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Polyethylenimine (PEI) has been widely investigated for delivery of DNA into cells. It was previoudly reported
that there were at least two types of cytotoxicity in PEI-mediated gene dedlivery, immediate and delayed
toxicities. PEI-mediated gene delivery protocols use net cationic complexes with an excess of PEI to maintain
equilibrium between the complexed and dissociated formsin solution. In this study, toxicity of free PEI or PEI/
DNA complex wasinvestigated. Human embryonic kidney 293 cellswere incubated with free PEI or PEI/DNA
complex for 4 hrs. Then, the cells were analyzed at 6, 24, 48, and 96 hrs after the incubation. In MTT assay,
the viabhility of the cells incubated with PEI/DNA complex was continuously decreased with time, while that
of the cells incubated with free PEI was not. On the contrary, the expression level of the luciferase gene
increased gradually along with time. Release of DNAs from the complexesfor transcription producesfree PEls
inthe cells. This process may proceed slowly due to high charge density of PEI and may be related to delayed
toxicity. In addition, apoptotic cellswere observed only in the cellsincubated with the PEI/DNA complex from
24 hrs after the incubation. The results suggest that PEI/DNA complex contributes to the delayed toxicity by
inducing apoptosis and that the delayed toxicity may be related to decompl exation of the complexesinthecells.
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Introduction

Genetherapy isan intracellular delivery of genetic materials
to produce therapeutic effects by producing proteins or
blocking the expression of harmful proteins. Since the first
clinical trial, gene therapy has been rapidly developed to
treat hard-to-cure diseases.! For successful gene therapy,
there are two important considerations. thergpeutic gene
and delivery vector. Various ddivery vectors have been
developed and viral vectors are currently the most efficient
carriers.>® However, intrinsic problems of viral vectors such
as immunogenecity and oncogenic effects limit their appli-
cations to human gene therapy.* Therefore, non-viral carriers
have been developed as aternatives for vira carriers. Non-
viral vectors have several advantages such as low immuno-
genecity, no size limit and low cost.® In addition, it can be
administered repeatedly. Non-viral vectors are composed of
cationic polymers, cationic liposomes, and their conjugates.
Especially, polymeric vectors can be modified with appro-
priate ligands for specific cell targeting.>® Poly-L-lysine
(PLL) and polyethylenimine (PEI) have been commonly
used as polymeric vectors.” PEIl has higher transfection
efficiency than PLL, due to proton sponge effect.®° PEI and
its derivatives have been investigated for various gene
delivery applications. However, PEl has relatively high
cytotoxicity to cells.® Therefore, many researches have been
conducted to reduce the cytotoxicity of PEI by conjugation
of polyethylene glycol (PEG) or introduction of degradable
bonds to the PEI backbone.>'%% |t was previously suggested
that PEI or PEI/DNA complex aggregates on the surface of
plasma membrane and destabilizes it, which results in the

rupture of the membrane.™® In another report, it was sug-
gested that PEI-mediated gene délivery has two types of
cytotoxicity, immediate and delayed toxicities.® PEI-medi-
ated gene delivery protocol s use net cationic complexes with
an excess of PElI to maintain equilibrium between the
complexed and dissociated forms in solution.” However, it
is not clear which of the complexed and dissociated forms of
PEI isinvolved in the delayed toxicity.

In this study, the cytotoxicity was investigated with free
PEI or PEI/DNA complex. The cell viability was measured
by MTT assay and the level of apoptosis was evaluated by
TUNEL assay. The results suggest that PEI/DNA complex
contributes to the delayed toxicity by inducing apoptosis.

Materialsand M ethods

Preparation of pCMV-Luc. pCMV-Luc was introduced
into E. coli strain DH5a, and purified by Qiagen Plasmids
Maxi Kits (Qiagen, Valencia, CA). Purity of pPCMV-Luc was
certified by OD26o/OD2go ratio. The concentration of plasmid
DNA was determined using 1 (OD2s0) = 50 ug of DNA.
Plasmid DNA was stored at —20 °C until use.

