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ABSTRACT: Water-soluble cationic polymers, poly(histamine

acrylamide)s (PHAs), with superior buffer capacity at the endo-

somal pH range were designed, prepared, and investigated for

non-viral gene transfection. PHAs were obtained with molecu-

lar weights ranging from 9.2 to 28.7 kDa through controlled

radical polymerization of histamine acrylamide (HA). Acid–base

titration results displayed that all PHA polymers had a remark-

ably high buffer capacity of about 70% at pH 5.1–7.2. 12.7–28.7

kDa PHAs were able to effectively condense DNA into nano-

sized (<220 nm) polyplexes with moderate positive surface

charges (þ13–þ19 mV) at N/P ratios �10/1. CCK assays indi-

cated that polyplexes of 12.7 and 17.5 kDa PHAs were non-

toxic to COS-7 cells up to a tested N/P ratio of 20/1. Interest-

ingly, the in vitro transfection using pCMV-Luc and pEGFP-C1

plasmid DNA as reporter genes showed that polyplexes of 12.7

kDa PHA formed at an N/P ratio of 20/1 mediated efficient

transfection in COS-7 cells under 10% serum conditions, with

transfection efficiencies comparable to that of 25 kDa polyethy-

lenimine control. Their versatile design of structures, controlled

synthesis, low cytotoxicity, and high transfection activity

render PHA-based cationic polymers particularly interesting for

the development of safe and efficient non-viral gene delivery

systems. VC 2011 Wiley Periodicals, Inc. J Polym Sci Part A:

Polym Chem 49: 3366–3373, 2011

KEYWORDS: biological applications of polymers; gene delivery;

imidazole; plasmid DNA; proton sponge effect; radical poly-

merization; water soluble polymers

INTRODUCTION The past decade has witnessed significant
progress in the development of polymer-based gene delivery
systems as they provide several advantages over their viral
counterparts such as improved safety, low immune response,
enabling repeated use, and ease of large-scale production.1,2

Among many cationic polymers, polyethylenimine (PEI), poly
(amido amine) (PAMAM) dendrimer, and poly(2-(dimethyla-
mino)ethyl methacrylate) (PDMAEMA) are the most exten-
sively studied for non-viral gene transfection.3,4 Their supe-
rior transfection activity is most likely associated with their
high endosomal pH buffer capacity which is hypothesized to
facilitate the endosomal escape of DNA complexes via the
‘‘proton sponge effect.’’5–7 In consistence with this, modifica-
tion of high pKa cationic polymers including polylysine and
chitosan with histidine or imidazole group that is known to
possess a superior endosomal pH buffer capacity has been
reported to bring about dramatic enhancement of transfec-
tion efficiency.8–11 In the past years, several histidine-rich
polymers and polypeptides have been developed for
improved nucleic acid delivery.12,13 For example, Kim et al.
designed biodegradable poly(ethylene glycol)-co-poly(L-ly-
sine)-g-histidine multiblock copolymers14 and Asayama et al.

prepared aminated or alkylated poly(1-vinylimidazole)15,16

for non-viral transfection. Kichler et al. reported that histi-
dine-rich amphipathic peptide promoted efficient delivery of
DNA into different cell lines in which the transfection effi-
ciency depended on the number and positioning of histidine
residues in the peptide.17 Yang et al. developed histidine-
containing triblock-type oligopeptides for efficient DNA
transfection.18 It is interesting to note that histamine-based
poly(b-amino ester) is among the most potent polymer car-
riers in the library of biodegradable poly(b-amino
ester)s.19,20 Engbersen et al. reported that histamine-based
bioreducible poly(amido amine)s had a transfection activity
comparable to 25 kDa PEI control.21 It is equally important
to note that besides good transfection activity, histidylated or
imidazole-containing cationic carriers often exhibit low or no
cytotoxicity,12 which is likely due to their low cationic charge
density.

