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To develop novel gene delivery carriers, aminated polysorbate 80 (P80-NH2) was synthe-
sized with strong positively charged properties through the introduction of three amine
groups. The resulting P80-NH2 and DNA polyplex exhibited superb condensation abilities
due to the high densities of positively charged amines groups. Size and surface charge of
polyplex were shown to be well suited for cellular internalization. In addition, the P80-NH2/
DNA polyplex demonstrated acceptable transfection efficiency in HeLa cells and was
nontoxic relative to the conventional 25-kDa polyethyleneimine system. VVC 2010 American
Institute of Chemical Engineers Biotechnol. Prog., 26: 1528–1533, 2010
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Introduction

Gene therapy, in which therapeutic genes are transferred to
patient target cells, has the potential to be used to treat a variety
of human diseases, including hemophilia, muscular dystrophy,
and cystic fibrosis. However, transfection of naked therapeutic
genes is restricted due to the susceptibility of naked DNA to nu-
cleases and its poor cellular uptake under physiological condi-
tions. Accordingly, the efficacy of gene therapy depends on
gene delivery carriers that effectively and safely deliver thera-
peutic genes to the nuclei of target cells.1–11 Gene delivery car-
riers are classified into two subgroups, recombinant viruses and
nonviral synthetic vectors. Recombinant viruses, such as retro-
viruses, adenoviruses and adeno-associated viruses, evolved
naturally to infect specific cells; when manipulated in gene ther-
apy, they effectively transfer therapeutic genes to target cells
with high transfection efficiency. However, viral vectors can
pose certain disadvantages in that they are difficult to produce
on a large scale and can potentially trigger oncogenic effects
and stimulate an adverse immune response in clinical applica-
tions.1–7,12–15 Nonviral synthetic vectors, although less effective
in gene delivery relative to viral vectors, have a higher gene
loading capacity relative to those of the viral carriers. In addi-
tion, synthetic vectors potentiate their future clinical application
due to their ease of preparation and their reduced effects on the
immune response.1,4–7,14,16

In general, cationic lipids (lipoplexes) and polymers (poly-
plexes) are the two major types of nonviral vectors used in gene
delivery. The addition of amine groups to these vectors introdu-
ces important cationic properties to the complex that can initiate
condensation and complexation with the negatively charged

DNA of the gene through electrostatic interactions. The amine
groups also protect the gene from nuclease degradation, facili-
tate cellular internalization, and induce membrane rupture due
to proton sponge effects and low endosomal pH.2,4–5,17–19 Poly-
ethyleneimine (PEI) is currently the leading material for gene
delivery polymer synthesis due to its demonstrated high gene
transfer activity. PEI does not require the use of an exogenous
endosomolytic agent due to its high amine density, allowing
PEI to escape from the host endocytic pathway via a strong pro-
ton-sponge mechanism.1 However, the clinical application of
PEI is not yet permitted because 25-kDa PEI, which is known
to be the most effective vector, is cytotoxic and causes host cell
membrane damage and apoptosis.20 To resolve the cytotoxicity
of PEI, much effort has been directed toward chemical modifi-
cations, including conjugation with poly(ethylene glycol)
(PEG) (ex. grafted PEI and blocked PEI), introducing hyal-
uronic acid (HA), or adding chitosan to maintain its cationic
properties and to facilitate cellular uptake.21–27 While each of
these modifications is less toxic compared to the conventional
25-kDa PEI, their gene transfection efficiencies are decreased
due to their weaker bonds with DNA. The poor binding effi-
ciencies result from the modifications which decrease the amine
densities of the complexes.

Herein, we propose aminated polysorbate 80 (P80-NH2) as
a new nonviral synthetic gene delivery material with suffi-
cient gene transfection efficiency and reduced cytotoxicity.
Aminated polysorbate 80 was synthesized from polysorbate
80, a polymer of branched poly (ethylene oxide) with the
amine structure of spermine, through the replacement of the
hydrophilic groups (Figure 1). In addition, the hydrophobic
group of polysorbate 80 plays a role of strong interaction
with the cellular membranes, and thereby enhance a cellular
internalization of DNA.28 Spermine containing the amine
group is existed as polycation under physiological pH, which

Correspondence concerning this article should be addressed to
Seungjoo Haam at haam@yonsei.ac.kr (or) Yong-Min Huh at ymhuh@yuhs.ac.

