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Abstract: Carboxymethyl poly(L-histidine) (CM-PLH) as
a new pH-sensitive polypeptide has enhanced polyplex
gene delivery. Agarose gel retardation assay and zeta
potential measurement proved that the anionic CM-PLH
at physiological pH coated the PEI/DNA binary complexes.
The resulting CM-PLH/PEI/DNA ternary complexes showed
the gene expression value 300 times higher than that of
the PEI/DNA binary complexes. These results suggest that
the synergistic effect of the pH-sensitive imidazole groups
at endosomal pH and the anionic carboxymethyl groups
at physiological pH in the CM-PLH enhanced polyplex
gene delivery.
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Nonviral gene delivery systems based on a polycation/
DNA complex, that is, polyplex, have attracted great attention
in recent years. The polyplexes protect DNA from nuclease
degradation and have a nanoscale size enough to enter the
cell through endocytosis. Amine-containing polycations such
as poly(L-lysine),1 poly[2-(dimethylamino)ethyl methacry-
late],2 and polyamidoamine-dendrimer3 have been proposed

as carriers for genetic material because they readily form
complexes with DNA. Especially, pH-sensitive polycations
such as poly(ethylenimine) (PEI)4-6 or imidazole-containing
polymer,7-9 which is able to capture protons entering an
endosome, have been used to achieve efficient release of the
delivered material from endosomes. These polyplexes are
taken up by cells through adsorptive endocytosis due to their
positively charged character, leading to effective gene
expression.10,11 However, the surface cationic charge induces
problems in in vivo conditions: nonspecific interactions with
nontarget tissues and blood components such as serum
proteins.12-14 To alleviate these problems, anionic polymers
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such as poly(acrylic acid)15 or hyaluronic acid16 have been
used to coat the surface of polyplexes.

We have already reported the synthesis of carboxymethyl
poly(L-histidine) (CM-PLH; Figure 1) as a new pH-sensitive
polypeptide at endosomal/lysosomal pH.17 The pH-sensitive
polypeptide possesses imidazole groups for the large capacity
of proton buffering at endosomal/lysosomal pH as well as
anionic carboxymethyl groups at physiological pH. Further-
more, CM-PLH exhibits hemolytic activity at endosomal/
lysosomal pH as well as no significant effect on a rapid
aggregate formation of serum proteins at physiological pH.
The resulting properties attributed to both pH-sensitive
imidazole groups and anionic carboxymethyl groups have
led us to use CM-PLH to enhance the polyplex gene delivery.
Here we report the enhancement of the polyplex gene
delivery by CM-PLH as a new pH-sensitive polypeptide. The
anionic CM-PLH at physiological pH is expected to coat
the PEI/DNA binary complexes, resulting in the formation
of the ternary complexes. This paper describes the efficient
gene delivery mediated by the resulting CM-PLH/PEI/DNA
ternary complexes in comparison with the PEI/DNA binary
complexes; detailed studies on the mechanism of the trans-
fection activity are outside the scope of the present study.

To deliver DNA into cytoplasmic space, as shown in
Figure 2,18 we examined whether CM-PLH with higher
content (53 mol %) of the carboxymethyl groups formed the
ternary complex with DNA and PEI (Figure 2A). Lanes 2,
6, and 10 contain the PEI at an N/P ([nitrogen]PEI/[phos-
phate]DNA) ratio of 15, 30, and 45 in the absence of CM-
PLH. The resulting bands are retained at the origin at pH

7.4, indicating the PEI/DNA complex formation. In the
presence of CM-PLH, the resulting bands (lanes 3, 4, 5, 7,
8, 9, 11, and 12) were also retained at the origin. In the case
of the CM-PLH/DNA mixture (Figure 2B), on the other
hand, the band was completely migrated into the plus pole
of the gel, which suggested that the CM-PLH and DNA
exhibited no complex formation owing to the almost
complete deprotonation of the imidazole groups. Taking these
results into account, no DNA was released from the PEI/
DNA complex by competitive exchange with the deproto-
nated CM-PLH as polyanion. From these results, however,
the formation of CM-PLH/PEI/DNA ternary complexes is
unclear, so that we measured the zeta potential of the
resulting complexes. The zeta potentials of PEI/DNA com-
plexes were positive ((15.8 ( 1.5 mV), whereas those in
the presence of CM-PLH were almost neutral (0.0 ( 2.4
mV). The decrease in the zeta potentials by adding CM-
PLH suggests that the CM-PLH coated the PEI/DNA binary
complexes resulting in ternary complexes.

At pH 6.0, on the other hand, the resulting CM-PLH/PEI/
DNA ternary complexes (lanes 3′, 4′, 5′, 7′, 8′, 9′, 11′, and
12′) as well as the PEI/DNA binary complexes (lanes 2′, 6′,
and 10′) were not apparently stained (Figure 2C). In the case
of the CM-PLH/DNA mixture, the band was retained at the
origin (Figure 2D). These results suggest that the protonation
of the CM-PLH as well as the PEI enhanced at endosomal
pH. The resulting CM-PLH is considered to behave as a
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Figure 1. Chemical structure of carboxymethyl poly(L-
histidine) (CM-PLH).

