX many not only
improve gene therapy strategy but also directly contribute to
the antitumor effect by arresting the cell cycle at the mitosis
level and reducing the expression of anti-apoptotic genes.31

The molecular mechanism of cell death involved in the
antitumor activity of the combined and individual strategies
was evaluated by cell staining with annexin V and PI. As shown
in Figures 6b,c, cells treated with our proposed combined
therapeutic strategy (PAMA144-co-PLAMA19/pTK + GCV +
DTX) had a higher percentage of non-viable apoptotic and/or
necrotic cells after 72 h of incubation than cells treated with
the individual strategies (PAMA144-co-PLAMA19/pTK + GCV
or DTX). Furthermore, the negligible toxic effect of 0.006 μM
DTX confirmed the hypothesis that this chemotherapeutic
drug, at this concentration, merely enhances the transfection
ability of the developed glycoplexes, thereby increasing the
success of the suicide gene therapy strategy. Moreover, a large
number of necrotic (red) than viable cells (green) were
observed with the developed combined strategy, compared
with the individual therapeutic strategies (Figures 6 and S12,
Supporting Information).

3D tumor spheroids have been used to overcome 2D culture
constraints, by providing more realistic spatial/structural
architecture and biophysiological relevant information, bridg-
ing the experimental gap between in vivo and in vitro
results.55,56 In order to evaluate the robustness of these
therapeutic approaches, the antitumor effect of the combined
strategy (PAMA144-co-PLAMA19/pTK + GCV + DTX) and of
the individual approaches, suicide gene therapy (PAMA144-co-
PLAMA19/pTK + GCV) and chemotherapy (DTX), was
examined in HepG2 tumor spheroids.

The results presented in Figure 7a,b show that after 168 h of
transfection with PAMA144-co-PLAMA19/pTK-based nano-
carriers, followed by treatment with 100 μM of GGV, the
size of tumor spheroids decreased by 30%, whereas no
significant change in their diameter was observed in non-
transfected cells treated with 0.006 μM DTX. However, tumor
spheroids treated with our proposed combined therapeutic
strategy (PAMA144-co-PLAMA19/pTK + GCV + DTX)
showed a reduction of 38% in the size. In addition, the PI
mean fluorescence intensity (MFI) measurements showed that
spheroids treated with PAMA144-co-PLAMA19/pTK + GCV or
with PAMA144-co-PLAMA19/pTK + GCV + DTX exhibited a
higher PI MFI per spheroid area than those treated with DTX
or non-treated ones (Figure 7c), demonstrating the high
therapeutic potential of suicide gene therapy combined with
DTX.

■ CONCLUSIONS
In summary, we developed a novel glycopolymer-based
nanocarrier and evaluated the antitumor effect resulting from
the combination of HSV-TK suicide gene therapy, mediated by
these HCC-targeted nanosystems, with low concentrations of
DTX. To this end, a series of water-soluble PAMA-co-PLAMA
random glycopolymers were synthesized by ARGET ATRP
(without protection/deprotection chemistry). These polyme-
thacrylate-based glycopolymers have shown to be capable of
forming nanosystems for gene delivery with suitable phys-
icochemical properties, high transfection efficiency, biocom-
patibility, and ASGPR specificity. In addition, our best
formulation, PAMA144-co-PLAMA19-based polyplexes, showed
excellent performance as suicide gene therapy mediators, with
substantial antitumor effects enhanced by combination with
DTX, even in hard-to-transfect multicellular tumor spheroids.
Overall, the obtained results show the great potential of the
PAMA144-co-PLAMA19 glycopolymer as an effective nanoplat-
form for gene delivery and that their combination with DTX
represents a promising strategy for the treatment of HCC.
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