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ation and Schiff-base linked
imidazole modification of polylysine for high-
performance gene delivery

Xiaojun Cai,ab Yongyong Li,*b Dong Yue,a Qiangying Yi,a Shuo Li,*ac Donglu Shib

and Zhongwu Gu*a

Gene carriers made from polylysine are of interest in relation to gene therapy but suffer from the lack of

transfection efficiency due to limited stability and endosomal escape ability. To address this problem, we

designed and developed Schiff-base linked imidazole modified polylysine with a reversible-PEGylation

catiomer (SL-ImPEG-SS-PLL) for high efficiency gene delivery. The reversible PEGylation was introduced

for in vivo circulation, as well as selective PEG detachment to augment the cellular internalization, while

introducing Schiff-base linked imidazole residues into polylysine was expected to accelerate the

endosomal escape of the DNA payload, as well as facilitate intracellular DNA unpacking and release, thus

significantly enhancing gene delivery efficiency. The size alteration of the SL-I15mPEG-SS-PLL/pDNA

polyplexes in the presence of 10 mM GSH suggests stimulus-induced PEG detachment under tumor

relevant reduction conditions. Acid–base titration assays indicate that imidazole residues confer on

polylysine remarkable buffering ability. The agarose gel retardation assay suggests that the Schiff-base

linkages provide an increased DNA binding ability to protect DNA against nucleases and timely

intracellular DNA unpacking to permit DNA dissociation from polylysine and access to transcriptional

machinery. Biological efficacy assessment of this multifunctional carrier, using pEGFP and pGL-3 as

reporter genes, indicates comparable to or even higher transfection efficiencies than gold standard PEI

and their transfection efficiencies are slightly affected by serum. More importantly, in vivo transfection of

pEGFP reveals that GFP expression was found not only in some of the important organs, such as the

liver, spleen, kidneys and lungs, but also in the transplanted carcinoma. These experimental results

suggest that the reversible PEGylation and Schiff-base linked imidazole modification make SL-ImPEG-

SS-PLL a great potential candidate for an effective and biocompatible gene delivery system.
Introduction

Gene therapy is considered to be one of the most promising
approaches to treat diseases of genetic defects.1–3 Successful
gene therapies, however, strongly depend on the development
of effective and safe gene delivery vectors that are capable of
mediating high and sustained levels of gene expression.4–8

While viral vectors, such as adenoviruses and retroviruses can
mediate highly efficient gene transfer, they pose safety issues
such as healthy cell inection, inammation, immunogenicity,
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carcinogenicity, and the possibility of gene recombination,
which prompted parallel pursuit for non-viral vectors.9–12

Synthetic cationic polymers as one of the main classes of
non-viral vectors offer new opportunities for relatively safe gene
delivery because they regularly induce a low immune response
and have advantages such as high gene-loading capacity, handy
chemical modication, and large-scale production.13–16 Various
cationic polymers such as polyethylenimine (PEI),17,18 polylysine
(PLL),19,20 polyamidoamine (PAMAM),21–23 poly(2-dimethylami-
noethyl methacrylate) (pDMAEMA)24,25 and poly(b-amino esters)
(PBAEs)26 have been extensively investigated as versatile gene
carriers. These vectors can condense nucleic acids to nano-sized
complexes (polyplexes), which can protect nucleic acids from
extracellular enzymatic degradation, and enter cells via endo-
cytosis followed by releasing the genes inside the cytoplasm or
nucleus of the cells.27 However, gene therapy based on these
vectors still remains a great challenge due to the multiple
hurdles during the delivery processes such as low colloidal
stability during circulation, inefficient endocytosis, slow endo-
somal escape, untimely or incomplete DNA unpacking and
J. Mater. Chem. B, 2015, 3, 1507–1517 | 1507
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release and poor nuclear import.28–30 Although methodologies
exist or are under development for solving individual barriers in
the polymeric gene delivery processes, it is eventually a big
challenge to design a multifunctional polymeric system with
multiple features incorporated and optimized to overcome
these hurdles collectively to achieve a highly efficient and safe
gene delivery.27,31–33

Polylysine (PLL) is a conventional cationic polymer well
known for its appreciable gene loading capacity and biode-
gradability. However, its lack of stability and capability of
endosomal escape has posed some limitations in the biomed-
ical applications.34–36 Recently, we have developed a reversible
PEGylated polylysine that can efficiently pack genes and remain
intact extracellularly while triggering PEG detachment accord-
ing to the intracellular glutathione (GSH) level.29,37 The key
structural factor of this system relies on the disulde link
between the two blocks of PEG and polylysine. The redox-
responsive properties of the disulde bond allow the selective
detachment of PEG, facilitating the cellular internalization and
intracellular release/transfer of the payload gene. The unique
polylysine vector has been found to enhance the serum stability
and gene transfection efficiency. However, the biological effi-
ciency of this vector still cannot meet the requirements for
clinical gene therapy, which can be ascribed to its inherent
limited endosomal escape ability. Besides, inefficient intracel-
lular DNA unpacking and release may also be regarded as one
important rate-limiting step for PLL, because cationic polymers
with positive charges condense DNA so tightly that it becomes
increasingly difficult for the packed gene to dissociate from its
carriers, seriously limiting the ultimate gene transfection.4

Hence, a masterly structural design and optimization are
crucial for developing a promising PLL system with an optimal
balance between DNA protection and release, as well as efficient
endosomal escape.