Cationic vinyl polymers like PDMAEMA are a particularly
versatile family of non-viral gene carriers.22 For example,
Hennink et al. reported that high molecular weight
PDMAEMA (>300 kDa) mediates efficient gene transfection
in various types of cells.23,24 Unlike other cationic polymers
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including PEI and PAMAM dendrimer, vinyl-type cationic
copolymers can be conveniently prepared with controlled
macromolecular structures, molecular weights and com-
positions by controlled radical polymerization techniques
including reversible addition-fragmentation chain trans-
fer (RAFT) polymerization. In the past years, different
types of PDMAEMA-based polymers such as biodegrad-
able PDMAEMA copolymers,25–27 PHEMA-PDMAEMA-PEG-
PDMAEMA-PHEMA pentablock copolymers,28 copolymers of
DMAEMA and N-vinyl-pyrrolidone (NVP),29 copolymers of
DMAEMA and aminoalkyl methacrylate,30 and bioreducible
PDMAEMA31 have been synthesized and investigated for in
vitro gene transfection. The unique control over synthesis
renders cationic vinyl polymers remarkably versatile in vec-
tor design.

In this article, we report on a novel water-soluble cationic
vinyl polymer, poly(histamine acrylamide) (PHA), with supe-
rior buffer capacity at the endosomal pH range for non-viral
DNA transfection. The synthesis, DNA condensation, transfec-
tion activity, and cytotoxicity of PHA were investigated.

EXPERIMENTAL

Materials
25 kDa branched polyethylenimine (25 kDa PEI) and acryloyl
chloride (96%) were purchased from Alfa Aesar and used as
received. 2,20-Azobisisobutyronitrile (AIBN, 98%, J&K) was
recrystallized twice from methanol. Histamine dihydrochlor-
ide, dichloromethane, 2-mercaptoethanol, anhydrous metha-
nol, HCl, NaOH, isopropanol, and anhydrous MgSO4 were pur-
chased from Sinopharm Chemical Reagent (Shanghai, China).

COS-7 cells were routinely maintained in a DMEM medium
containing 10% FBS, penicillin (100 U/mL), and streptomy-
cin (100 lg/mL) at 37 �C in a humidified incubator with 5%
CO2. FBS (Fetal bovine serum) and DMEM (Dulbecco’s Modi-
fied Eagle Medium) were obtained from Invitrogen (Carls-
bad, CA) and penicillin/streptomycin solution was purchased
from Sigma–Aldrich (St. Louis, MO). Cell counting kit-8 (CCK-
8) was obtained from Dojindo Laboratories (Kumamoto,
Japan). Luciferase assay kit was bought from Promega (Madi-
son, WI).

Synthesis of Histamine Acrylamide Monomer
In a three-necked 100 mL flask equipped with a stirrer and
two 25 mL dripping funnels, histamine dihydrochloride (2.01
g, 10.9 mmol) was dissolved in 10 mL of distilled water. The
solution was cooled to 0�5 �C in an ice bath. A solution of
acryloyl chloride (0.983 g, 10.9 mmol) in dichloromethane
(10 mL) and an aqueous NaOH solution (3.27 M, 10 mL,
32.7 mmol) were simultaneously dropwise added under stir-
ring over a period of 1 h. Then, the reaction mixture was
allowed to be warmed to room temperature and stirred for
additional 4 h. The aqueous phase was collected and freeze-
dried. The residue was re-suspended in 50 mL of isopropa-
nol and filtered. The filtrate was concentrated by rotary
evaporation. The crude product was purified with column
chromatography using isopropanol as an eluent. The col-

lected fractions were dried over anhydrous MgSO4 overnight.
The evaporation of isopropanol yielded HA as a white solid.

Yield: 1.16 g (64.5%). FT-IR (cm�1): 3234, 3135, 3022,
2930, 2898, 1656, 1577, 1453, 1360, 976. 1H NMR (400
MHz, D2O, d): 2.80 (t, 2H, ACCH2CH2A), 3.51 (t, 2H,
ACH2CH2NHA), 5.68�5.76 (d, 1H, vinyl methine proton),
6.08�6.27 (m, 2H, vinyl methylene protons), 6.91 (s, 1H, im-
idazole proton), 7.67 (s, 1H, imidazole proton). 13C NMR
(101 MHz, D2O, d): 28.8 (ACH¼¼C(NH)CH2CH2A), 42.0
(ANHCH2CH2A), 119.8 (ANHCH¼¼C(NH)CH2A), 130.0
(CH2¼¼CHA), 132.9 (CH2¼¼CHA), 137.5 (ACH2C(NH)¼¼CHA),
138.6 (ANHACH¼¼NACH2A), 171.2 (ACH(CO)NHA). Anal.
Calcd for C8H11N3O: C 58.17, H 6.71, N 25.44; Found: C
57.50, H 6.61, N 24.91. TOF-MS (m/z): [M þ H]þ Calcd for
C8H11N3O, 165.09; Found, 165.09.

