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[27_TD$DIFF]A B S T R A C T

Nonviral vectors have been attracting more attention for several advantages in gene delivery and the
development of nonviral gene carriers with high delivery efficiency and low cytotoxicity has long been a
key project. Starburst polyamidoamine dendrimers are a class of synthetic polymers with unique
structural and physical characteristics. However, when they are used as gene carrier, the gene
transfection efficiency is not satisfactory. Herein, a novel thioketal-core polyamidoamine dendrimer (i.e.,
ROS-PAMAM) was synthesized and characterized. Compared to ethylenediamine-core dendrimers or
widely used cationic polymers of polyetherimide, ROS-PAMAM showed lower cytotoxicity. Moreover,
ROS-PAMAM demonstrated reactive oxygen species responsive characteristics, which can facilitate the
release of siRNA in the tumor microenvironment. In vitro gene transfection experiments based on A549
cells confirmed that siRNA/ROS-PAMAM exhibits high gene transfection efficiency. It is concluded that
ROS-PAMAM shows great potential as a generalizable vehicle for gene therapy applications.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Gene therapy is a promising tool for the treatment of human
disease that cannot be cured by rational therapies [1,2]. Over the
past few years, the clinical success of cancer gene therapy critically
depends on the development of safe, efficient, and targeted gene
carriers [3,4]. Synthetic non-viral vectors have attracted consider-
able interest as a promising alternative to conventional viral
vectors due to their lower risk of immunogenicity and larger gene
delivery [5]. Among the vectors, dendrimers, a class of synthetic
polymers with well-defined structure and molecular weight, have
attracted considerable attention [6].

Dendrimers are highly branched macromolecules of low
polydispersity that provide many opportunities for design of
novel drug-carriers, gene delivery systems and imaging agents
[7,8]. They show great promise in tissue targeting applications,
controlled drug release and so on [9,10]. Dendrimers own
advantages including their nanoscale spherical architecture,
narrow polydispersity and the multifunctional surface offering
the possibility to tailor-make their surface chemistry [11].
However, among most dendrimers that have been synthesized,
despite few possible applications in medicine and pharmacy their
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utilization is limited, mainly because of inherent toxicity
associated with them [12].

It has been reported that the main mechanism of dendrimers
toxicity is based on the interaction of surface cationic charge of
dendrimers with negatively charged biological membranes which
results in membrane disruption and erosion [13]. Dendrimers
bearing -NH2 termini display concentration and usually genera-
tion-dependent cytotoxicity [11]. Previous studies had pointed out
that only dendrimers of high generations with positive charge, not
negative or neutral or small cationic dendrimers, contributed to
aggregation of human platelets in vitro [14]. In another study,
Duncan [28_TD$DIFF]et al. had reported that up to the concentration of 100
mg/mL tested, the cationic polyamidoamine (PAMAM) dendrimers
of generation 4 was markedly cytotoxic while PAMAM of
generation 1 was not toxic at all towards B16F10 cells [15]. In
addition, a cytotoxicity analysis measured by MTT assay showed
that cationic PAMAMof generation 2 had almost forty times higher
IC50 value (the inhibitory concentration diminishing viability by
50%) than that of generation 4 [11]. Accordingly, a possible
explanation for these results may be that the smaller size and less
surface charge distribution of low generations dendrimers
contribute their low cytotoxicity [16,17].

In the past, a lot of work had focused on the effects of surface
modification on cytotoxicity response of PAMAM, such as
guanidine, carboxylate, sulfonate, phosphonate, or PEGylated
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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surfaces [18]. To the best of our knowledge, there was little
scientific information concerning the influences of structural
changes on PAMAM cytotoxicity, especially caused by intracellular
stimuli. In this study, we synthesized a [29_TD$DIFF]reactive oxygen species [30_TD$DIFF]

(ROS)-responsive PAMAM dendrimer that was easily cleavable in
ROS abundant conditions, which reduced the size and surface
charge quantity of PAMAM. The ROS-responsive dendrimer
demonstrated low toxicity than non-responsive PAMAM or
polyetherimide. What [31_TD$DIFF]is more, responding to ROS offers a
parameter for manipulating nanocarrier to achieve better target-
ing and efficacy in complicated microenvironments [19]. The
targeted delivery of siRNA to tumour cells was carried out to check
the transport efficiency of nanocarrier. The results showed that the
ROS-responsive dendrimer was secure and effective as a gene
carrier.