An imidazole ring is a functional moiety of many biomole-
cules (such as histidine) and has frequently been incorporated
into polymeric vectors to increase their biocompatibility and
gene transfection efficiency because the imidazole heterocycle
possesses large proton buffering capacity at the endosomal/
lysosomal pH range.30,38,39 For example, imidazole-chitosan
prepared through the EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide) chemistry has been successfully developed and
used for nucleic acid delivery.40,41 However, the amide linkage
between the imidazole ring and chitosan might be easily
digested by enzymes in vivo.42 In contrast to amide bonds,
Schiff-base linkages are more preferred to develop an intracel-
lular microenvironment responsive polymeric gene delivery
system because of their specic molecular properties. The pKa

of a Schiff-base (–N]CH–) is between 10.6 and 16.0 at 25 �C,
and it can be fully protonated at physiological pH,43 which
results in the improvement of gene-binding ability.44 In addi-
tion, the Schiff-base is endosomal pH sensitive and it can
remain intact at physiological pH during hydrolysis in a weakly
acidic endosomal microenvironment (5.0–6.5),45,46 which will
conversely reduce the gene loading capacity and facilitate
intracellular DNA unpacking and release.3 Based on these
ndings, we hypothesize that the Schiff-base linked imidazole
1508 | J. Mater. Chem. B, 2015, 3, 1507–1517
residues may serve as promising multifunctional moieties for
the development of a highly efficient and biocompatible poly-
meric gene delivery system with efficient endosomal escape
ability as well as good balance between DNA protection and
release.

As a proof of concept, we engineered and developed a unique
Schiff-base linked imidazole modied polylysine with a revers-
ible-PEGylation catiomer (SL-ImPEG-SS-PLL) for high efficiency
gene delivery. The endosomal escape capability, as well as DNA
protection and release behaviour was evaluated using acid–base
titration measurements, agarose gel electrophoresis and
dynamic laser light scattering. The reversible PEGylation was
investigated by DLS. The physicochemical properties (particle
size, zeta potential and morphology), bio-safety, transfection
efficiency in vitro and in vivo were also investigated.

Results and discussion
Synthesis and characterization of Schiff-base linked imidazole
modied polylysine with a reversible-PEGylation catiomer (SL-
ImPEG-SS-PLL)

The Schiff-base linked imidazole modied polylysine with a
reversible PEGylation catiomer (SL-ImPEG-SS-PLL) was
designed with a redox-sensitive disulde bond between the PEG
and PLL moieties in addition to Schiff-base linkers between
lysine units and imidazole. The design rationale is based on the
desire to detach the external PEG shell in the presence of tumor-
relevant GSH concentrations for facilitating intracellular uptake
of PLL/DNA complexes. Following successful internalization
into target cells, the protonation of imidazole groups will lead to
the inux of chloride ions, osmotic swelling and rupture of
endosomes, which can accelerate the escape of DNA complexes
from late endosomes to the cytoplasm. In the meantime, the
hydrolysis of Schiff-base linkers in a weakly acidic endosomal
microenvironment will facilitate the intracellular DNA
unpacking and release, which is a necessary prerequisite for
gene transfer into the nucleus.

The synthesis of this multifunctional catiomer is illustrated
in Fig. 1. In brief, mPEG-SS-PzLL52 was prepared by the ring-
opening polymerization of zLL-NCA using mPEG-SS-NH2 as an
initiator. Aer deprotection, the imidazole rings were intro-
duced into the side chains of PLL via the reaction of the amino
group of mPEG-SS-PLL52 and the aldehyde group of 4-imida-
zolecarboxaldehyde at RT, where Schiff-base linkers were
formed. The number of imidazole residues on one mPEG-SS-
PLL52 molecule was optimized by varying the feed ratio of 4-
imidazolecarboxaldehyde to mPEG-SS-PLL52, from 1 : 10 to
1 : 4. The successful synthesis of mPEG-SS-PLL52 and SL-
ImPEG-SS-PLL with different imidazolyl substitutions was
demonstrated by 1HNMR spectra as shown in Fig. 2. In addition
to distinct resonance peaks for the PEG and PLL blocks, the
presence of proton signals at d 9.6 ppm indicates the formation
of Schiff-base (–HC]N–) linkages. Moreover, the successful
synthesis of SL-ImPEG-SS-PLL can be further conrmed by the
presence of imidazole rings with their proton chemical shis at
d z 7.2–7.5 ppm. The average number of imidazole residues
bound per mPEG-SS-PLL52 molecule was calculated to be 3, 6
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Dose-dependent cytotoxicity of SL-ImPEG-SS-PLL-based
catiomers. The viability of 293T (A), and MCF-7 (B) cells following a 24
h incubation with various concentrations of PEI (positive control), or
SL-ImPEG-SS-PLL-based catiomers was quantified using the MTT
assay. Data are shown as mean � SD (n ¼ 5) (*p < 0.05, **p < 0.01,
SL15-ImPEG-SS-PLL vs. bPEI-25k).

Fig. 1 Synthetic scheme of SL-ImPEG-SS-PLL, (a) zLL/triphosgene ¼
2.4 : 1, mol/mol, THF, 50 �C, 4 h; (b) zLL-NCA/mPEG-SS-NH2 ¼ 60 : 1,
mol/mol, DMF, RT, 3 days; (c) mPEG-SS-PzLL52, TFA, HBr/HAc, 0 �C, 1
h; (d) mPEG-SS-PLL52 is substituted with 4-imidazolecarboxaldehyde.
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and 15, respectively, by comparing the integration values of
proton peaks of Schiff-base linkages (9.6 ppm) and proton peaks
of lysine (0.97–1.79 ppm). Hence, the nal products are desig-
nated as SL-I3mPEG-SS-PLL, SL-I6mPEG-SS-PLL and SL-
I15mPEG-SS-PLL, respectively.

Cellular viability assessment

The clinical success of synthetic gene delivery vectors critically
depends on meeting an acceptable safety prole in addition to
therapeutic efficacy. As a promising alternative for viral vectors,
catiomers exhibit good prospects, while having potential
toxicity because of their membrane-disruptive ability.28 Hence,
cell viability assessment was performed here to assess the bio-
safety of fabricated catiomers using the 293T and MCF-7 cell
lines. As shown in Fig. 3, cell viability rapidly decreased to a
limiting value around 30% at concentrations >30 mg L�1, in the
presence of bPEI-25k (positive control). Previous studies
demonstrated that the cationic charge density of PEI is
responsible for this dramatic reduction in cell viability.47 In
contrast, mPEG-SS-PLL52-based polymers exhibited a
Fig. 2 1H NMR spectra of fabricated catiomers, (I) mPEG-SS-PLL52, (II)
SL-I15mPEG-SS-PLL, (III) SL-I6mPEG-SS-PLL and (IV) SL-I3mPEG-SS-
PLL in D2O.