Synthesis of Poly(histamine acrylamide)
Poly(histamine acrylamide) (PHA) polymers were prepared
by radical polymerization of HA in the presence of AIBN and
2-mercaptoethanol in methanol at 60 �C. In a typical exam-
ple, under a nitrogen atmosphere, HA (0.201 g, 1.22 mmol),
AIBN (2.00 mg, 12.2 lmol), 2-mercaptoethanol (0.523 mg,
6.69 lmol), and 3 mL methanol were added into a 10 mL
Schlenk flask equipped with an magnetic stirrer. The flask af-
ter purging with nitrogen for 30 min was sealed and placed
in an oil bath thermostated at 60 �C. After stirring for 48 h,
3 mL of aqueous HCl (0.5 M) was added. The polymer was
purified through extensive dialysis against deionized water
(MWCO 3.4 kDa). The polymer after lyophilization was col-
lected in its HCl salt form as a white solid powder.

Yield: 76.4�95.6%. FT-IR (cm�1): 3256, 3109, 3014, 2928,
2859, 1644, 1548, 1439, 1369. 1H NMR (400 MHz, D2O, d):
1.52 (s, ACH2CH(CO)A), 1.93 (s, ACH2CH(CO)A), 2.74 (s,
ACCH2CH2A), 3.29 (s, ACH2CH2NHA), 7.08 (s, imidazole
proton), 8.35 (s, imidazole proton). 13C NMR (101 MHz, D2O,
d): 27.4 (ACH¼¼C(NH)CH2CH2A), 37.7 (ACH2CH(CO)A), 41.2
(ANHCH2CH2A), 45.3 (ACH2CH(CO)A), 119.0 (ANHCH¼¼
C(NH)CH2A), 134.5 (ACH2C(NH)¼¼CHA), 136.7 (ANHACH
¼¼NACH2A), 179.1 (ACH(CO)NHA).

Polymer Characterization
1H NMR (400 MHz) and 13C NMR (101 MHz) spectra were
recorded on a Unity Inova 400 MHz nuclear magnetic reso-
nance instrument using deuterated water (D2O) as a solvent.
Fourier transform infrared (FT-IR) spectra were recorded on
NICOLET 6700 spectrophotometer (Thermo Scientific). The
samples were prepared using KBr pellets. The number-aver-
age molecular weight (Mn), weight-average molecular weight
(Mw), and polydispersity (PDI) of PHA polymers were deter-
mined with a Waters 1515 gel permeation chromatography
(GPC) instrument equipped with three ULTRAHYDROGEL col-
umns (120, 250, and 1000 PKGD; Mw from 200 to 106 g/
mol) following a INLINE precolumn and a differential refrac-
tive-index detector. The measurements were performed using
0.3 M NaAc aqueous solution (pH 4.4) as an eluent at a flow
rate of 0.5 mL/min at 30 �C and a series of narrow poly(eth-
ylene oxide)s as standard.
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Buffer Capacity Measurements
The buffer capacity of PHA polymers was determined by
acid–base titration assay over a pH range of 2.0–10.0, similar
to previous reports.30,32 Briefly, PHA polymer (0.1 mmol N)
was dissolved in 5 mL of 150 mM NaCl aqueous solution to
yield 20 mM nitrogen concentration. The pH of the polymer
solution was first brought to 2.0, and then titrated with 0.1
M NaOH using a pH meter (DELTA 320). For comparison,
150 mM NaCl aqueous solution and 25 kDa PEI was also
titrated in the same way. The buffer capacity defined as the
percentage of amine groups becoming protonated from pH
5.1 to 7.2 was calculated from equation:

Buffer capacity ð%Þ ¼ 100ðDVNaOH � 0:1 MÞ=N mol

wherein DVNaOH is the volume of NaOH solution (0.1 M)
required to bring the pH value of the polymer solution from
5.1 to 7.2, and N mol is the total moles of protonable amine
groups (0.1 mmol).