1528 VVC 2010 American Institute of Chemical Engineers



is natural polyamine that stabilizes the helical structure of
nucleic acids.29 The primary amine groups of the synthesized
P80-NH2 were quantified using a trinitrobenzene sulfonic
acid (TNBS) assay. For application as gene delivery carriers,
the size, surface charge, and condensation ability of the P80-
NH2/DNA polyplex (formed by the electrostatic interaction
with DNA) were evaluated using dynamic light scattering
(DLS), zeta potential, and gel retardation assays, respec-
tively. Moreover, the biocompatibility of P80-NH2 was eval-
uated using HeLa cells to measure cell viability using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, and cell damage and apoptosis were detected
using Annexin V-FITC. Finally, the gene transfection effi-
ciency of the P80-NH2/DNA polyplex was investigated using
fluorescence microscopy images and flow cytometry.

Materials and Methods

Materials

Polysorbate 80 (polyoxyethylene sorbitan monooleate,
P80), spermine, 1,10-carbonyldiimidaziole (CDI), PEI (25

kDa) and 1,4-dioxane (99.8%) were purchased from Sigma
Aldrich Chemical phosphate buffered saline (PBS; 10 mM,
pH 7.4), DMEM, Opti-MEM, DNAase-free distilled water,
and fetal bovine serum (FBS) were purchased from Gibco.
2,4,6-TNBSA was purchased from Pierce (Thermo Scientific,
USA), and the dialysis membrane (MWCO: 1,000) was
obtained from Spectrum Laboratory. HeLa cells were pro-
vided by the American Tissue Type Culture (ATCC, USA),
and the enhanced green fluorescent protein (eGFP)-encoding
DNA was obtained from Clontech. All other chemicals and
reagents were of analytical grade.

Synthesis of aminated polysorbate 80 (P80-NH2)

Aminated polysorbate 80 (P80-NH2) was synthesized as
reported previously (Figure 2).30 Briefly, 4.5 mmol of polysor-
bate 80 (P80) and 4.5 mmol of CDI were reacted in a vial con-
taining 60 mL of 1,4-dioxane with stirring for 1 h. Then, 1.5
mmol of spermine was added to the reaction at room tempera-
ture and was allowed to react for an additional 24 h. Extra sol-
vent was eliminated using a rotary evaporator. The resultant
transparent gel was dissolved in 10 mL deionized water and
purified by dialysis against an excess aqueous phase over a pe-
riod of 7 days. After dialysis, the P80-NH2 was freeze-dried
and stored under vacuum as a purified product for later use.
The synthesized P80-NH2 was analyzed by Fourier-transform
infrared spectroscopy (FTIR, Varian, ExcaliburTM series) and
1H NMR (400 MHz, Varian INOVA400 NMR spectrometer)
using CDCl3 as the solvent. The P80-NH2 primary amine
groups were quantified using a TNBS assay.31

Preparation of the P80-NH2/DNA polyplex

Aminated polysorbate 80 polyplex was prepared as a com-
plex of P80-NH2 and plasmid DNA encoding green fluores-
cent protein (eGFP) in phosphate buffer saline (PBS, 10
mM, pH 7.4) at various molar ratios of positively charged
nitrogen atoms to negatively charged phosphates in DNA
(N/P ratios). Varying amounts of P80-NH2, 5.0 lg of eGFP
DNA (in DNAase-free distilled water), and Opti-MEM

Figure 2. Synthesis of aminated polysorbate 80 (P80-NH2).

Figure 1. Schematic diagram for DNA transfection into cells
via delivery using P80-NH2 polyplex.
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medium were mixed to generate the corresponding N/P
ratios in a final volume of 100 lL. The reactions were incu-
bated for 20 min at room temperature. The average hydrody-
namic diameter and the zeta potential of the P80-NH2/DNA
polyplex were analyzed by laser scattering (ELS-Z, Otsuka
electronics, Japan).

Gel retardation assay of P80-NH2/DNA polyplex

To assess the P80-NH2/DNA condensation ability at the
predetermined N/P ratios, each polyplex was subjected to gel
electrophoresis on a 1.0 wt % agarose gel containing ethi-
dium bromide (EtBr), at 100 V in 5 % tri-acetate (TAE)
buffer for 30 min. Exposed DNA bands were visualized
under UV light using a Chemidoc gel documentation system
(PhamaTech).