This journal is © The Royal Society of Chemistry 2015
remarkably increased cellular viability prole even at concen-
trations of 225 mg L�1. Throughout the entire concentration
range tested, the cell viability was always maintained >70%
following a 24 h incubation. These results are in good agree-
ment with our previous reports that limited interaction and can
reduce cytotoxicity owing to the PEG-shielding effect.37 Besides,
it is worth noting that SL-ImPEG-SS-PLL exhibits slightly higher
cell viability in comparison to mPEG-SS-PLL52. The possible
reason may be ascribed to the reduction in the number of toxic
primary amino groups as well as the presence of imidazole
residues, as it is reported that a protonated imidazole ring is
less cytotoxic than protonated amines.48

DNA binding ability and buffering capacity of the SL-ImPEG-
SS-PLL catiomer

Electrostatic interactions between negatively charged DNA and
positively charged polymers facilitate the formation of partially
or completely neutralized association polyplexes. As a conse-
quence, the successful condensation of DNA with catiomers
results in the retardation or complete loss of oriented migration
of DNA within an electric eld. As evident from Fig. 4A, DNA
migration is efficiently inhibited by the mPEG-SS-PLL52/pDNA
complexes at a weight ratio >0.5, indicating effective DNA
condensation. Introducing Schiff-base linked imidazole resi-
dues into the side chains of polylysine further increased the
Fig. 4 Gel retardation assay of various catiomers complexed with
plasmid DNA (A). Buffering capacities of bPEI-25k, mPEG-SS-PLL52,
SL-I3mPEG-SS-PLL, SL-I6mPEG-SS-PLL and SL-I15mPEG-SS-PLL (B).

J. Mater. Chem. B, 2015, 3, 1507–1517 | 1509
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Fig. 5 Typical TEM images (inset) and size distribution of the (A)
SL-I15mPEG-SS-PLL/pDNA and (B) mPEG-SS-PLL52/pDNA polyplex;
(C) mean particle size and (D) zeta potential of the mPEG-SS-PLL52/
pDNA and SL-I15mPEG-SS-PLL/pDNA polyplex, fabricated in 150 mM
NaCl at various weight ratios. Data are shown as mean � SD (n ¼ 3).
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gene loading capability of mPEG-SS-PLL52 because the Schiff-
base linkage (pKa: 10.6–16.0) provides a stronger binding
affinity with pDNA than the amino group of polylysine (pKa:
9.0), which is consistent with the previous report that polymers
with a higher pKa value can form stable polyplexes even at lower
N/P ratios.49 As a consequence, SL-I3mPEG-SS-PLL, SL-I6mPEG-
SS-PLL and SL-I15mPEG-SS-PLL reach complete retardation of
pDNA at a weight ratio of 0.2, 0.2 and 0.15, respectively.

Optimal gene transfection requires transfer of the genetic
payload into the nucleus. Following cellular internalization,
escape from endosomal vesicles represents a major limitation
for gene delivery systems. The proton sponge effect has been
reported to be a key factor in the swelling of the endocytic
vesicles, escaping into the cytosol, and therefore affecting the
overall gene transfection efficiency. Our previous studies have
shown the limited buffering capacity of mPEG-SS-PLL, primarily
due to the lack of secondary and tertiary amines,37 which greatly
impedes the transgene expression. To overcome this critical
barrier, imidazole residues were chemically conjugated to the
side chains of polylysine via the Schiff-base reaction. The buff-
ering capacity of mPEG-SS-PLL52 and SL-ImPEG-SS-PLL was
evaluated using the conventional acid–base titration method.
The results from these titration experiments are summarized in
Fig. 4B. Consistent with previous ndings, mPEG-SS-PLL52
exhibits a limited buffering capacity attributable to its uniform
composition of primary amines.37 However, with the incorpo-
ration of imidazole residues, a remarkable increase in the
buffering capacity of the SL-ImPEG-SS-PLL catiomer is
observed, possibly associated with the intrinsic proton sponge
effect of the imidazole heterocycle at the endosomal/lysosomal
pH range. In addition, the buffering capacity of SL-ImPEG-SS-
PLL catiomers shows a slight increase with increasing imida-
zolyl substitution. These results indicate that imidazole modi-
cation can efficiently increase the buffering capacity of mPEG-
SS-PLL52, which has an important function in facilitating
genetic payload release into the cytoplasm.
Complexes of pDNA with SL-ImPEG-SS-PLL catiomers

The particle size and surface charge of catiomer/pDNA poly-
plexes are known to strongly inuence the cytotoxicity, cellular
uptake, intracellular trafficking, release of genetic payload, and
subsequent transfection efficiency.50,51 The morphometric
analysis of SL-ImPEG-SS-PLL/pDNA complexes was performed
by transmission electron microscopy (TEM) and dynamic light
scattering (DLS). The particle size distribution shown in Fig. 5A
reveals the near-Gaussian distribution of SL-I15mPEG-SS-PLL/
pDNA polyplexes between 100 and 300 nm, with a mean
diameter of �180 nm. The inset in Fig. 5A shows a represen-
tative TEM image where SL-I15mPEG-SS-PLL/pDNA polyplexes
are visible as spherical aggregates with diameters between 40
and 60 nm. The apparent discrepancy in size characteristics
between the two methods is predicted to arise from the evapo-
ration of water required during TEM sample preparation.
Similar results were also observed in Fig. 5B, in whichmPEG-SS-
PLL52/pDNA polyplexes have a mean dynamic hydration
1510 | J. Mater. Chem. B, 2015, 3, 1507–1517
diameter around 200 nm, while being present as spherical
aggregates with diameters between 50 and 60 nm under TEM
observation.

