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Transfection efficiencies of several polymeric gene carriers were compared and correlated quantitatively to the
amounts of cellular accumulation of plasmid DNA and to the expression of mMRNA by quantitative real-time
polymerase chain reaction (real-time PCR). Three polycations polymers with similar chemical structure were
used in this study: poly(dimethylamino)ethyl methacrylate (PDMA) homopolymer, BIPOMA copolymer,

and PEOb-poly(diethylamino)ethyl methacrylate (PEH&PDEA) copolymer. Despite their similar chemical
structures, the transfection efficiencies were significantly different. BEIDEA copolymer was significantly

less efficient as gene carrier as compared to both PDMA and IRBOMA. Correlations between cytotoxicity,
cellular uptake of plasmid DNA, expression levels of transgene and protein, and the physical properties of the
polymers were observed. With the PEEXRDEA studies, cytotoxicity was due primarily to the excess of polymers
that did not participate in the DNA binding. In addition, the inability of the polymer/DNA polyplexes to interact
with cell effectively was identified as a critical barrier for high efficiency of transfection. This study demonstrated
that the use of quantitative real-time PCR in combination with physical characterization techniques could provide
useful insights into the transfection barrier at different cellular levels.
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for treating genetic deficienciés. Non-viral gene delivery
systems such as cationic lipid and polymeric systems become 2 n 8 n 2 n
an attractive route as viral delivery systems pose safety concerns HS CH HG \CH CaHg CoMs

unlikely to be resolved in the near futute® For instance, the

LipofectAMINE lipid systent has been used for the delivery PDMA PEO-b-PDMA PEO-b-PDEA

of plasmid DNA into human islets, and polyethylenimine (PEI) Figure 1. Chemical structures of polymers used in this study.
polymeric systemishave been used for in vivo delivery of

antisense oligonucleotides. Cationic polymers are a leading class Thare are several methods to determine the amount of

of gene delivery systems because of their molecular diversity jernalized plasmid DNA. The fluorescence labeling technique
that can be modified to fine-tune their physicochemical proper- . ¢ orescence resonance energy transfer (FRET) approach is
ties®® Polymeric systems commonly used in gene delivery o most popular routd:l7 However, fluorescence labeling
include homopolymers,oflolr example, poly(dimethylamino)ethyl ¢4 potentially affect the cell internalization behavior. On the
metha_cry7late (PDMA}>* block copolymers (e.g., PH- other hand, using real-time polymerase chain reaction (PCR)
Pluronic); and polypeptide hydrogels.However, despite the o antification of internalized plasmid DNA would not have
variety and versatility of these proposed non-viral transfection ¢, problem. Real-time PCR is the state-of-the-art technique
agents, there are several problems, such as low biocompatibility, quantify nucleic acids for various analysis such as mutation
toxicity, and, in particular, low transfection efficiency, that need yatection and gene expressiri?In general, good correlation

to be addressed prior to their practical use. Successful trans-arveen protein and mRNA expression levels is widely
fection depends on the delivery of DNA transgene into the qpsered, but discordant correlation is not unu&#iRecently,
nucleus and the subsequent expression within thelcéfl. an attempt to use real-time PCR to quantify the amount of
Understanding the interact.ions betwee.n the gene carriers Withplasmid DNA taken up by cells in transfection studies has been
the components responsible for their cellular uptake and renqrtects This approach could potentially lead to the identi-
intracellular pathways is essential for the rational design of the icarion of the cellular transfection barriers for different trans-
high transfection efficiency carriers. fection vectors, which may be important for the design of an
efficient gene delivery system.
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120 e Figure 4. Membrane permeability measured in the presence of
different polyplexes (50 ug/mL polymer and N/P ratio ~10). The
release of the cytoplasmic enzyme LDH is measured after 2 h
T 100 | incubation. Differences in the % LDH released between PEO-b-PDEA
£ polymer (*) and polyplexes (**) were statistically significant based on
8 8ot the paired two-tailed ttest. A value of P < 0.05 was considered
g significant (P = 0.0083). Each value represents the mean =+ standard
S deviation of five determinations.
£
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w0 b expression of cellular transgenes using real-time PCR, in parallel
with cytotoxicity measurements and biophysical studies, has
20 . . . . . enabled a better understanding of the factors influencing
0 20 40 60 80 100 120 transfection efficiency.
Polymer Concentration (ug/ml)
Figure 2. Physical pr_operties of the polyplexgs formed with plasmid Materials and Methods
EGFP DNA and varying polymer concentration. (a) Zeta potential.
(b) Hydrodynamics radius of the polyplexes. Preparation of Plasmid DNA. Plasmid EGFP (pIRES-EGFP-
120% EV71), an expression vector containing the enhanced green fluorescence
protein (EGFP), was constructed by grafting picornaviral IRESes from
100% ; PEO-b-PDMA Enteroviru_s 71 (strain 7423/MS/87) onto a pIRES-EGFP _(_Clonte_ch
g‘ 80% | Laboratories Inc., U.S.) backbone. The plasmid was amplified using
% ? / PDMA Escherichia coli(DH50) and purified using the Quantum Plasmid
2 60% | Miniprep kit (Biorad).
3 Polymer Synthesis A full description of the synthesis and charac-
R 40% | terization of the polymers has recently been repottéthe degree of
20% b polymerization (DP) for the three polymer systems is about &b
| PEO-b-PDEA repeat units of methacrylate monomer, which was determined using
1 polystyrene GPC standard. The molecular weight of the PEO polymer