Gel Retardation Assay
The DNA binding ability of PHA polymers were studied by
agarose gel electrophoresis. The polymer/DNA complexes
prepared at varying N/P ratios from 2/1 to 6/1 were elec-
trophoresed through a 0.8% agarose gel with a current of
110 V for 40 min in TAE solution (40 mM Tris–HCl, 1 v/v%
acetic acid, and 1 mM EDTA). The retardation of the com-
plexes was visualized by staining with ethidium bromide.
The final DNA concentration is 0.4 lg each well.

Preparation and Characterization of DNA Polyplexes
The polyplexes were prepared at varying N/P ratios ranging
from 5/1 to 30/1. They were prepared by adding a HEPES
buffer solution (20 mM, pH 7.0) of polymer (600 lL, various
concentration) to a HEPES buffer solution (20 mM, pH 7.0)
of plasmid DNA (150 lL, 37.5 lg/mL), followed by vortexing
for 5 s and incubating at room temperature for 30 min. The
size and surface charge of polyplexes were measured at 25
�C using a Zetasizer Nano ZS (Malvern Instruments)
equipped with dynamic light scattering (DLS, 10 mW He-Ne
laser, 633 nm wavelength) and a standard capillary cell,
respectively. The measurements were performed in triplicate.

Transmission Electron Microscopy
The polyplex sizes were characterized using Tecnai G220
Transmission Electron Microscopy (TEM) operated at an
accelerating voltage of 200 kV. The samples were prepared
by dropping 10 lL of the polyplexes solution on the copper
grid followed by staining with phosphotungstic acid.

In Vitro Transfection and Cell Viability Assays
Transfection experiments were performed in COS-7 cells
using the pEGFP-C1 and pCMV-Luc plasmid DNA as reporter
genes. Transfections were conducted using polyplexes
formed at N/P ratios of 10/1, 15/1, and 20/1. The cells
were plated in a 12-well plate (cell density: 1.5 � 105 cells/
well) and maintained in DMEM medium supplemented with
10% FBS at 37 �C in a humidified atmosphere containing
5% CO2 until 70% confluency. In a standard transfection
experiment, the cells after rinsing with 1 mL of PBS were

incubated for 4 h at 37 �C with 100 lL of polyplex disper-
sion (1.0 lg of plasmid DNA per well) and 400 lL of culture
medium containing 10% serum, the polyplexes were
removed, 1 mL of fresh culture medium was added, and the
cells were cultured for additional 2 days.

The GFP expression level of cell lysates was analyzed with a
spectrofluorophotometer (SLM-AMINCO 8100, SLM Instru-
ments, Urbana, IL) at an excitation wavelength of 488 nm
and an emission wavelength of 525 nm. The Luciferase quan-
tification was done using a commercial luciferase assay kit
(Promega, Madison, WI) and a Lumat LB 9501 illuminometer
(Berthold, Milbach, Germany). Luciferase transfection effi-
ciency was expressed as relative light unit (RLU) per mg of
protein. The polyplexes of 25 kDa PEI at its optimal N/P ra-
tio of 10/1 were used as a reference. All the experiments
were carried out in triplicate.

The cytotoxicity of polyplexes was evaluated with the same
cell culture procedure as the transfection followed by CCK
assay. The cells were incubated with CCK-8 reagent solution
for 1.5 h before the measurement of absorption at 450 nm
using a microplate reader (BIORAD, Model 550). The CCK
value for the untreated cells (i.e., cells not exposed to trans-
fection systems) was taken as 100% cell viability. Data are
presented as average 6 SD (n ¼ 5).