The impact of different polymer/pDNA weight ratios on the
mean particle size and zeta potential of polyplexes is summa-
rized in Fig. 5C and D. These data show a similar tendency that
the particle size decreases with increasing weight ratios, and the
average particle size is less than 210 nm at weight ratios $2 : 1,
which is considered to be the suitable size range for efficient
cellular uptake and circulation.52 In parallel, the zeta potential
of these complexes signicantly increases from �24 to +28 mV
when the catiomer/pDNA weight ratio is increased from 0.15 : 1
to 4 : 1. The dramatic shi in zeta potential indicates the
gradual neutralization of the negative charge of polymer-asso-
ciated pDNA. The neutralization appears at a weight ratio of
0.2 : 1. These results are consistent with previous electropho-
retic mobility data shown in Fig. 4A. Further increase in the
catiomer content leads to an excess of positively charged amine
groups on the surfaces of the polyplexes. Eventually, charge–
charge repulsion limits particle formation to a mean diameter
less than 210 nm and zeta potential of +28 mV. It should be
noted that throughout the entire weight ratio range tested, the
SL-ImPEG-SS-PLL/pDNA polyplexes always maintained a
smaller particle size and higher zeta potential compared to
those of mPEG-SS-PLL52/pDNA polyplexes, primarily owing to
its stronger DNA binding ability which has been conrmed in
Fig. 4A. In general, the appropriate particle size and zeta
potential of catiomer/pDNA complexes can facilitate the effec-
tive internalization into desired targeted cells.

Bio-responsive properties of the SL-ImPEG-SS-PLL/pDNA
complexes

Stimulus-responsive polymeric nano-carriers have attracted
increasing interest for both gene and drug delivery applications
in recent years because they can greatly enhance the
This journal is © The Royal Society of Chemistry 2015
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intracellular release of the payload and usually exhibit lower
cytotoxicity.53–55 In this study, reversible-PEGylated polylysine
(mPEG-SS-PLL52) was developed for in vivo circulation as well as
the selective detachment of PEG for facilitating the cellular
internalization. While introducing Schiff-base linked imidazole
residues into mPEG-SS-PLL52, these were expected to further
optimize the transfection efficiency of polylysine via increasing
endosomal escape ability as well as DNA unpacking and release.

To conrm the proof of concept, size-alterations in the
presence or absence of tumor-relevant GSH concentrations (i.e.
10 mM) were monitored by DLS and pH regulated DNA
unpacking and release was investigated by agarose gel retar-
dation assay. As shown in Fig. 6A, the exposure of SL-I15mPEG-
SS-PLL/pDNA complexes for 24 h to PBS, pH 7.4 in the absence
of GSH did not signicantly alter the particle size distribution
implying substantial stability of these polyplexes during circu-
lation. The inclusion of 10 mM GSH, however, rapidly increased
the mean particle size, suggesting the formation of large
aggregates (>680 nm) within 4 hours, which was due to the
aggregation of cationic segments via ionic interactions aer
PEG detachment. Overall, these data suggest the feasibility of
SL-ImPEG-SS-PLL for in vivo gene delivery as well as controllable
PEG-shedding for the facilitation of cellular uptake. The results
in Fig. 6B efficiently demonstrate the acidic pH condition
regulated DNA unpacking and release. For example, pDNA
migration at pH 7.4 was completely inhibited for SL-I15mPEG-
SS-PLL/pDNA complexes at weight ratios $0.15. However,
incubation for 30 min at pH 5.0 results in visible pDNA
migration using the same complexes at catiomer/pDNA ratios
#1, which can be attributed to the decreased DNA binding
Fig. 6 Time-dependent changes in the size distribution of SL-
I15mPEG-SS-PLL/pDNA complexes as determined by DLS in the
presence and absence of 10 mM GSH (A); stimulus-induced pDNA
unpacking and release from the SL-I15mPEG-SS-PLL/pDNA and
mPEG-SS-PLL52/pDNA complexes (B). Association complexes were
incubated for 30 min in PBS, pH 7.4 or PBS, pH 5.0 before electro-
phoresis using a 1% agarose gel.

This journal is © The Royal Society of Chemistry 2015
ability with the hydrolysis of Schiff-base linkages in the weakly
acidic endosomal compartment. This explanation is supported
by the previous electrophoretic mobility data shown in Fig. 4A.
In conclusion, these data underline the important role of Schiff-
base linkages in regulating DNA unpacking and release.

Combined, these results imply that the synergistic effects of
redox-induced PEG-shedding for the facilitation of cellular
uptake, imidazole mediated proton sponge effect for the facil-
itation of genetic payload release into the cytoplasm as well as
Schiff-base linkage regulated DNA unpacking and release, ulti-
mately, may translate into high performance gene transfection
efficiency (Scheme 1).
In vitro transfection studies of SL-ImPEG-SS-PLL/pDNA
complexes

In vitro transfection experiments were performed on 293T and
MCF-7 cells using EGFP and pGL-3 as reporter genes, and bPEI-
25k at its optimal weight ratio 1.3 : 1 as the control. The cati-
omer/pEGFP weight ratio in the range of 1 : 1 to 4 : 1 was used
for ow cytometry assay, which is higher than that used for
complete DNA retardation. The weight ratios ranging from
0.5 : 1 to 4 : 1 were used for luciferase assay.

As shown in Fig. 7A and B, the calculated transfection effi-
ciencies of mPEG-SS-PLL52-, SL-ImPEG-SS-PLL- and PEI-based
polyplexes exhibit cell-type dependence and a higher trans-
fection activity is observed in the 293T cell line. For example, the
calculated transfection efficiencies of viable cells in 293T cells
are between 43% and 50%, for the mPEG-SS-PLL52-based poly-
plexes. In contrast, those of viable cells in MCF-7 are in the
range of 27–30% for the same polyplexes. Furthermore, the gene
expression increases with increasing catiomer/pDNA weight
ratio and gradually approaches saturation. The optimumweight
ratios for mPEG-SS-PLL52 and SL-ImPEG-SS-PLL-based cati-
omers are in the range of 2 to 3. Between the two kinds of
carriers, SL-ImPEG-SS-PLL exhibits a better transfection activity
and its transfection efficiency increases with increasing imid-
azole residues bound per mPEG-SS-PLL52 molecule. The
Scheme 1 Schematic illustration of SL-ImPEG-SS-PLL polyplex
formation, subsequent intracellular PEG detachment, imidazole
mediated endosomal escape, and Schiff-base regulated DNA
unpacking and release.