The cationic PAMAM dendrimers have primary amines groups
on the surface and tertiary amine groups in their internal cavities,
which become ionized at lowpHvalues. They can effectively accept
protons in acidic environments. As is known, the efficient
intracellular gene delivery ismainly ascribed to strong electrostatic
attraction between delivering carriers and siRNA [20,21], therefore
PAMAM is a suitable candidate for gene delivery owing to its
proton buffering capacity. Moreover, various smart polymers
capable of responding to intrinsic stimuli in a tumour environ-
ment, such as low extracellular pH and matrix metalloproteinases,
have been developed as efficient carriers for cancer treatment
[22,23]. It was reported that, cancer cells can constantly generate
high level of intracellular ROS, including H2O2, hydroxyl radial and
superoxide, in comparisonwith normal cells [24–26]. Accordingly,
we speculated that intracellular ROS in cancer cells might be
utilized as an effective cancer-related stimulus to mediate
intracellular gene release. It has been confirmed that the
thioketal-based polymeric carrier could be cleaved by intracellular
ROS and then enhance the gene delivery efficiency in cancer cells
[5]. Therefore, a ROS-[32_TD$DIFF]responsive dendrimer (G4.0), i.e., ROS-
[(Scheme_1)TD$FIG]

Scheme 1. Synthetic route
PAMAM was produced from methyl acrylate and ethylenediamine
using thioketal as the core (Scheme 1).

The ROS-PAMAM was characterized by 1H NMR (Fig. 1a). The
appearance of alkyl protons in the 1H NMR spectrum (inset)
indicates that the thioketal successfully served as the core. FTIR
spectrum of ROS-PAMAM are shown in Fig. 1b. The characteristic
absorption bands at 1731 cm�1 can be assigned to the ester
carbonyl group of PAMAM. The molecular weights of ROS-PAMAM
were calculated to be 14.35kDa by the above molecular formula.
Then, transmission electron microscopy (TEM), dynamic light
scattering (DLS) and zeta potential measurements were performed
to further characterize their size, morphology and surface charge
properties of ROS-PAMAM and siRNA/ROS-PAMAM complex.
Firstly, TEM images demonstrated that the size of siRNA/ROS-
PAMAM was 10.1 nm, whereas that of ROS-PAMAM was only
6.7 nm ([33_TD$DIFF]Figs. 1c and d), indicating that siRNA effectively combined
to ROS-PAMAM. Secondly, the zeta potential of ROS-PAMAM and
siRNA/ROS-PAMAM were 19.3mV and 4.07mV (Fig. S5 in
Supporting information), further implying that siRNA had linked
to ROS-PAMAM. Then, DLS results showed that the hydrodynamic
size of ROS-PAMAM was 29.2 nm, and that of siRNA/ROS-PAMAM
increased to 45.7nm (Fig. S5). As comparison, the hydrodynamic
diameters of siRNA/PAMAM and siRNA/PEI were shown in Table S1
(Supporting information). Taken together, these results provide
clear evidence for the formation of ROS-PAMAM and siRNA/ROS-
PAMAM.

Generally, the cytotoxicity of nanoparticles should be firstly
considered before they are used in vivo [27,28]. To investigate the
cytotoxicity of ROS-PAMAM, bothMTTassay and LDH release assay
were used. Two cell lines (A549 cells and MCF-7 cells) were
exposure to different concentrations of ROS-PAMAM dendrimers
for 24h and the same concentrations of PAMAM and Polyethy-
leneimine (PEI) were included for comparison. PAMAM has a core
of ethylenediamine instead of thioketal, as a result, it is not
responsive to reactive oxygen species. PEI as a model gene
of ROS-PAMAM (G4.0).
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Fig. 1. The characterization of ROS-PAMAM (G4.0). (a) 1H NMR, inset: a partial enlargement picture of (a); (b) FTIR; (c) Transmission electron microscopy (TEM) images of
ROS-PAMAM and (d) siRNA/ROS-PAMAM.