0%
0 50 100 150 200 250 (Dow Chemical) wadM,, ~ 5000 Da.
polymer concentration (ug/ml) Physical Properties Measurement.The zeta potential and the
Figure 3. Cytotoxicity of various polymer/DNA complexes systems partlcle 5|ze_measurements_ were ca_rrled out using the Brookhaven laser
in Neuro2A cell. The cell viability was determined by MTS assay and light scattering system, which consists of the Brookhaven Zeta PALS

was shown as the mean, and the error bars are the standard deviation (phase analyzer light scattering) and the dynamics light scattering
of five determinations. measurement. The plasmid DNA concentration used was abogt 5

mL of 10 mM phosphate buffer. Polycation/DNA charge ratio (N/P

with polyethers, such as PE@PDMA. PECb-PDEA is an ratio) was also calculated. The experimental details were described
amiphiphilic block copolymer capable of forming pH-dependent Previously: N

micelles. At physiological pH (pH 7.4), PDEA chains are Cell Culture and Cytotoxicity (MTS Assay) Study. Neuro2A cells
somewhat hydrophobic and drive the formation of micelles (CCL-131, ATCC) were cultured in Dulbecco’s Modification of Eagle’s
which are stabilized by the hydrophilic PEO segments above Medium (DMEM) supplemented with 10% fetal calf serum (FCS) at
the critical micellization concentration (CMC). The cationic S/ < 5% CQ, and 95% relative humidity. For cytotoxicity studies,

. . lls (40 000 cells/well) were seeded into each of the 96 wells in a
PDEA segments of the copolymer are able to bind to negatively cells ¢ : .
charged DNA to form polymer/DNA complex@é2s microtiter plate (Nunc, Wiesbaden, Germany) using MTS (3-(4,5

. I . dimethylthiazol-2-yl)-5-(3-carboxy-methoxy-phenyl)-2-(4-sulfo-phenyl)-
Despite the similarities in the chemical structures of PDMA v YDA Y y-pheny)-2« pheny)

q H b ¢ cell ‘ 4 by thei **  2H-tetrazolium) assa¥\
and PDEA, the number of cells transfected by their respective Lactate Dehydrogenase (LDH) AssayThe amount of LDH was

copolymers with PEO was found to be distinctively different. ,qsaveq with the Cytotoxicity Detection Kit (Roche Applied Science).
To identify the transfection barrier, we quantified and compared gyjefly, 40 000 Neuro2A cells were seeded into each 96-wells plate.
the amount of plasmid DNA accumulated in the cells and the after 24 h, cell culture medium was removed and replaced by 200
expression level of the transgene using sequence-independeni jwell polymer solution. After 120 min of exposure, 100 of the
real-time PCR. Correlation between the real-time PCR results supernatant was withdrawn from each well to a new plate, angL00
with the cytotoxicity data, biophysical properties of the polymer/ of substrate mix solution was then added. LDH released from cells
DNA polyplexes, and the transfection efficiencies was observed. catalyzes the conversion of INT-tetrazolium salt into a red formazan
This study showed that quantifying the accumulation and salt, which was quantified by measuring the absorbance at 49%5@
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120% pairs within the EGFP open reading frame based on the vector sequence.
The concentrations of EGFP in all of the samples were interpolated
100% | '@ PEO-b-PDMA from standard curves. The threshold cycf@)(was calculated by
mPEO-b-PDEA multiplying the average standard deviation of the relative fluorescent
0 DNA only units (RFU) gathered from the first-8L0 cycles of amplifications by

a factor of 10, using the Optical interface v3.0B.