J. Mater. Chem. B, 2015, 3, 1507–1517 | 1511
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Fig. 7 Transfection efficiency of SL-ImPEG-SS-PLL-based polyplexes.
293T and MCF-7 cells are incubated for 4 h with these polyplexes
fabricated at w/w ranging from 1 : 1 to 4 : 1; PEI polyplexes are used as
control. Viable pEGFP-expressing cells are quantified after transfection
for 44 h using flow cytometry and normalized to viable control cells (A
and B). pEGFP-positive cells are identified 44 h after transfection by
fluorescence microscopy (C) (*p < 0.05 and **p < 0.01, SL15-ImPEG-
SS-PLL polyplex vs. mPEG-SS-PLL52 polyplex).

Fig. 8 Transfection efficiency of SL-ImPEG-SS-PLL-based polyplexes.
293T and MCF-7 cells are incubated for 4 h with these polyplexes
fabricated at w/w ratios ranging from 0.5 : 1 to 4 : 1; PEI polyplexes are
used as control. The luciferase activities of these polyplexes were
identified 44 h after transfection by luciferase assay and normalized to
viable control cells (A and B) (*p < 0.05, **p < 0.01, SL15-ImPEG-SS-PLL
polyplex vs. mPEG-SS-PLL52 polyplex). Data are shown as mean � SD
(n¼ 5). The effects of serum on luciferase transfection of SL-I15mPEG-
SS-PLL polyplexes are also assessed in the absence and presence of
20% serum (C and D) (*p < 0.05 and **p < 0.01, luciferase transfection
with 20% serum vs. luciferase transfection without serum).
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maximum transfection efficiency was achieved when 15 imid-
azole residues were incorporated into the side chains of mPEG-
SS-PLL52. At the weight ratio of 2, SL-I15mPEG-SS-PLL has
comparable transfection efficiency to bPEI-25k (78%), reaching
up to 75%, which is 1.5-fold higher than that of mPEG-SS-PLL52
(50%). A similar tendency of EGFP-expression proles of these
polyplexes is observed from the uorescence microscopy
images (Fig. 7C). These data indicate the key role of Schiff-base
linked imidazole residues in gene transfection. Following
successful cellular internalization, the imidazole mediated
endosomal escape as well as Schiff-base linkage regulated DNA
unpacking and release, synergistically, result in the high
performance gene delivery.

The luciferase activities of mPEG-SS-PLL52-, SL-ImPEG-SS-
PLL- and PEI-based polyplexes also experience cell type, weight
ratio and carrier type dependencies (Fig. 8A and B). However, it
is worth noting that the highest efficiency obtained for SL-
I15mPEG-SS-PLL polyplexes is 2.32 � 108 RLU mg�1 protein,
approaching the same order of transgenetic efficacy as the bPEI-
25k (2.18 � 108 RLU mg�1 protein) in the 293T cells, which is
7.7-fold higher than that of mPEG-SS-PLL52 polyplexes (2.98 �
107 RLU mg�1 protein). These results further indicate the
important role of Schiff-base linked imidazole residues in
optimizing gene transfection efficiency.

To achieve high stability of gene vectors in serum is a major
goal in the design of the reversible PEGylation, which is
essential for in vivo circulation.56–58 In this study, the effects of
serum on the transfection efficiency of the mPEG-SS-PLL52-, SL-
I15mPEG-SS-PLL- and PEI-based polyplexes were assessed in the
absence and presence of 20% serum. As shown in Fig. 8C and D,
with 20% serum treatment, the transfection efficiency of PEI25k
polyplexes undergoes about 22-fold and 13-fold lower luciferase
expression in 293T and MCF-7 cells, respectively. Reduction in
1512 | J. Mater. Chem. B, 2015, 3, 1507–1517
the transfection efficiency of PEI25k polyplexes is likely attrib-
uted to its instability in serum for their high surface charges.
However, owing to the PEG-shielding effect, the transfection
efficiencies of mPEG-SS-PLL52 and SL-I15mPEG-SS-PLL poly-
plexes are slightly affected by serum. For example, they undergo
only about 1.4-fold and 2.1-fold lower luciferase expression in
293T cells, respectively. These data suggest that SL-I15mPEG-SS-
PLL has great potential for in vivo gene delivery.

Cellular uptake and intracellular trafficking of catiomer/pDNA
polyplexes

To explain the reason why reversible PEGylation and Schiff-base
linked imidazole modication can efficiently increase the gene
transfection efficiency of a PLL-based gene delivery system, we
compared the cellular uptake efficiencies and intracellular
trafficking behaviour of the mPEG-PLL52/DNA, mPEG-SS-PLL52/
DNA and SL-I15mPEG-SS-PLL/DNA polyplexes by confocal laser
scanning microscopy (CLSM). As shown in Fig. 9, Cy3-labeled
pEGFP signals (red uorescent dots) are detected in almost all
cells aer 4 h treatment. However, the Cy3-labeled pEGFP
signals delivered by mPEG-SS-PLL52/DNA polyplexes in MCF-7
cells are stronger than those of mPEG-PLL52/DNA polyplexes,
implying the efficient cellular internalization. These observa-
tions clearly indicate that PEG detachment can signicantly
improve the cellular uptake efficiencies of themPEG-PLL52/DNA
polyplexes. More importantly, stronger Cy3-labeled pEGFP
signals are observed inside the nuclei of MCF-7 cells for SL-
I15mPEG-SS-PLL/DNA polyplexes, suggesting that imidazole
mediated endosomal escape as well as Schiff-base linkage
regulated DNA unpacking and release synergistically results in
the efficient nucleus transport of pDNA. Combined, the efficient
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Confocal microscopic images of cellular uptake and intracel-
lular trafficking of mPEG-PLL52/pDNA, mPEG-SS-PLL52/pDNA and SL-
I15mPEG-SS-PLL/pDNA complexes. MCF-7 cells are incubated for 4 h
with these complexes fabricated at each optimumweight ratios before
CLSM observations.
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cellular internalization, endosomal escape as well as nucleus
transport of pDNA can explain why reversible PEGylation and
Schiff-base linked imidazole modication can efficiently
increase the gene transfection efficiency of a PLL-based gene
delivery system.
In vivo gene expression in tumor-bearing mice