[(Fig._2)TD$FIG]

Fig. 2. The cytotoxicity analysis of ROS-PAMAMdendrimers. Cell viabilitywas assessed byMTTassay and LDH release assay upon exposure to different concentrations of ROS-
PAMAMdendrimers for 24h. PAMAMand PEIwere included for comparison. Results are presented as percent cell viability (mean� S.D.) from three independent experiments
using A549 cells and MCF-7 cells. MTT assay (a) A549 cells, (b) MCF-7 cells; LDH release assay (c) A549 cells, (d) MCF-7 cells.
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transfection vector is often used in daily experiments, which
however is considered too toxic [29]. Fig. 2 shows the viability of
A549 cells and MCF-7 cells after 24h of incubation with ROS-
PAMAM, PAMAM and PEI. As expected, A549 cells and MCF-7 cells
treated with ROS-PAMAM showed no cytotoxicity even at a
concentration of [34_TD$DIFF]200mg/mL in comparison with the IC50 value of
PAMAM is about [35_TD$DIFF]100mg/mL and that of PEI is about 50mg/mL,
confirming the low cytotoxicity of ROS-PAMAM. The results from
both methods were consistent. Such results suggest that ROS-
PAMAM demonstrated low toxicity than non-responsive PAMAM
or PEI, and it is more secure to be used as a gene carrier for siRNA
delivery. To explain the low toxicity of ROS-PAMAM, the particle
size (hydrodynamic diameter) and zeta potential changes of ROS-
PAMAM before and after treated with ROS were measured. As
shown in Fig. S6 (Supporting information), both particle size and
zeta potential were reduced after treated with ROS. Dendrimers
bearing -NH2 termini display concentration and usually genera-
tion-dependent cytotoxicity, the smaller size and less surface
charge distribution of ROS-PAMAM in ROS-abundant conditions, as
the characters of low generations dendrimers, may contribute its
low cytotoxicity [11,14–17].

To investigate the cell uptake behaviour of ROS-PAMAM, FITC
labelled ROS-PAMAM was synthesized according to our previous
studies [30]. Then, the cellular uptake of ROS-PAMAM was
calculated by observing the location of FITC-ROS-PAMAM in
subcellular compartments of A549 cells by confocal laser scanning
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microscopy (CLSM). As shown in Fig. S7 [36_TD$DIFF](Supporting information),
the green fluorescence intensity increased by extending the
incubation time from 1h to 6h, suggesting that the ROS-PAMAM
could be endocytosed continuously in a time-dependent manner.
Next, we co-stained FITC-ROS-PAMAM in A549 cells with
LysoTracker Red DND-99 (lysosomal marker). After 6h incubation,
the green and red fluorescence signals from FITC-ROS-PAMAM and
lysosomemarker, respectively, were found to overlap (Fig. S[37_TD$DIFF]7). This
overlap indicated that the internalized ROS-PAMAM was trans-
located via lysosomal pathway after entering cells. Based on these
results, it could be inferred that ROS-PAMAM can be efficiently
translocated to endosomes in A549 cells.