80% |

60% |
Results
i Physical Properties of PolyplexesThe surface charge and
the particles size of the polyplexes were initially investigated
using the laser light scattering technique (Figure 2). REO-

Relative EGFP fluorescence level

20%

2 " a0 A PDEA polymer when polyplexed with plasmid DNA showed
polymer concentration (ug/ml) significantly lower surface charge potential than that of the other
Figure 5. Relative EGFP protein fluorescence intensity level with two systems. Notably, the zeta potential of the PEGDEA
various transfection systems normalized against the fluorescence polyplexes was found to be slightly above zero as compared to

intensity of 30 ug/mL of PDMA polyplexes. Each value represents

the mean =+ standard deviation of three determinations. PDMA polyplexes 30 mV). The particle size of the positively

charged PDMA polyplexes remained fairly constant with
increasing polymer concentrations, while the near neutral
charged PEM»-PDEA polyplexes showed structural rearrange-
ment into a smaller particle at higher polymer concentrations

with the model 680 Microplate Reader (Bio-Rad, Hercules, CA).
Controls for total LDH released were determined with cells treated with
0.1% (w/v) Triton X-100. The relative LDH release is defined by the (Figure 2b). The morphology of the PEBPDEA polyplexes
ratio of LDH released over total LDH in the intact cells. :
In Vitro Transfection. Various cationic polymers at different at different concentrations has previously been repdfted.
polycation/DNA ratios were mixed with Ag of purified plasmid per In Vitro Cytotoxicity Testing. The cytotoxic effects of
well of transfected cells. The polycation/DNA mixtures were diluted Vvarious polymer/DNA complexes on Neuro2A cells were
to a final volume of 1 mL with serum-free medium (SFM) and measured using MTS assay after 24 h (Figure 3). Similar results
incubated for 20 min at 28C. Two identical sets of six-well plates  were obtained when MTS assay was carried out in the absence
(one set was used for plasmid DNA accumulation and the other for of serun 6 h after exposure to the polymer/DNA. Despite the
RNA level measurements) were seeded with 9.50° cells per well similarities in the chemical structures of the polymers, the effects
and incubated at 37C, 5% CQ, and 95% relative humidity for 24 h  on cell viability were different. Cytotoxicity varied linearly with
prior to transfection. The polycation/DNA complexes were then added concentration for both PDMA and PE®PDMA where greater
into the wells and incubated for a further 6 h. For RNA and protein than 80% of the cells were viable at polymer concentrations of
analyses, the culture medium was replaced with DMEM supplemented 50 ,g/mL or less. For the PEG-PDEA system, however, a
with 10% FCS, and the cells were cultured for 48 h. Thereafter, the gigmoidal variation in cell viability with polymer concentration
cells in each well were counted and lysed with 0.1% Triton X-100, \yas observed with a sharp increase in the cytotoxicit§q%
and the EGFP protein fluorescence intensity levels were measuredce” viability) for polymer concentrations above 5@/mL.
fluorometrically (BMG Labtechnologies FLUOstar optima). Interestingly, as shown in Figure 2b, PEEGRDEA polyplexes
Total DNA, RNA Extraction, and cDNA Synthesis. For the showed significant changes in particle size at polymer concen-
plasmid DNA accumulation study, afté h incubation with various tration of about 5Qug/mL. Above this critical concentration
plasmid DNA/polyplexes or naked plasmid DNA, the cells were washed PEObL-PDEA/DNA Compiexes undergo significant structur:'sll

with 3x PBS solution to remove unbound plasmid DNA. The cells tto f t micelle-like struct dri
were then trypsinized (0.1%) and pelleted, following which they were rearrangément to form compact micefie-like Structures, driven