Figure 2. Analysis of the pH-dependent formation of
CM-PLH/PEI/DNA ternary complexes by agarose gel
electrophoresis (A, C). CM-PLH/PEI/DNA mixtures were
loaded at pH 7.4 (lanes 1-12) or pH 6.0 (lanes 1′-12′):
lane 1 (and 1′), DNA alone; lanes 2 (and 2′), 6 (and 6′),
and 10 (and 10′), PEI/DNA mixtures, where the unit
ratios relative to nitrogen atoms of PEI per phosphate
group of DNA (N/P) are 15, 30, and 45; other lanes,
CM-PLH/PEI/DNA mixtures at different C/P ([carboxy-
methyl]CM-PLH/[phosphate]DNA), which is the unit ratio rela-
tive to carboxymethyl groups of CM-PLH per phosphate
group of DNA, and N/P ([nitrogen]PEI/[phosphate]DNA)
ratios as indicated. As a control, a CM-PLH/DNA mixture
(B, D) was loaded at pH 7.4 (lanes 13 and 14) or pH 6.0
(lanes 13′ and 14′): lane 13 (and 13′), DNA alone; lane
14 (and 14′), the CM-PLH/DNA mixture, where the C/P
ratio is 30. Solid arrowhead indicates the well where
each sample was loaded.
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polycation in endosome. The CM-PLH property change of
the polyanion at physiological pH into the polycation at
endosomal pH is therefore expected to innovate on the
polypeptide functions for polyplex gene delivery.

To clear the effect of the CM-PLH, we examined the gene
expression mediated by the CM-PLH/PEI/DNA ternary
complexes. Figure 3 shows the transfection of luciferase gene
to HepG2 cells by the ternary complexes.19 It is worth noting
that the gene expression by the PEI/DNA binary complexes
increased in the presence of the CM-PLH. Namely, the CM-
PLH/PEI/DNA ternary complexes showed higher gene
expression value. It should be noted that the CM-PLH/PEI/
DNA ternary complex at a C/P and N/P ratio of 15 and 30,
respectively, showed the gene expression value 300 times
higher than that of the PEI/DNA binary complexes. This is
the maximum increase, which is presumably due to the
maximum negative zeta potential (-2.5 mV) in the ternary
complexes. The CM-PLH/PEI/DNA ternary complexes with
negative zeta potential exhibited higher colloidal stability in
serum, as compared to the PEI/DNA binary complexes with
positive zeta potential (Figure S-1, Supporting Information).
Furthermore, the CM-PLH/PEI/DNA ternary complexes
caused negligible hemolysis at physiological pH, resulting
in negligible cytotoxicity during the transfection, whereas
the hemolytic activity increased significantly at endosomal
pH (Figure S-2, Supporting Information). This is probably
due to the increase of the zeta potential ((16.9 ( 3.4 mV
from 0.0 ( 2.4 mV at pH 7.4) as well as the decrease of the
particle size (100 ( 5 nm from 675 ( 96 nm at pH 7.4) of
the CM-PLH/PEI/DNA complexes at pH 6.0. These results
suggest that the gene delivery by the CM-PLH/PEI/DNA

ternary complexes depends on the CM-PLH properties of
both anionic carboxymethyl groups for suppression of the
nonspecific interaction of serum proteins and pH-sensitive
imidazole groups for membrane disruptive ability at endo-
somal pH.

The neutral or negatively charged nonviral gene carriers
have poor ability to interact with the cell membrane. In this
study, even without any targeting ligands,20,21 efficient gene
delivery was achieved. The total gene expression depended
on the incubation time (Figure S-3, Supporting Information).
This is probably due to the internalization of the CM-PLH/
PEI/DNA ternary complexes by the nonspecific endocyto-
sis.22 Furthermore, the gene expression by the PEI/DNA
polyplexes coated with other anionic polypeptides such as
poly(L-aspartic acid), which were not protonated at endoso-
mal pH for lack of imidazole groups, was lower than that
by the CM-PLH/PEI/DNA polyplexes (Figure S-4, Support-
ing Information). Taking these results into account, the
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Figure 3. Transfection of luciferase gene to HepG2 cells
by CM-PLH/PEI/DNA ternary complexes. The CM-PLH/
PEI/DNA ternary complexes were prepared at different
C/P and N/P ratios as indicated. The PEI/DNA binary
complexes were prepared at the N/P ratio of 15, 30 or
45. The cells (1 × 104 cells/well) were transfected by
adding 200 ng of plasmid DNA complexed with the
polycations for 1 day in the presence of 10% FBS. The
gene expression was determined 2 days later as RLU
normalized by protein concentrations. Symbols and
error bars represent the mean and standard deviation of
the measurements made in paired samples (n ) 3).
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synergistic effect of the imidazole and carboxymethyl groups
of the CM-PLH is considered to succeed in the efficient gene
delivery.

In conclusion, we have demonstrated the enhancement
of the polyplex gene delivery by CM-PLH as a new pH-
sensitive polypeptide. The anionic CM-PLH at physiological
pH coated the PEI/DNA binary complexes, resulting in the
formation of the ternary complexes. The resulting CM-PLH/
PEI/DNA ternary complexes mediated the efficient gene
delivery which was considered to have depended on the pH-
sensitive imidazole and anionic carboxymethyl properties of
the CM-PLH. In this study, the new pH-sensitive polypeptide
CM-PLH has enhanced the gene delivery mediated by PEI/

DNA complexes. CM-PLH is a promising polypeptide as
an enhancer of polyplex gene delivery.
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