The interaction between negatively charged siRNA and cationic
vehicles is known to strongly influence its loading efficiency of
vehicles [31,32]. To investigate whether ROS-PAMAM could
complex with siRNA, agarose gel electrophoresis was performed
at differentmass ratios of vector to siRNA (w/w) ranging from0.5:1
to 10:1 ([33_TD$DIFF]Figs. 3a–c) [33]. As Fig. 3a shows, in comparison with the
motility of naked siRNA, the movement of siRNA loaded on ROS-
PAMAM was gradually retarded. The fluorescence intensity of un-
complexed siRNA decreased with increasing w/w ratio from 0.5 to
10 and nearly disappeared when the w/w ratio was greater than 5,
suggesting that ROS-PAMAM has strong condensation ability
towards siRNA and higher w/w ratios are favourable. The stability
of siRNA/ROS-PAMAM complexes were then examined by RNase
digestion to mimic physiological condition. Un-complexed siRNA
was detected with ethidium bromide stain. Once siRNAwas either
degraded by RNase or completely bound with gene vehicles, the
ethidiumbromide fluorescence disappeared. Fig. 3b shows that the
fluorescence of siRNA/ROS-PAMAM complexes disappeared after
RNase digestion, which means that within the complexes there is
no naked gene present. Then, as Fig. 3c shows, after SDS treatment,
siRNA was released from vehicle by SDS replacement. The
fluorescence intensity gradually increased with the mass ratio
from0.5 to 7.5, indicating increasing number of siRNAwas released
fromROS-PAMAM. These results further suggested that complexed
siRNAwas protected by ROS-PAMAM instead of being degraded by
RNase. However, we also found that the fluorescence intensity
decreased at the mass radio of 10, it was possibly because that the
vehicle was over dosage, as a result, a little siRNA on the surface of
[(Fig._3)TD$FIG]

Fig. 3. (a–c) Analysis of siRNA/ROS-PAMAM complex formation at various mass ratios
siRNA/ROS-PAMAM complexes were prepared at pH 7.4. (a) Agarose gel retardation ass
1.25:1, 2.5:1, 5:1, 7.5:1, and 10:1 from left to right). (b) Protection of siRNA against RNa
vehicles after enzymatic degradation. Naked siRNA was used as a control (first lane from
conditions.
ROS-PAMAMwas degraded. Thus, gene delivery experiments were
carried out at an optimized w/w ratio of 7.5.

Then, we investigated the release behaviour of siRNA from
siRNA/ROS-PAMAM complexes [34]. We used 100mmol/L H2O2

and 1.6mmol/L CuCl2 in PBS buffer to produce ROS according to a
previous report [35]. Fig. 3d shows the amount of siRNA
cumulatively released under different conditions. In the pH 7.4
and absence of ROS, we observed that there is no apparent siRNA
(about 30%) release after 24h. Then, under a single stimulus of ROS
or partial acidic environment (pH 5.5), the amount of siRNA
released was slightly improved to 40% but the effect was not
obvious. In contrast, in the presence of ROS under slightly acidic
environment, the siRNA release rate significantly increased, and
nearly 80% siRNAwas releasedwithin 12h. For intracellular release
of siRNA from ROS-PAMAM, it is known that cationic particles bind
with high affinity to lipid groups on the surface membrane and are
endocytosed in the tight-fitting vesicles. Once ROS-PAMAM
nanoparticles enter into an acidifying lysosomal compartment
(pH 5.5) [36], the unsaturated amino groups of ROS-PAMAM are
capable of sequestering protons that are supplied by the v-ATPase
(proton pump). This process keeps the pump functioning and leads
to the retention of one Cl� ion and one water molecule per proton,
which causes lysosomal swelling and rupture, leading to particle
deposition in the cytoplasm [37]. The protonation of the central
tertiary amines can increase the volume of internal cavity of ROS-
PAMAM, which promotes siRNA release from siRNA/ROS-PAMAM
complexes [38]. Then, cancer cells can constantly generate high
level of intracellular ROS, including H2O2, hydroxyl radial and
superoxide, in comparison with normal cells [39,40]. As a result,
the internalized ROS-PAMAM disassembles, which further pro-
motes the release of siRNA into the cytoplasm.