To explore the feasibility of SL-I15mPEG-SS-PLL/DNA polyplexes
for in vivo application, here, we investigated the transfection of
pEGFP in various organs and xenogras in mice. Seven days
aer intravenous administration of SL-I15mPEG-SS-PLL/DNA
polyplexes, mice were sacriced and the GFP expression in
various sections was analyzed by CLSM. As shown in Fig. 10,
GFP expression is found in the liver, spleen, kidneys, lungs, and
tumor of the mice. The uorescence intensities in the liver and
Fig. 10 Confocal microscopy images of transfected sections of the (A)
liver, (B) spleen, (C) kidney, (D) lung, and (E) tumor after intravenous
injection of the SL-I15mPEG-SS-PLL/pEGFP polyplex (w/w, 2 : 1, dose:
100 mg pEGFP per mice) 7 days. Row 1 and Row 2 show the images of
the fluorescent and bright fields, respectively. The images of Row 3 are
merged images of Row 1 and Row 2. Images are captured at 20�.

This journal is © The Royal Society of Chemistry 2015
spleen are found to be much stronger than those in other
organs. This behaviour is possibly associated with the reticu-
loendothelial system (RES) or mononuclear phagocyte system
(MPS). A relatively high uorescence intensity is also observed
in tumor, suggesting that SL-I15mPEG-SS-PLL is a promising
gene vector for bio-application. A sufficient long circulation of
SL-I15mPEG-SS-PLL in the bloodstream was found during
effective gene expression in vivo. The vector coated with mPEG
shells successfully circulated in vasculature rather than being
aggregated and precipitated with negatively charged serum
proteins in vasculature.

Conclusions

In this study, we have designed and developed an intracellular
microenvironment responsive gene delivery vector, namely
Schiff-base linked imidazole modied polylysine with a revers-
ible-PEGylation (SL-ImPEG-SS-PLL) catiomer according to the
specic gene delivery requirements. The reversible PEGylation
allows the protection of the catiomer/pDNA polyplexes as well as
selective PEG detachment, which is essential to cell internaliza-
tion. Following efficient cellular internalization, the imidazole
mediated endosomal escape and Schiff-base linkage regulated
DNA unpacking and release, synergistically, enhanced the bio-
logical efficacy of the PLL-based gene delivery system. Further-
more, this new delivery system has good biocompatibility but
high in vivo transfection efficiency. Such a system should have
promising applications in the future gene therapy.

Materials and methods
Chemicals and reagents

Poly(ethylene glycol) monomethyl ether (mPEG, Mw ¼ 2000
g mol�1) was purchased from Yare Biotech (China). 3-Benzyloxy-
carbonyl-L-lysine was purchased from GL Biochem., Ltd. Tri-
phosgene (99%) was purchased from Aladdin (China) and used
as received. 4-Imidazolecarboxaldehyde (98%) was purchased
from Aldrich-Sigma Chemical (USA). Hydrogen bromide 33%
(w/w) solution in glacial acetic acid was purchased from ACROS
Organics (USA). N,N-Dimethyl formamide (DMF) was purchased
from Sigma Aldrich (China) and used as received. Tetrahydro-
furan (THF) and dichloromethane (DCM) were dried by reux-
ing over CaH2, distilled, or vacuum-distilled before use. Dialysis
bags (Spectra/Por 7) were purchased from Spectrum Laborato-
ries (China). Dulbecco's modied Eagle's medium (DMEM),
fetal bovine serum (FBS), penicillin–streptomycin, Dulbecco's
phosphate buffered saline (DPBS), 3-(4,5-dimethyl-thiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and trypsin–EDTA were
purchased from Gibco Invitrogen (USA). The reporter plasmids,
pEGFP-C1 and pGL-3, were purchased from Invitrogen (USA)
and stored at �20 �C until transfection experiments. Branched
poly(ethylenimine) (bPEI-25k, Mw ¼ 25 000 g mol�1) was
obtained from Aldrich-Sigma Chemical (USA). A BCA protein
assay kit was purchased from the Beyotime Institute of
Biotechnology (Beijing, China). A Label IT Tracker intracellular
nucleic acid localization kit Cy3 was purchased from Mirus Bio
(USA).
J. Mater. Chem. B, 2015, 3, 1507–1517 | 1513
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Synthesis of Schiff-base linked imidazole modied polylysine
with reversible-PEGylation (SL-ImPEG-SS-PLL)

The Schiff-base linked imidazole modied polylysine with a
reversible-PEGylation catiomer (SL-ImPEG-SS-PLL) was synthe-
sized as follows: the mPEG-SS-PLL52 copolymer was prepared by
the ring-opening polymerization of zLL-NCA using mPEG-SS-
NH2 as the initiator, followed by deprotection of the Z groups.
The primary amines of PLL were then partially replaced by
imidazole rings in water with 4-imidazolecarboxaldehyde.

mPEG-SS-PLL52 was prepared following a protocol published
previously.37 Briey, themPEG-SS-NH2 and zLL-NCA intermediates
mPEG-SS-PzLL were synthesized by the ring-opening polymeriza-
tion of zLL-NCA, initiated by mPEG-SS-NH2 at a moral ratio of
60 : 1, and the desired product was obtained by deprotection of the
Z groups. As a control material, mPEG-PLL52 was also synthesized
by the ring-opening polymerization of zLL-NCA initiated bymPEG-
NH2 in DMF under the same conditions according to mPEG-SS-
PLL52. The structure of mPEG-SS-PLL52 was conrmed by Proton
nuclear magnetic resonance (1H NMR) using an Advance500 MHz
spectrometer (Bruker BioSpin, Switzerland). Samples were dis-
solved in D2O and TMS was used as the standard.