RESULTS AND DISCUSSION

Synthesis and Characterization of PHA Polymers
The aim of this study was to develop novel water-soluble
histamine-based cationic vinyl polymer, poly(histamine acryl-
amide) (PHA), for non-viral gene transfection. Unlike synthe-
sis of polyhistidine, which requires protection and deprotec-
tion of imidazole amino groups,33 PHA was synthesized in
two straight steps, that is, (i) treatment of histamine with an
equiv. molar amount of acryloyl chloride to yield histamine
acrylamide (HA) and (ii) controlled radical polymerization of
HA in methanol (Scheme 1). HA was obtained with 64.5%
yield after purification with column chromatography. HA was
readily dissolved in several highly polar solvents such as
water, DMF, and different alcohols. 1H NMR spectrum of HA
in D2O showed signals at d 5.68�5.76, 6.08�6.27, and d
2.80, 3.51, 6.91, 7.67, which were attributable to protons of
acryloyl and histamine moieties, respectively [Fig. 1(A)]. The
integral ratio between signals at d 5.68�5.76 (assignable to
vinyl methine proton) and 3.51 (assignable to methylene
protons neighboring to the amino group of histamine moi-
eties) was close to 1:2, supporting equivalent coupling of
histamine and acryloyl chloride leaving imidazole amino
groups intact. The structure of HA has been further con-
firmed by 13C NMR [Fig. 1(B)], elemental analysis, and time-
of-flight mass spectrometry (TOF-MS).

The radical polymerization of HA was performed in methanol
at 60 �C for 2 days using AIBN as an initiator and 2-mercap-
toethanol as a chain transfer agent. The polymer was puri-
fied by exhaustive dialysis against deionized water following
acidification of the reaction mixture and isolated in its HCl
salt form after lyophilization. The results of polymerization

JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY DOI 10.1002/POLA

3368 WILEYONLINELIBRARY.COM/JOURNAL/JPOLA



are summarized in Table 1. The polymers were obtained
with good yields (76.4�95.6%). 1H NMR spectrum (in D2O)
showed clear signals at d 2.74, 3.29, 7.08, and 8.35 assigna-
ble to the protons of histamine moieties and resonances at d
1.52 and 1.93 due to the methylene and methine protons of

the main chain, respectively [Fig. 2(A)]. The structure of PHA
was corroborated by 13C NMR [Fig. 2(B)]. FT-IR spectra
showed broad signals at about 3200 cm�1 characteristic of
NAH vibration and complete disappearance of absorption at
976 cm�1 due to vinyl bonds for PHA (Fig. 3). Gel permea-
tion chromatography (GPC) measurements using 0.3 M NaAc
aqueous solution (pH 4.4) as an eluent and a series of poly(-
ethylene oxide)s as standards revealed that these PHAs had
moderate polydispersities of 1.46–1.91 and importantly the
number average molecular weights (Mn) of PHAs increased
from 9.2 kDa to 28.7 kDa with increasing HA/2-mercaptoeth-
anol molar ratios from 121/1 to 500/1 (Table 1), indicating
that PHAs were synthesized in a rather well controlled
manner.

We were interested in exploring water soluble histamine-
based cationic polymers because of their high buffer capacity
at the endosomal pH range. Here, the buffer capacity, defined
as the percentage of amine groups becoming protonated
from pH 5.1 to 7.2, was determined from acid–base titration
curves from pH 2.0 to pH 10. Interestingly, the results
showed that all PHA polymers had remarkably high buffer
capacities of about 70%, which were five-fold higher than 25
kDa branched PEI (14.2%; Fig. 4). This excellent buffer
capacity of PHA might lead to effective disruption of endo-
somes via the ‘‘proton sponge effect,’’ facilitating the

SCHEME 1 Synthesis of histamine acrylamide monomer and poly(histamine acrylamide) polymer. Reaction conditions: (i) acryloyl

chloride, H2O/CH2Cl2, NaOH, r.t., 4 h; (ii) radical polymerization, 2-mercaptoethanol, AIBN, methanol, 60 �C, 48 h. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 1 1H NMR (400 MHz) and 13C NMR (101 MHz) spectra

of HA monomer in D2O. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

TABLE 1 Synthesis of Poly(histamine acrylamide)s by Radical

Polymerization of Histamine Acrylamidea

Entry Polymer

[HA]/[ME]

mol/mol

GPCb

(�10�3 g/mol)
Yield

(%)Mn Mw PDI

1 9.2 kDa PHA 121/1 9.2 16.8 1.82 80.3

2 12.7 kDa PHA 182/1 12.7 18.6 1.46 95.6

3 17.5 kDa PHA 302/1 17.5 33.4 1.91 76.4

4 28.7 kDa PHA 500/1 28.7 49.4 1.72 85.0

a The radical polymerization of histamine acrylamide was carried out in

the presence of 2-mercaptoethanol and AIBN in methanol at 60 �C for

48 h.
b Determined by GPC measurements (eluent: 0.3 M NaAc pH 4.4

aqueous solution, standards: polyethylene oxide, flow rate: 0.5 mL/min,

30 �C).
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endosomal escape of DNA complexes.6,34 In addition to ‘‘pro-
ton sponge effect,’’ the strongly increased cationic charge of
the polymer upon endosomal acidification could also contrib-
ute to the endosomal escape, due to increased disruptive
interaction with the endosomal membrane.