To investigate the siRNA delivery efficacy by ROS-PAMAM,
confocal laser scanning microscopy (CLSM) were used to measure
the uptake of cy5-labeled siRNA.We used PAMAM as a reference to
investigatewhether ROS-PAMAM responded to ROS and facilitated
the release of siRNA in vivo. As shown in Fig. 4a, siRNA/ROS-
PAMAMcomplexes exhibited strongfluorescence intensity in A549
cells, while the cy5-labeled siRNA delivered by PEI or PAMAM
showed relatively weak fluorescence. Moreover, the fluorescence
intensities of cy5-labelled siRNA uptake by A549 cells were
by agarose gel electrophoresis using 2% agarose in Tris-acetate running buffer. The
ay of siRNA/ROS-PAMAM complexes under various vector/siRNA mass ratios (0.5:1,
se digestion. (c) siRNA release from complexes by competitive binding of SDS with
the left [23_TD$DIFF]). (d) siRNA release profile of siRNA/ROS-PAMAM complex under different
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Fig. 4. (a) Confocal microscope images of intracellular uptake of cy5-labeled siRNA
(red) complexed with PEI, PAMAM, ROS-PAMAM after incubation with A549 cells
for [24_TD$DIFF]12h. Free siRNA was used as a control.[25_TD$DIFF] (b) The A549 cells were incubated with
free p53 siRNA, PEI, PAMAM and ROS-PAMAM complexed with p53 siRNA for 12h,
respectively. The p53 knockdown efficacy was detected by western blot. (c)
Quantitative analysis of p53 knockdown efficacy.

Y. Wang et al. / Chinese Chemical Letters 31 (2020) 275–280 279
determined by flow cytometry analysis (Fig. S8 in Supporting
information), The results were in agreement with the above data
determined by confocal laser scanning microscopy. That is, after
treatment with siRNA/ROS-PAMAM, the fluorescent intensity of
A549 cells increased much more than the other two carriers,
suggesting that ROS-PAMAM can increase the transfection
efficiency.

Moreover, to further evaluate the effectiveness of siRNA
transfection by ROS-PAMAM in vitro, we used p53 siRNA that
specifically knockdown p53 protein [41]. p53 siRNA was delivered
via ROS-PAMAM, PAMAM, PEI, and the level of p53 was measured
by Western Blot (Fig. 4b). In A549 cells treated with p53 siRNA/
ROS-PAMAM at a mass ratio of 7.5, significant p53 knockdownwas
observed and the level of p53 was reduced by nearly 83% (Fig. 4c),
compared to a slight reduction in the cells treated with siRNA/PEI
(62%) and siRNA/PAMAM (51%). From those results, it can be
concluded that ROS-PAMAM is an effective non-viral gene carrier.

With the advent of nanotechnology, concerns about the
potential adverse health effects of nanomaterials have been
expressed. It is of great importance to find nanomaterials with
lower toxicity, or to make appropriate improvements to reduce
nanotoxicity. Here, we prepared a ROS- [38_TD$DIFF]responsive dendrimer,
which exhibits low cytotoxicity than non-responsive PAMAM or
polyethyleneimine. The low toxicity mechanism of ROS-PAMAM
may be attributed to its easily cleavable capability in ROS abundant
conditions, which reduced the size and surface charge quantity of
PAMAM. Dendrimers bearing -NH2 termini display concentration
and usually generation-dependent cytotoxicity, the smaller size
and less surface charge distribution of ROS-PAMAM in ROS-
abundant conditions, as the characters of low generations
dendrimers, may contribute its low toxicity.

High siRNA transfection efficiency is the most important
factor in gene modification of cells. The targeted delivery of
siRNA to tumour cells was carried out to check the transport
efficiency of ROS-PAMAM. Results showed that this vector
demonstrated high siRNA binding affinity and protected siRNA
from enzyme degradation. Moreover, confocal laser scanning
microscopy demonstrate the high gene delivery efficiency of
ROS-PAMAM at a vector/siRNA w/w ratio of 7.5:1. Furthermore,
the targeted knockdown effect on p53 expression was much
higher than that of PEI and non-responsive PAMAM using our
new delivery carrier. This indicates that ROS-PAMAM has the
potential to be used as an efficient in vivo gene carrier. We believe
that ROS-PAMAM is a promising delivery vehicle and can
contribute to the design of novel carriers with low cytotoxicity
and high delivery efficiency.
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