Céll culture and transfection. Human embryonic kidney
293 cells were grown in DMEM with 10% FBS. The cells
were routindy maintained at 37 °C in an incubator with a
humidified atmosphere containing 5% CO,/95% air. For the
transfection studies, the cells were seeded at a density of 2.5
x 10° cellswell in 6-well flat-bottomed microassay plates
(Falcon Co., Becton Dickenson, Franklin Lakes, NJ) 24 hrs
before transfection. PEI/pCMV-Luc compl exes were prepar-
ed at a5/1 N/P ratio.’® Before transfection, the medium was
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replaced with 2 mL of fresh DMEM without FBS. Then,
free PEI or PEI/pCMV-Luc complexes were added to the
cells. The amount of PEI per well was fixed. As controls,
naked DNA was added to the cells. The cells were then
incubated for 4 hrs at 37 °C in a 5% CO, incubator. After 4
hrs, the transfection mixtures were removed and 2 mL of
fresh DMEM medium containing FBS. The cells were
incubated for indicated time a 37 °C.

MTT assay. Evaluation of cytotoxicity was performed by
the 3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide
(MTT) assay. The cells were seeded at a density of 2 x 10*
cellsiwell in 96-well microassay plates (Falcon Co., Becton
dickenson, Franklin Lakes, NJ), and incubated for 24 hrs
before transfection. The medium was replaced with fresh
DMEM medium without FBS before transfection. Free PEI
or PEI/pCMV-Luc complexes were added to the cells. The
amount of PEI per well was fixed. After the incubation at 37
°C for 4 hrs, the transfection mixture was replaced with 100
uL of fresh DMEM medium supplemented with 10% FBS.
The cells were incubated for indicated time at 37 °C. After
theincubation, 24 uL of 2mg/mL MTT solutionin PBSwas
added. The cells were incubated for an additional 4 hrs at 37
°C and then MTT-containing medium was aspirated off and
150 uL of DMSO was added to dissolve the formazan
crystal formed by live cells. Absorbance was measured at
570 nm. The cdll viahility (%) was calculated according to
the following equation:

Cdll viahility (%) = (ODs7osample// ODs7o(controly) X 100,

where the ODs7osample) represents the measurement from the
wells treated with pCMV-Luc, free PEI, or PEI/pCMV-Luc
complex and the ODs7ocontroly represents the measurements
from the wells treated with PBS buffer only.

Luciferase assay. After transfection, the cells were wash-
ed with PBS twice and 200 ulL of reporter lysis buffer
(Promega, Madison, WI) was added to each well. After 15
min of incubation a room temperature, the cells were
harvested and transferred to microcentrifuge tubes. After 15
sec of vortexing, the cells were centrifuged at 11 k rpm for 3
min. The protein concentrations of the extracts were deter-
mined by using Pro-measure protein assay kit (Intron Bio-
technology, Seoul, Korea). Luciferase activity was measured
in terms of relative light units (RLU) using a Luminometer
(TD-20/20, Turner Designs, Sunnyvale, CA). Thefina values
of luciferase were reported in terms of RLU/mg total protein.

Colorimetric TdT-mediated dUTP nick end labeling
(TUNEL) assay. DeadEnd™ colorimetric apoptosis detec-
tion system (Promega, Madison, WI) was used to detect
apoptotic cel death in situ in the transfected cells. Briefly,
the cells were attached to Poly-Prep™ dides (Sigma, S.
Louis, MO) and treated with naked pCMV-Luc, free PEI, or
PEI/pCMV-Luc complex. The cells were fixed by immer-
sing the dides in 10% buffered formalin and permeabilized
by immersing the didesin 0.2% triton X-100 solution. After
the cells were washed in PBS, the cells were incubated in
equilibration buffer (200 mM potassium cacodylate, pH 6.6,
25 mM Tris-HCI, pH 6.6, 0.2 mM DTT, 0.25 mg/mL BSA,
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Figure 1. Cytotoxicity of naked DNA, free PEl, or PEI/DNA
complex. Naked pCMV-Luc, free PEI, and PEI/pCMV-Luc
complexes were transfected to 293 cells. After transfection, cell
viability was measured by MTT assay. The data is expressed as
mean values (+ standard deviation) of six experiments.
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and 2.5 mM cobalt chloride) containing biotinylated nucleo-
tide mix and TdT (terminal deoxynuclectidyl transferase, 25
units) enzyme at 37 °C for 1 hr. The reaction was stopped by
immersing the dides in 2x SSC (0.3 M NaCl and 30 mM
sodium citrate, pH 7.0). The cells were incubated in 0.3%
hydrogen peroxide and then with streptavidin HRP (horsera-
dish-peroxidase) diluted in 1 x PBS. The cells were incubat-
ed with DAB (diaminobenzidine) components, rinsed severa
times in deionized water, and mounted in an aqueous or
permanent mounting medium. Each dlide was observed
under alight microscope.