lysed in 50 MM NaOH/1% SDS and heated at @ for 7 min to by the amiphiphilic nature of _this cppolym%?r?l’his observation
ensure the inactivation of DNAses and the release of total DNA. Total SUggests that the amiphiphilic micelle-like structures may be
DNA was precipitated in the presence of 0.5 M NaCl, 75% ethanol "€lated to higher cytotoxicity as compared to homopolymer
and centrifuged at 14 0@0for 15 min. The pellet was washed with PDMA_/DNA complexes that do not undergo structural trans-
70% ethanol, air-dried, and then resuspended ipl56f TE (10 mM formation.
Tris, 1 mM EDTA, pH 8) buffer. Based on these cytotoxicity results, all subsequent transfection
Total RNA was extracted after 48 h of transfection using Trizol studies were carried out at polymer concentrationg:&onL
according to manufacturer’s instructions (Invitrogen). The final pellet and below, where cytotoxicity was minimal for all three polymer
containing total RNA was air-dried and dissolved in diethylpyrocar- systems.
bonate-treated (DEPC) water. The amount of total RNA was quantified | pH is a cytoplasmic enzyme that is normally not secreted
using UV spectroscopy, and the integrity of the total RNA was validated o iside the cells and is used as an indicator of cell membrane
by denaturing agarose gel electrophoresis. _ disruption262’ The LDH assay was used to compare the extent
Real-Time PCR Using SYBR Green |Real-time PCR was carried ¢ ol membrane disruption in the presence of various polymer
ou o the Oyclr 0 (B, Heres C) olowng a1 1l ystrnsatr 2 1 Nother PDA nor PRSPONA polymer
d y systems induce significant damage to the cell membradé%o

95 °C, 30 s annealing at 60C, and 60 s extension at 7ZC. HEP
Fluorescence detection was carried out during the annealing phase. TheOf LDH was released). However, P DEA caused a

reaction was carried out in a total volume of 4D in 1x XtensaMix- Slgnlflcan'; dlsrUption OL t,he hce” membranfef (FIgHLE 4). The
SG (BioWORKS), containing 2.5 mM MgCl, 10 pmol of primers, and @mount of LDH released in the presence of free RERDEA

0.5 U DNA polymerase (DyNAzyme II, Finnzymes, Finland). All real-  POlymer (59% LDH released) was significantly higher than the
time PCR reactions were carried out simultaneously with linearized PEOD-PDEA+ DNA polyplexes (32% LDH released), where
plasmid standards and a negative control (water). Forward primer POth polyplexes and excess polymer chains were present.
(ATCCGCAGCGACATCAACCT) and reverse primer (ACGCCCT- These results indicate that the surface active PERDEA
TGCTCTTCATCAG) were designed to amplify a fragment of 238 base polymers were capable of forming self-assembly aggreg%tgi,/
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PEO-b-PDMA

PEO-b-PDEA DNA only

Figure 6. Fluorescence microscopy images of EGFP-transfected Neuro2A cells with various transfection systems at optimum polymer
concentration (N/P ratio ~5—10).

which may result in significantly higher cytotoxicity as com- EGFP C;value~ 22). The difference in th€; values of studies
pared to the hydrophilic PDMA polymers. using naked DNA and PDMA polyplexes was about 10 cycles,
In Vitro Transfection of Neuro2A Cells. Fluorescence  which is about a 1000-fold difference in the amounts of
spectrometry was used to evaluate the transfection efficienciestransgene uptaken (Figure 7b and c). The amount of EGFP
at the protein level for the various polymer systems. The data plasmid uptaken by the cells using PBEEIRDEA polyplexes
are normalized against the highest intensity in the experiment (C, value~ 18) was significantly lower than that using PDMA
that is the fluorescence level of 29/mL of PDMA polyplexes.  polyplexes. Because a similar rank order was observed between
The fluorescence levels were significantly higher when using the protein and mMRNA expression levels with the use of various
either PDMA or PECk-PDMA as compared to PEO-PDEA  polymers, the translation of mRNA to protein is unlikely to be
polyplexes (Figure 5). The number of cells expressing EGP was 3 major transfection barrier. The real-time PCR results for
found to correlate with the fluorescence measurements (Figureplasmid DNA accumulation at the cellular level are shown in
6). Two other cell-lines (Hela and PC12) showed the same trendgigyre 7c¢. Six hours after the transfection, DNA (both genomic
of transfection efficiencies. and plasmid DNA) was extracted, and the plasmid DNA was
The results above show that, although PDMA and PDEA e quantified by real-time PCR. The overall trends for the

p_oly_rpers Z"_if\f’e similar Cﬁem'hcal_ stlructures,_ they eé<h|b|ted various systems at the DNA cellular level were similar to those
significant differences in the physical, cytotoxicity, and trans- (e o 0> ihe M ENA Jevel

fection efficiencies. To identify the bottleneck in the transfection . . .
The effects of polymer concentrations used in transfection

athway, we next investigated the accumulation of the plasmid . )
BNA ar¥d the expressiongof the transgene. P and the levels of transgene plasmid DNA and mRNA in cells