In a typical experiment for SL-ImPEG-SS-PLL synthesis,
mPEG-SS-PLL52 (0.5 g, 0.057 mmol) was dissolved in 20 mL
deionized water, and an aqueous solution of 4-imidazole-
carboxaldehyde (0.028 g, 0.296 mmol or 0.057 g, 0.593 mmol or
0.114 g, 1.186 mmol) was added dropwise over 1 h under
vigorous stirring at RT. The reaction mixture was stirred for an
additional 4 h before dialysis (Mw cutoff: 3500 Da) for 24 h
against water. The puried SL-ImPEG-SS-PLL was collected aer
lyophilization. The average number of imidazole groups bound
per mPEG-SS-PLL52 molecule was determined by 1H NMR.
Cell culture and viability assay

Human embryonic kidney transformed 293 (293T) and human
breast cancer cells (MCF-7) were obtained from the Cell Center
of the Tumor Hospital at Fudan University and routinely
maintained at 37 �C in a humidied 5% (v/v) CO2 atmosphere
using DMEM supplemented with 10% FBS and 0.1% (v/v)
penicillin/streptomycin solution.

The cytotoxicity of the fabricated catiomer was determined
on 293T and MCF-7 cells by the MTT assay.59 Briey, 293T and
MCF-7 cells were seeded into a 96-well plate at a density of 5 �
103 cells per well. Following an overnight attachment period,
cells were exposed to various catiomer concentrations (13.2 to
225 mg L�1) prepared in cell culture medium. Aer 24 h, the
medium was replaced with 200 mL of fresh DMEM containing
10% FBS, 20 mL of a MTT solution (5 mgmL�1) in PBS at pH 7.4,
and the plate incubated at 37 �C for an additional 4 h. 150 mL of
DMSO was subsequently added to each well. Aer an additional
10 min incubation at 37 �C, optical density (OD) was measured
at l ¼ 492 nm using a Multiscan MK3 plate reader (Thermo
Fisher Scientic, Waltham, MA, USA). The relative cell viability
in percent (%) was calculated according to: (OD sample/OD
control) � 100%, where OD control was measured without the
presence of the polymers. Each concentration was studied using
six independent experiments.
1514 | J. Mater. Chem. B, 2015, 3, 1507–1517
Buffering capacity of SL-ImPEG-SS-PLL catiomers

The relative buffering capacities of SL-ImPEG-SS-PLL catiomers
were measured by titration according to the method described
by Tseng with PEI25k as control.60 Polymers were dissolved in
200 mg L�1 of 50 mM NaCl solution. Initially, the pH value of
the solution was adjusted to pH ¼ 10 using 0.1 N NaOH. 0.1 N
HCl aliquots were then added, and the pH value was measured
aer each addition using a microprocessor pH meter.
Assembly and characterization of SL-ImPEG-SS-PLL/pDNA
complexes

DNA complex assembly. The SL-ImPEG-SS-PLL-based cati-
omer/pDNA complexes at various weight ratios ranging from
0.05 : 1 to 2 : 1 were prepared by adding appropriate volumes of
mPEG-SS-PLL52 or SL-ImPEG-SS-PLL solutions (2 mg mL�1 in
150 mM NaCl solution) to 0.5 mg of pEGFP DNA (160 ng mL�1 in
40 mM Tris–HCl buffer solutions). The complexes were then
vortexed gently for 3 s, and incubated at 37 �C for 30 min to
allow complete formation.

Gel electrophoresis assay. The agarose gel retardation assay
was performed to assess the ability of catiomers to condense
pDNA into the electrostatically stabilized polyplexes. Routinely,
catiomer/pDNA complex suspensions containing 0.5 mg of
pDNA was loaded onto 1% (w/v) agarose gel containing
ethidium bromide. Electrophoretic separation was carried out
for 40 min at 120 V in Tris–acetate running buffer. DNA bands
were visualized at l ¼ 254 nm using the Imago GelDoc system.
Particle size, zeta potential and morphology measurement of
DNA complexes

To determine relevant physicochemical properties of poly-
plexes, particle size distribution and zeta potential of fabricated
catiomer/pDNA complexes were respectively measured by using
a dynamic laser light scattering (DLS) instrument and a Nano-
ZS 90 Nanosizer (Malvern Instruments Ltd., Worcestershire,
UK) according to the manufacturer's instructions. When
required, the polyplex suspension was diluted with 150 mM
NaCl (pH 7.4). To investigate the structure of the catiomer/
pDNA complexes, SL-ImPEG-SS-PLL/pDNA polyplexes were
prepared at a weight ratio of 2 : 1 and observed on a Hitachi H-
7100 transmission electron microscope (TEM) using an accel-
eration voltage of 100 kV.
Complex stability under intracellular reductive or endosomal
acidied conditions

The protocol used to assess the complex stability in response
to GSH was adapted from the literature.61 Typically, SL-
I15mPEG-SS-PLL/pDNA complexes were formed in 150 mM
NaCl at a weight ratio of 2 : 1, and an adequate amount of GSH
was added to establish a 10 mM GSH solution mimicking
intracellular or tumor microenvironment redox conditions.
Time-dependent changes in the particle size distribution of
this suspension was monitored by dynamic laser light scat-
tering (DLS) for up to 4 h.
This journal is © The Royal Society of Chemistry 2015
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To evaluate the complex stability under the endosomal
acidied conditions, mPEG-SS-PLL52/pDNA and SL-I15mPEG-
SS-PLL/pDNA complexes was formed in 150 mMNaCl at desired
weight ratios, then an adequate volume of HCl was added to
adjust the solution pH to 5.0. Following 30 min incubation,
aliquots of the polyplex suspension conditions were removed
and subjected to gel electrophoresis as described above.