Results and Discussion

To evauate the toxicities of free PEl and PEI/DNA com-
plex, MTT assay was performed after the treatment of naked
DNA, free PEI or PEI/DNA complex. At 6 hrs after trans-
fection, free PEI and PEI/DNA complex showed significant
toxicity to cells with 58% and 52% viabhility, respectively
(Fig. 1). The viability of the cells incubated with free PEI
was around 50-60% compared to control, showing similar
toxicities at al time points. However, the viability of the
cdlls incubated with PEI/DNA complex was continuoudly
decreased. At 6 hrs, the viability of the cells was 52% and
was decreased to 23% at 96 hrs. Since the transfection
mixture was removed after 4 hrs of incubation, the delayed
toxicity of the PEI/pCMV-Luc complexes may be due to the
PEI/pCMV-Luc complexes that were internalized or simply
bound to the cell surface. The results showed that PEI/DNA
complex had immediate and delayed toxicities, while the
toxicity of free PEI did not.

The luciferase gene expression profile was evauated by
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Figure 2. Gene expression depending on time after the transfection
of PEI/DNA complex. PEI/pCMV-Luc complex was prepared as
described in Materials and methods and transfected to 293 cells.
Transfection efficiency was measured by luciferase assay a each
time point. The data is expressed as mean vaues (+ standard
deviation) of four experiments.

luciferase assay. The transfection was performed with naked
pCMV-Luc, free PEI, or PEI/DNA complex. The controls
with naked pCMV-Luc and free PEI did not show any
detectable gene expression (Data not shown). In the case of
PEI/DNA complexes, the gene expression level isnegligible
at 6 hrs after transfection (Fig. 2). The gene expression level
increased gradually along with time (Fig. 2). Since the trans-
fection mixture was removed after 4 hrs of incubation, entry
of PEI/pCMV-Luc complexes into cells did not increase
significantly after the incubation. For gene expression, DNA
should be released for the complex. PEI has high charge

Free PEI

PEI/DNA complex

Figure 3. TUNEL assay after transfection of naked DNA, free PEI, or PEI/DNA complex. Naked pCMV-Luc, free PEI, and PEI/pCMV-Luc
complexes were transfected to 293 cells. After transfection, the level of apoptosis was measured by TUNEL assay at each time point.
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density and release of DNA in the cytoplasm or nucleus may
be a slow process. The increase of gene expression may be
dueto dow release of DNA from PEI/pCMV-Luc complexes.

The level of apoptosis was measured after transfection by
TUNEL assays (Fig. 3). The control cells and naked DNA
transfected cells did not show any apoptosis at al time
points. However, free PEI and PEI/DNA complex samples
showed significant level of apoptosis at 6 hrs after trans-
fection. However, apoptotic cells were not observed in the
free PEI treated cells after 24 hrs after transfection (Fig. 3).
The PEI/DNA complex transfected cells showed significant
level of apoptosis up to 96 hrs &fter transfection (Fig. 3).
This results indicate that apoptosis in the PEI/DNA complex
transfected cells at 24, 48, and 96 hrsis not due to free PEI,
but PEI/DNA complex.

It was previoudly suggested that PEI-mediated gene deli-
very might have two stages of toxicity.’® In the PEI-mediated
gene transfection, free PEl and PEI/DNA complexes are at
equilibrium in the complex solution. Due to the high charge
density of free PEI, PEI aggregates at the surface of plasma
membrane and rupture the cell, which induces immediate
toxicity.™ However, delayed toxicity may be associated with
cellular process. For transgene expression, DNA should be
released from the complex after internalization of PEI/DNA
complex. The release of DNA from the polymer/DNA com-
plex after entry into cells is one of the requirements for
efficient gene delivery. Decomplexation produces free DNA
for the access of transcriptional machinery, which may
increase gene expression. However, release of DNA aso
produces free PEI in the cdl. After release of DNA, the
dissociated PEI may interact with various cellular compo-
nents with negative charges. This interaction may interfere
their normal cellular functions and induce apoptosis. There-
fore, the cytotoxicity of PEI/DNA complex may be closely
related to the level of gene expression in the PEI-mediated
gene ddivery. Indeed, the cytotoxicity of the transfection
became higher with increasing level of gene expression.

In summary, in the PEI-mediated gene transfection, PEI/
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DNA complex induced immediate and delayed toxicities,
while that of free PEI did not induce delayed toxicity. In
addition, PEI/DNA complex induced apoptosis of the cdlls.
The delayed cytotoxicity of PEI/DNA complex may be
closdly related to decomplexation of the complex in the
cels.
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