Biocompatibility test of P80-NH2 against HeLa cells

The cytotoxic effect of P80-NH2 against the HeLa human
cervical cancer cell line (ATCC), was evaluated by meas-
uring growth inhibition using a MTT assay, with branched
PEI (25 kDa) used as the reference. HeLa cells were main-
tained in DMEM containing 10% FBS, 1% antibiotics at
37�C in a humidified atmosphere with 5% CO2. The cells
were seeded at a density of 4 � 103 cells/well in a 96-well
plate and were allowed to grow overnight at 37�C. The
HeLa cells were then incubated with P80-NH2 at various
concentrations for 4 h, replaced with serum-containing fresh
medium, and further incubated in 5% CO2 for 44 h at 37�C.
MTT solution (10 lL) was then added after replacement
with fresh medium, and the cells were further incubated for
4 h. After addition of solubilization solution (100 lL) to
each well, the yellow MTT tetrazolium salt was reduced to
purple formazan crystals in live and metabolically active
cells. The relative percentage of cell viability was deter-
mined as the ratio of formazan intensity in viable cells
treated with P80-NH2 to the intensity of nontreated (control)
cells. Nontreated cells were normalized to 100% cell viabil-
ity. Branched PEI was prepared in the same manner as
described. To confirm whether P80-NH2 caused cellular
damage to HeLa cells, an Annexin V-FITC apoptosis detec-
tion test was performed (Molecular ProbesTM). HeLa cells
were seeded at a density of 4 � 105 cell/well in a six-well
plate overnight at 37�C in 5% CO2 and then further incu-

bated with 2 mM of P80-NH2 in serum contained medium
for 4 h. After incubation, the cells were collected by centrif-
ugation and washed twice with PBS (6.7 mM, pH 7.4). After
resuspending the HeLa cells in annexin-binding buffer,
Annexin V-FITC solution was added to stain the HeLa cells.
The fluorescence-stained HeLa cells were analyzed by flow
cytometry (FACScalibur, Beckton-Dickinson, Mansfield,
MA).

In vitro transfection

Aminated polysorbate 80-mediated transfection efficiency
was evaluated using HeLa cells transfected with plasmid
DNA encoding green fluorescent protein (pEGFP). HeLa
cells were seeded at a density of 4 � 105 cells/well in a six-
well plate and incubated overnight before transfection. The
prepared 0.1 mL of P80-NH2/DNA polyplex at various N/P
ratios containing 5.0 lg DNA were added to 1.9 mL
DMEM-containing serum and added to the HeLa cells for 2
h at 37�C. After transfection, the cells were washed twice
with PBS, the medium was replaced with 2.0 mL of serum-
containing fresh medium, and the cultures were incubated
for an additional 46 h at 37�C. Hoechst 33342 (Molecular
ProbesTM) (2 lg/mL) for 20 min was used to stain the cell
nuclei. DNA-transfected cells were visualized using an epi-
fluorescence microscope (IX 70, Olympus, Japan), and the
DNA transfection efficiency was quantified using flow
cytometry by comparison with nontreated (control) cells
(Becton Dickinson, Mountain View, USA).

Statistical analysis

All experiments were performed in triplicate, and the val-
ues were expressed as the average � the standard deviation.
Statistical evaluation of the data was performed by analysis
of variance (ANOVA), followed by Tukey’s test for compar-
isons of the cell viabilities and transfection efficiencies from
different groups. P \ 0.01 was considered to be statistically
significant.

Result and Discussion

Synthesis and characterization of aminated polysorbate 80
(P80-NH2)

For preparation of aminated polysorbate 80 (P80-NH2),
tri-hydroxyl groups of polysorbate 80 were activated by con-
jugation of the imidazole group of 1,10-carbonyldiimidazole
(CDI) and subsequently attacked by the amine group of
spermine. Then, a stable urethane (N-alkyl carbamate) link-
age was formulated by coupling the hydroxyl group from pol-
ysorbate 80 and the amine group from spermine (Figure 2).
After conjugation, the characteristic bands of the amine group
NAH stretching (3,550 cm�1), CAN stretching of the amide
group (3,400 cm�1), OACOACH3 stretching (2,400 cm�1)
and NAH banding of the amine group (1,600 cm�1) of
P80-NH2 were confirmed by FTIR analysis. The hydroxyl
stretching (3,500 cm�1) from P80-NH2 disappeared after mod-
ification of the polysorbate 80 terminal groups (Figure 3). The
chemical structure of P80-NH2 was further characterized using
1H NMR, d values of 2.0 (ANH2), 2.91, 3.22 (ACH2A), and
7.11 (ANHA) (Figure 4). For detection and quantification of
the primary amine groups (ANH2) in P80-NH2 against glycine
and L-lysine, a TNBS assay was used based on the reaction
with the primary amines of P80-NH2 to produce a