In vitro transfection efficiency

The biological activity of fabricated gene delivery vectors was
assessed in vitro using EGFP and pGL-3 as reporter genes.
PEI25k at its optimal ratio (w/w ¼ 1.3 : 1) served as control.
Transfection experiments were performed with 293T andMCF-7
cells in 24-well plates at a density of 5 � 104 cells per well.

For the ow cytometry study, pEGFP-containing polyplexes
with catiomer/pDNA weight ratios ranging from 1 : 1 to 4 : 1
were suspended in serum-free DMEM for each well (0.5 mg DNA
per well). Aer 4 h incubation at 37 �C in a humidied atmo-
sphere with 5% (v/v) CO2, the transfection medium was
replaced with fresh complete DMEM medium. At 44 h post-
transfection, pEGFP-expressing cells were rst visualized under
a Nikon Ti–S inverted microscope equipped with a uorescence
attachment. For ow cytometry assessment, cells were washed
with PBS, pH 7.4, trypsinized, and collected in sterile tubes aer
a 5 min centrifugation at 1000 rpm. The supernatant was dis-
carded and cells were washed twice with PBS, pH 7.4 containing
2% (v/v) FBS, and 2 mM EDTA, respectively. Cells were xed in
the dark at 4 �C for 5 min using a 2% (w/v) paraformaldehyde
solution prepared in PBS, pH 7.4. Quantitative analysis of viable
EGFP-expressing cells was performed by ow cytometry (FACS-
can, Becton & Dickinson). The instrument was calibrated with
non-transfected cells (negative control) to identify viable cells,
and the percent of EGFP-positive cells was determined by a
uorescence scan performed with �1 � 104 cells using a FL1-H
channel.

For luciferase assay, pGL-3-containing polyplexes were
separately transferred to the 293T and MCF-7 cells in terms of
the aforementioned method. Aer 4 h incubation at 37 �C in a
humidied atmosphere with 5% (v/v) CO2, the transfection
medium was replaced with fresh complete DMEM medium.
Forty-four hours later, cells were washed with 0.25 mL of cold
PBS, pH 7.4, then the cells were lysed using 200 mL of reporter
lysis buffer (Promega, USA). The luciferase activity was
measured with a chemiluminometer (GloMax-Multi, Promega,
USA) according to the manufacturer's protocol. Luciferase
activity was normalized to the amount of total protein in the
sample, which was determined using a BCA protein assay kit
(Pierce). The biological efficiency of the SL-ImPEG-SS-PLL cati-
omer in 293T andMCF-7 cells in the presence or absence of 20%
FBS was also evaluated according to the same procedures
described above.

Cellular uptake and intracellular trafficking of catiomer/pDNA
polyplexes

Cellular uptake and intracellular trafficking of mPEG-SS-PLL52
and SL-I15mPEG-SS-PLL polyplexes were evaluated using
This journal is © The Royal Society of Chemistry 2015
confocal laser scanning microscopy (CLSM). MCF-7 cells were
seeded at a density of 2 � 105 cells per well in a 6-well plate
containing a coverslip in each well. Five mg pEGFP was inter-
calated with 5 mL of 10 mM Cy3 for 60 min at 37 �C before the
addition of a catiomer.62 Subsequently, labeled pEGFP was
puried by precipitating twice in cold ethanol 100%, rinsing in
ethanol 70%, and then resuspended in 10 mL of sterile water.
The Cy3-labeled pEGFP-containing polyplexes (w/w ¼ 2 : 1, 1 mg
DNA per well) were prepared and added to each well. Following
4 h incubation at 37 �C, the cells were rinsed twice with PBS, pH
7.4, to remove polyplexes that were not taken up by cells. The
intracellular localization of DNA complexes was observed by the
excitation of Cy3 at 570 nm and detection of emission at 650 nm
using a confocal laser scanning microscope (CLSM, Leica TCS
SP5).
Animal and subcutaneous tumor implantation

Healthy female BALB/c nude mice (16–20 g, 4–5 weeks old) were
purchased from the BK Lab Animal Ltd/Animal Biosafety Level 3
Laboratory (ABSL-3 lab) (Shanghai, China), and housed at
Tongji University Experimental Animal Center (ABSL-3 lab)
under specic pathogen-free conditions according to Institu-
tion Animal Care and Use guidelines, using a laminar airow
rack. Animals possessed continuous access to sterilized food
pellets and distilled water, and a 12 h light/dark cycle,
temperature 23 �C, with a relative humidity of 50–60%. All
experimental procedures were conducted according to the
Institutional Animal Care and Use guidelines. For the sub-
cutatenous MCF-7 (female nude mice) xenogramodel, about 1
� 107 MCF-7 cells in a volume of 100 mL of PBS were inoculated
subcutaneously into the le ank region of BALB/c nude mice.
In vivo EGFP reporter gene expression

When the subcutaneous MCF-7 tumor grew to a size range,
approximately between 50 mm and 80 mm in diameter, 150 mL
of SL-I15mPEG-SS-PLL/pDNA complexes (w/w¼ 2/1, 100 mg DNA
per mice) was injected into the tail vein of the nude mice
bearing a subcutaneous MCF-7 xenogra tumor. Upon 7 day
post-injection, mice were sacriced and the tumors, livers,
spleens, kidneys and lungs were removed, xed with 4% para-
formaldehyde, dehydrated with 10%, 20% and 30% sucrose
solutions for 24 h sequentially, and then embedded in OCT
embedding uid (Jung, Leica) and thinly sectioned (�10 mm
histology slice) on a cryostat microtome (Cryocut 3000, Leica).
The obtained sections were visualized and recorded using a
Leica TCS SP5 II uorescence microscope to evaluate the EGFP
expression in various organs.
Statistical analysis

Data are presented as mean � standard deviations (�S.D.) of at
least ve independent samples and each measurement was
performed in triplicate. Statistical analysis was determined by
analysis of variance tests (ANOVA) using Microso Excel 2007.
Data sets were compared using two-tailed soware t-tests. And a
p value <0.05 was considered to be statistically signicant.
J. Mater. Chem. B, 2015, 3, 1507–1517 | 1515
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