Biophysical Characterization of PHA/DNA Polyplexes
The plasmid DNA condensation abilities of PHAs were stud-
ied using gel electrophoresis, dynamic light scattering (DLS),
and zeta potential measurements. The plasmid DNA existed
mainly in a supercoiled form. Interestingly, gel retardation
assays showed that 9.2, 12.7, and 17.5 kDa PHAs were able
to completely inhibit DNA migration at an N/P ratio of 5/1,
and 28.7 kDa PHA effectively retarded DNA migration at an
N/P ratio of 4/1 in 20 mM HEPES at pH 7.0 (Fig. 5). For
DLS and zeta potential measurements, PHA polyplexes were
prepared at varying N/P ratios from 5/1 to 30/1 in 20 mM
HEPES at pH 7.0. Notably, the results showed that at N/P
ratios �15/1, the sizes of PHA polyplexes decreased with
increasing molecular weights from 9.2 to 17.5 kDa, whereas

17.5 and 28.7 kDa PHAs condensed DNA into comparable
particle sizes at the same N/P ratios [Fig. 6(A)]. For all PHA
polymers, the polyplex sizes also decreased with increasing
N/P ratios, in which 12.7, 17.5, and 28.7 kDa PHAs were
able to condense DNA into nano-sized particles (<220 nm)
at an N/P ratio of 10/1. For example, polyplexes of 12.7 and
17.5 kDa PHAs formed at N/P ratios of 10/1, 15/1 and 20/1
had particle sizes of about 214, 143, 123 nm and 112, 98,
88 nm, respectively [Fig. 6(A)]. TEM image of 12.7 kDa PHA/
DNA polyplexes formed at an N/P ratio of 20/1 showed an
average diameter of ca. 100 nm (Fig. 7), which was in good

FIGURE 2 1H NMR (400 MHz) and 13C NMR (101 MHz) spectra

of PHA polymer in D2O (Table 1, Entry 2). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]

FIGURE 3 FT-IR spectra of HA monomer and PHA polymer.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 4 Acid–base titration curves of PHA polymers in 150

mM NaCl aqueous (from pH 2 to pH 10 with 0.1 M NaOH). For

comparison, the titration curves of 150 mM NaCl aqueous solu-

tion and 25 kDa PEI are also presented. The buffer capacities

were 70.5%, 69.4%, 71.2%, 69.3%, and 14.2% for 9.2 kDa PHA,

12.7 kDa PHA, 17.5 kDa PHA, 28.7 kDa PHA, and 25 kDa PEI,

respectively. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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agreement with that determined by DLS. Zeta potential anal-
yses revealed that all nano-sized (<220 nm) polyplexes had
moderate positive surface charges (þ13–þ19 mV), in which

both PHA molecular weights and N/P ratios appeared to
have not much influence on polyplex surface charges
[Fig. 6(B)].

In Vitro Cytotoxicity and Transfection
On the basis of the above biophysical characterization
results, 12.7 and 17.5 kDa PHAs, which formed nano-sized
polyplexes at and above an N/P ratio of 10/1, were selected
for the DNA transfection studies. We first evaluated the cyto-
toxicity of PHA polyplexes using CCK assays in COS-7 cells in
10% serum conditions. Interestingly, the results indicated
that polyplexes of both 12.7 and 17.5 kDa PHAs prepared at
N/P ratios varying from 10/1, 15/1 to 20/1 were practically
non-toxic to COS-7 cells (ca., 100% cell viabilities; Fig. 8). It
has been often observed that histidylated or imidazole-con-
taining gene carriers have low cytotoxicities.12 Engbersen

FIGURE 5 Agarose gel electrophoresis of PHA/DNA complexes formed at N/P ratios varying from 2/1 to 6/1 (20 mM HEPES, pH 7.0).