Figure 3. FTIR spectra of (a) polysorbate 80 (P80) and (b)
aminated polysorbate 80 (P80-NH2).
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chromogenic derivative. As glycine and L-lysine amino acid
residues contain one and two primary amine atoms per mole-
cule, respectively, these amino acids can be used to produce
standard curves. Consequently, the number of amine groups
contained within P80-NH2 was quantified using the TNBS
assay via comparison with the standard curves. From the
TNBS assay absorbance results, P80-NH2 showed a two- and
three-fold higher intensity compared with those of glycine and
L-lysine, indicating that the tri-hydroxyl group of polysorbate
80 was successfully modified with tri-amine groups (Figure
5). The amine groups of P80-NH2, which contained nitrogen
atoms with a lone electron pair, were able to bind hydrogen
protons (Hþ) and form positively charged ammonium ions.32

Consequently, P80-NH2 exhibited a positive charge under
both acidic and neutral conditions.

Characterization of the P80-NH2/DNA polyplex

The gene-loaded P80-NH2 polyplex consisted of con-
densed DNA complexed with P80-NH2 via electrostatic
interactions between the positively charged P80-NH2 and the
negatively charged DNA phosphate backbone. DNA conden-
sation was affected by the N/P ratio, or the number of P80-
NH2 nitrogen residues to plasmid DNA phosphate groups.
The optimal N/P ratio was determined to form stable and
compact carriers for efficient gene delivery. As expected, the
physicochemical characteristics of each P80-NH2/DNA poly-
plex, including the average size (hydrodynamic diameter),
surface charge, cytotoxicity, and transfection efficiency, var-
ied with the N/P ratio. The average size, size distribution,
and zeta potential of each P80-NH2/DNA polyplex were ana-
lyzed using laser scattering (Figure 6). First, it was found
that polyplex formation did not occur at low N/P ratios (2.14

and 4.3) or at near neutral conditions, which were not appli-
cable for gene delivery. As the N/P ratio increased, larger
P80-NH2/DNA polyplex formed (8.6 = N/P ratio = 21.4);
however further increases in N/P ratio above 21.4 caused a
size reduction (21.4 = N/P ratio = 30) due to an increase in
the condensation interactions between the DNA and the P80-
NH2. Zeta-potentials retained strong positive charges at N/P
ratios over 8.6, revealing sufficient DNA transfection into
the negatively charged cellular membranes by electrostatic
interaction. The DNA complexation and binding capacity of
P80-NH2 were evaluated using gel retardation assays using
EtBr to intercalate the DNA binding sites. In data not shown,
the intercalated EtBr with naked DNA (N/P ratio ¼ 0) pro-
duced strong fluorescence under ultraviolet (UV) light. Fluo-
rescence was insignificant, as EtBr could not intercalate the
DNA at N/P ratios where the DNA was well condensed
within the P80-NH2/DNA polyplex. Consequently, the P80-
NH2/DNA polyplex successfully retained DNA through sta-
ble complex formation, which influenced its capacity for
gene transfection. Therefore, the amounts of P80-NH2

required for the formation of P80-NH2/DNA polyplex were
determined by this assay.

In vitro biocompatible effects of P80-NH2

To evaluate the efficiencies of P80-NH2 as gene transfec-
tion carriers, the cytotoxicity of P80-NH2, when compared
with the most effective known gene delivery polymer PEI
(MW: 25 kDa), was evaluated against HeLa cells through
the performance of MTT assays. The biocompatible effects
were also expressed as the IC50 values, the half maximal
(50%) inhibitory concentration (IC) of the cellular growth
function relative to that of the nontreated control. The IC50

was derived from the equation of a sigmoid curve, y ¼ Bot-
tom � (Top � Bottom)/[1 þ 10(logIC50 � x) � Hill slope],
where Bottom and Top are the maximum or minimum y-axis
values for the curve plateau, respectively, and the Hill slope
is the steepness of the curve as calculated by GraphPad
PRISMVR (GraphPad Software, USA). In Figure 7a, the cell
viability of P80-NH2 retained over 80% of its concentration
up to about 40 lg/mL with a calculated IC50 value of 886.1
lg/mL. The IC 50 of PEI could not be calculated due to its
high cytotoxicity, causing rapid necrotic changes resulting
from perturbation of the cellular membrane and the activa-
tion of mitochondrial-mediated apoptosis. As the MTT assay

Figure 4.
1
H NMR spectrum of aminated polysorbate 80 (P80-
NH2).