Real-Time PCR Results The amounts of mRNA expressed '€ _shown in Figure 8. Th_e levels of mMRNA were normalizm_ad
and the amounts of plasmid DNA accumulated in the cells were 292inst GAPDH expression. The level of cellular DNA is
quantified by real-time PCR (Figure 7b and c). As a control in normalized to tota_l number of cells f_or each experiment. Both
quantifying mRNA, no significant amplification of the transgene MRNA and plasmid DNA accumulation at cellular levels were
was observed when reverse transcription was omitted (data notSimilar when transfected with either PDMA or PEEPDMA
shown). The amplification of the standards in Figure 7a yielded Polyplexes, suggesting that the presence of PEO does not have
a slope of 3.47, corresponding to a high amplification efficiency @ significant effect on the transfection pathway. For the PEO-
of about 90%. The dynamic range of amplification was greater b-PDEA polyplexes, the cellular plasmid DNA content was
than 5 log dilutions (10*6—10-21 mol). Amplification signals  significantly lower than that of the PDMA and PE®GPDMA
detected in the no-template control (W) case were due to thesystems. This observation suggests that the possible barrier to
formation of primer-dimer, as verified by gel electrophoresis the use of the PE@-PDEA system may reside in the inability
(data not shown). of the polyplexes to be associated and/or transported across the

High expression levels of EGFP transcripts were observed cellular membrane and not due to the inability of the polyplex
in cells transfected with PDMA or PEG-PDMA polyplexes to release the plasmid or enhanced degradation of the plasmid
(C; value ~ 12) as compared to cells transfected with naked intracellularly. CDV
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1000 To elucidate the potential barriers in transfection when using
[ = \\\ (a) PEOb-PDEA polyplex, it was essential to quantify the cellular
accumulation of transgene plasmid DNA and the expressed
mRNA. Quantitative real-time PCR results showed that high
amounts of plasmid DNA accumulated in cells soon after
transfection with PDMA and PEO-PDMA but not PEHEPDEA
polyplexes, suggesting that the transfection barrier is at the
extracellular membrane level. This raised an apparent paradox
as PEOb-PDEA polyplexes exhibited high toxicity at concen-
trations comparable to those of the other polymers used. To
address this issue, LDH released on exposure to the polyplexes
40 showed that the membrane disruption effect of PEPDEA
polyplexes was significantly less than the free PEGDEA
polymers, indicative that the membrane disruption is primarily
due to the uncomplexed PHEH®PDEA polymers. Similar
observations showing that free polymers caused higher cyto-
toxicity than their polyplexes have been reported previotfsiy.

A hypothetical model illustrating the possible mechanism of
membrane-polyplexes interaction of the different polymethacry-
late systems in in vitro cell transfection is shown in Figure 9.

In this model, the positively charged PDMA polyplexes
(Figure 9a) are thought to adsorb to the cellular membrane walls
due to electrostatic interactions, after which they are internalized
into the cells. Unbound PDMA or PEGPDMA polymer
chains could similarly adsorb electrostatically onto the cell
membrane but do not cause significant membrane disruption,
as they could not penetrate the hydrophobic segment of the cell
1000 membranes. This suggestion is consistent with the evidence from

: © studies on the LDH release, which indicated minimal membrane
PEO-b-PDEA disruption. Previous studies have shown that PDMA polymer
has a minimum effect on the membrane and that, by increasing
the interaction between PDMA and cell membrane, improve-
ments in transfection efficiencies have been obsef%éd.

Unlike the other two polymer systems, PECRDEA poly-

[ plexes by themselves do not interact favorably with the
/Y O S - Y A membrane. As electrostatic interactions are known to be the
main driving force for the interaction of polyplexes with the
cell membrane, especially in the absence of a target ligaffd,

5 10 15 20 2 30 it is likely that the near-to-neutrally charged surfaces of PEO-

Cycles b-PDEA polyplexes may be unfavorable to allow significant

Figure 7. Real-time PCR results. (a) Amplification of five log dilution interaction with the membrane. This lowered electrostatic
of EGFP standards. Negative controls with no templates (W) were interaction with cell membranes results in lower cellular uptake
carried out simultaneously. Inset:_ thg s_lope of the plot of Ct versus and hence poorer transfection when compared to the PDMA
—log mol of the EGFP standards in triplicates was 3.47 + 0.07 (7 = systems. The excessive interaction of the membrane with the