FIGURE 6 The average particle sizes (A) and zeta potentials (B)

of PHA polyplexes prepared at N/P ratios from 5/1 to 30/1 (20

mM HEPES, pH 7.0). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

FIGURE 7 TEM image of 12.7 kDa PHA/DNA complexes formed

at an N/P ratio of 20/1.

ARTICLE

WATER SOLUBLE POLY(HISTAMINE ACRYLAMIDE), LUO ET AL. 3371



et al. reported that histamine-based poly(amido amine)s
were basically non-toxic to cells.21 The low cytotoxicity of
histidylated or imidazole-containing gene carriers is most
likely due to a minimal charge density of imidazole amino
group. The detailed toxicity investigation on different polyca-
tions by Kissel and coworkers revealed that cationic charge
density is one of the key parameters for cell damage.35

The in vitro transfection activity of PHA polyplexes was stud-
ied in COS-7 cells using two reporter genes, that is, pEGFP-
C1 and pCMV-Luc plasmid DNA, under the identical condi-
tions as for CCK assays. The transfection results using pCMV-
Luc plasmid DNA showed that the transfection activity of
12.7 kDa PHA polyplexes increased with increasing N/P
ratios from 10/1 to 20/1, with transfection efficiency at its
optimal formulation (i.e., N/P 20/1) reached a level compa-
rable to that of 25 kDa PEI [Fig. 9(A)]. In addition, poly-
plexes of 17.5 kDa PHA displayed similar transfection effi-
ciency to those of 12.7 kDa PHA, indicating that PHA
molecular weight does not significantly influence its transfec-
tion activity. The transfection studies using pEGFP-C1 plas-
mid DNA showed that 12.7 kDa PHA polyplexes formed at
N/P ratios of 15/1 and 20/1 had transfection efficiencies
slightly higher than 25 kDa PEI [Fig. 9(B)]. It is remarkable
that this low molecular weight PHA while non-toxic mediates
efficient in vitro gene transfection. For many cationic poly-
mer-based gene carriers, satisfactory transfection perform-
ance is observed only for high molecular weight polymers,
for example, PDMAEMA was reported with a molecular
weight of over 300 kDa,24 branched PEI with a molecular
weight of 25 kDa or higher,36 and PAMAM dendrimer with
six generation.4 These high molecular weight polycations,
nevertheless, showed also high cytotoxicity. The superior
transfection activity of low molecular weight PHA is likely
associated with its good DNA condensation ability to form

nano-sized polyplexes and exceptional buffer capacity. In
addition, PHA like other vinyl polymers (e.g., PDMAEMA)
presents a significant advantage over PEI and PAMAM den-
drimers with its facile synthesis through controlled radical
(co)polymerization. Their versatile and controlled synthesis,
low cytotoxicity, and high transfection activity render PHA-
based cationic polymers particularly interesting for the de-
velopment of safe and efficient non-viral gene delivery
systems.

CONCLUSIONS

We have demonstrated that novel water-soluble cationic poly
(histamine acrylamide) (PHA) polymers with superior
buffer capacity at endosomal pH range mediate efficient
while nontoxic in vitro gene transfection. These histamine-
based vinyl polymers can be readily obtained with controlled
molecular weights through radical polymerization of

FIGURE 8 Cytotoxicity of polyplexes based on 12.7 kDa and

17.5 kDa PHAs formed at N/P ratios ranging from 10/1 to 20/1

in COS-7 cells. 25 kDa PEI/DNA complexes prepared at an N/P

ratio of 10/1 was used as a control. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.

com.]

FIGURE 9 Transfection efficiencies of PHA polyplexes in COS-7

cells at different N/P ratios of 10/1, 15/1, and 20/1 in 10% serum

conditions. 25 kDa PEI at an N/P ratio of 10/1 was used as a

control. (A) 12.7 kDa and 17.5 kDa PHAs, pCMV-Luc plasmid

DNA; (B) 12.7 kDa PHA, pEGFP-C1 plasmid DNA. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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histamine acrylamide (HA). It is remarkable that low molecu-
lar weight PHA (e.g., 12.7 kDa PHA) presents a transfection
activity comparable to 25 kDa PEI control. The versatile and
controlled synthesis, low cytotoxicity, and high transfection
activity render PHA-based cationic polymers particularly
interesting for the development of safe and efficient non-vi-
ral gene transfer agents.
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