Figure 5. The determination of amine groups for aminated
polysorbate 80 (P80-NH2), glycine, and L-lysine using
TNBS assay.

Figure 6. The size, size distribution (bar graphs), and zeta
potential (scatter plots) of P80-NH2 polyplex at the
various N/P ratios.
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did not provide accurate information on cellular apoptosis,
the biocompatibilities of P80-NH2 and PEI at various con-
centrations were confirmed using the Annexin V-FITC stain-
ing method. In apoptotic cells, phosphatidylserine (PS) is
translocated from the inner to the outer cell membrane,
because of altered cellular membrane integrity. As such, PS
is exposed to the external cellular environment with a high
affinity for Annexin V. In Figure 7b, P80-NH2 and PEI
treated HeLa cells were stained at 26.6 and 67.4% levels of
Annexin V-FITC when compared with nontreated cells
(4.1%), respectively. Aminated polysorbate 80-treated cells

exhibited approximately a 2.5-fold lower fluorescence inten-
sity than that of the PEI treated cells, indicating that a lower
number of apoptotic cells were present under P80-NH2 treat-
ment conditions. The results demonstrated that P802-NH2

induced apoptosis in HeLa cells to a lower degree than did
PEI, indicating remarkably less cytotoxicity with P80-NH2

when compared with PEI.

In vitro transfection efficiency of P80-NH2/DNA polyplex

To assess the potential for gene delivery, the transfection
efficiency of eGFP DNA, which encodes enhanced green flu-
orescence protein into HeLa cells, was measured using P80-
NH2 at various N/P ratios (0, 4.3, 8.6, 12.8, 17.1, 21.4, 25.7,
and 29.9). The transfected cells expressing eGFP were
visualized using fluorescence microscopy. The transfection
efficiency of DNA, which was calculated in comparison with
that of the nontreated control cells, was calculated. At N/P
ratios = 8.6, only a small amount of green fluorescence was
observed in the microscopic images, indicating low transfec-
tion levels because of the weak cationic properties of the
polyplex. Fluorescence intensity was observed at N/P ratios
= 12.8 (Figure 8a). The gene transfection efficiency in HeLa
cells at the N/P ratio ¼ 21.4 (25.7 � 9.2%) was markedly
higher (22-fold) than that at the 8.6 N/P ratio (1.2 � 1.3%)
as measured by flow cytometry (Figure 8b). Based on the cy-
totoxicity and gene transfection results, the P80-NH2/DNA
polyplex is suitable for cellular internalization with sufficient
cationic properties and maintains a well-condensed complex
formation (*P\ 0.01, Figure 8b) for gene delivery.

Conclusions

Our studies described the development of a novel gene
delivery carrier using aminated polysorbate 80 (P80-NH2),
which was demonstrated to be less toxic with a comparable
transfection efficiency compared with the conventional 25-
kDa PEI carrier. The synthesized P80-NH2/DNA polyplex
demonstrated strong gene complexation and a sufficient
binding capacity as well as a higher biocompatibility com-
pared with those of PEI. Moreover, the significant transfec-
tion efficiency evaluated against HeLa cells (25.7 � 9.2 %
at N/P ratio ¼ 21.4) suggests that this agent may have

Figure 7. (a) Cell viability of Hela cells incubated with aminated polysorbate 80 (P80-NH2) (black circle) compared with poly ethyle-
neimine (PEI, molecular weight: 25 kDa) (gray circle), respectively (n 5 4, error bars represent a standard deviation) and
(b) biocompatibility test of Hela treated with P80-NH2 (blue) and PEI (green) using apoptosis detection assay (annexin
V-FITC staining); the numbers in all of the FACS data represent the percentages of each cell: the percentages (%) of cells
suffering apoptosis (inset).

Figure 8. (a) Fluorescence microscope images (Scale bar: 200
lm) and (b) transfection efficiency was determined
by flow cytometry analysis after transfection of P80-
NH2/DNA polyplex at the various N/P ratio against
Hela cells (n 5 3, error bars represent a standard
deviation) (*P < 0.01).
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potential application in gene delivery. P80-NH2 could be the
application codelivery systems of DNA and drugs because
hydrophobic parts of P80-NH2 are able to encapsulate hydro-
phobic drugs.
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