0.99). (b) Amplification of various optimized transfection agents at TR . .
mMRNA level. The expressions of GAPDH were similar in all of the free amiphiphilic PEGs-PDEA polymer chains may contribute

100

RFU
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1000 ¢

T

100

RFU

10

Cycles

PEO-b-PDMA

T

RFU

100 PDMA

10

samples. (c) Amplification of various optimized transfection agents to the disr_Uption of th? membrane, thus reducing_ the cellular
at DNA cellular uptake level. The amplification signals from non- accumulation of plasmid DNA. Thus, the complexation of PEO-
transfected cells (cells only) were due to the formation of primer- b-PDEA polymer chains with plasmid DNA reduced the amount
dimer. The experiments were repeated twice. of unbound polymer, resulting in lower cytotoxicity. The

mechanism of membrane destabilization due to amiphiphilic
PEOb-PDEA may be similar to other types of surfactants and

We have evaluated three polycation vectors with similar Polymers that are known to disrupt phospholipids containing
chemical structures for their DNA transfection efficiency. membrané®-3
Researchers have reported that, for particle sizes formed after In recent years, a large number of novel cationic polymer
polyplexing, smaller than 200 nm facilitate endocyt&sand and surfactant systems have been reported and characterized
increase diffusion in the cytoplasthHowever, this study shows  for gene transfection. Yet, in some instances, the transfection
that, despite the similarities in chemical structures, the PEO- systems may have good biophysical characteristics with en-
b-PDEA polyplex showed notable differences in transfection hanced endosomal escéper resistance to enzymatic degrada-
efficiencies. There are a number of possibilities for this tion?° or even with targeted moietyproperties but showed poor
observation, which include the failure of this polyplex to interact expressions of the transgene at the protein levels. The reasons
with the membrane, low cellular internalization, problems in for the poor correlation between their biophysical properties and
trafficking to the correct compartments, low unpacking ef- transfection efficiencies have yet to be defined, and the strategies
ficiency, unfavorable nuclear mechanisms in transcription, and described in this study will be useful in elucidating potential
translation of the transgefie. barriers to transfection. CDV
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B mRNA level
1 DNA cellular level

Fold change as compared to naked DNA samples

m-
p— e wsm
5 15 20 3

naked DNA

PDMA

Figure 8. Transfection efficiencies of polyplexes as compared to naked DNA. The results from EFGP mRNA measurements were normalized
against the expression of GAPDH. The amounts of plasmids in the cells were normalized against the number of cells plated. The ratios of the
amount of EGFP mRNA and plasmids were then compared to the amounts found in cells transfected with naked DNA alone. The results are
expressed as mean =+ standard deviation of four determinations. The experiment was repeated twice.

(a)

Positively charged PEO-A-PDMA
polyplexes approaching
negatively charged cell membrane

(b)

Neutral charged PEO-A-PDEA
polyplexes not approaching
negatively charged cell membrane

Free amiphiphilic PEO-h-PDEA
polymers damaged the cell
membrane, inducing cytotoxicity

Figure 9. Hypothetical model of cellular membrane—polyplexes
interactions for (a) PDMA and PEO-b-PDMA polyplexes, and (b) PEO-
b-PDEA polyplexes during the in vitro cell transfection.

Conclusions

We have evaluated the transfection efficiency of three cationic
poly(methacrylate) systems at various levels: protein, mRNA,
and plasmid DNA accumulation. Although the three polymers
are similar structurally, their transfection efficiencies were
significantly different. The results of real-time PCR together
with cytotoxicity and physical properties measurements sug-
gested that, in the case of PEHERDEA, cellular uptake is
probably the major barrier to transfection. Furthermore, the

amiphiphilic nature of the free polymer may be responsible for
the disruption of the membrane, leading to significant cytotox-
icity at high concentrations. For PDMA and PEERDMA
polyplexes, the transfection efficiencies were significantly better
than PEOB-PDEA, and this may be due to the electrostatic
adsorption of the positively charged polyplexes to the cell
surface. This study demonstrated that transfection barriers could
be investigated in greater detail by correlating the expression
levels at the protein, mMRNA, and cellular plasmid DNA levels
using real-time PCR with the physical properties of the gene
carrier. These insights into the structtteansfection relation-
ship could prove to be useful for the optimization of other
polymeric gene delivery system.
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