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Purpose. The aim of this study was to gain insight into the relation
between the physical characteristics of particles formed by a plasmid
and a synthetic cationic polymer (poly(2-dimethylamino)ethy! metha-
crylate, PDMAEMA) and their transfection efficiency.

Methods. The PDMAEMA -plasmid particles were characterized by
dynamic light scattering (size) and electrophoretic mobility measure-
ments (charge). The transfection efficiency was evaluated in cell culture
(COS-7 cells) using a pPCMV-lacZ plasmid coding for 3-galactosidase
as a reporter gene.

Results. 1t was shown that the optimal transfection efficiency was
found at a PDMAEMA-plasmid ratio of 3 (w/w), yielding stable and
rather homogeneous particles (diameter 0.15 pm) with a narrow size
distribution and a slightly positive charge. Particles prepared at lower
weight ratios, showed a reduced transfection efficiency and were unsta-
ble in time as demonstrated by DLS measurements. Like other cationic
polymers, PDMAEMA is slightly cytotoxic. This activity was partially
masked by complexing the polymer with DNA. Interestingly, the trans-
fection efficiency of the particles was not affected by the presence of
serum proteins.

Conclusions. PDMAEMA is an interesting vector for the design of in
vivo and ex vivo gene transfection systems.

KEY WORDS: DNA; plasmid; gene therapy; transfection; 3-galac-
tosidase; poly(2-dimethylamino)ethyl methacrylate.

INTRODUCTION

Gene therapy is gaining growing attention for curing
genetic deficiencies and for the treatment of life threatening
diseases (1). More than 100 clinical trials have been approved
by the Recombinant DNA Advisory Committee in the USA
and many are presently performed (2). For the efficient introduc-
tion of foreign DNA into cells, a carrier system is required.
Both viral and non-viral vectors (cationic lipids (lipofectin (3),
DC-chol (4)) and cationic polymers (e.g., polylysine (5), polye-
thylenimine (6)) are presently under investigation. Although
viral vectors have superior transfection properties over the pres-
ent generation of non-viral systems, viral vectors have inherent
disadvantages (immune response against the transfection sys-
tems, limits for the size of the plasmid to be incorporated,

! Department of Pharmaceutics, Utrecht Institute for Pharmaceutical
Sciences (UIPS), Participant in the Research School Groningen-
Utrecht Institute for Drug Exploration (GUIDE), Utrecht University,
PO Box 80082, 3508 TB Utrecht, The Netherlands.

2 To whom correspondence should be addressed.

0724-8741/96/0700-1038$09.50/0 © {996 Plenum Publishing Corporation

Report

the possibility of recombination, difficulties in scaling up).
Therefore, there is an urgent need for safe and efficient non-
viral gene carriers.

It can be expected that apart from the polymer characteris-
tics (charge density, molecular weight) the physical properties of
the formed DNA(plasmid)-polymer particles play an important
role in the transfection efficiency. Only a limited number of
papers which deal with the physical characteristics of non-viral
transfection systems have been published so far (7-9).

The aim of this study was to investigate the correlation

"between the in vitro (cell culture) transfection efficiency and

physical characteristics of particles of plasmid and a synthetic
cationic polymer (Poly(2-dimethylamino)ethyl methacrylate).
This correlation can shed light on the preferred in vitro proper-
ties of gene-carrier particles to achieve optimum transfection
efficacy.

MATERIALS AND METHODS

Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA) was
obtained from Fluka. RPMI 1640 medium and plain DMEM
(Dulbecco’s modified Eagle’s medium) were obtained from
Gibco, Breda, The Netherlands. Fetal Calf Serum (FCS) was
from Bocknet. RSC medium was prepared by supplementing
RPMI 1640 with FCS (final concentration 2%) and chloroquine
phosphate (an endosome-disruptive agent; final concentration
100 pM). Cells were cultured in complete DMEM medium
which was prepared by supplementing plain DMEM medium
with FCS (final concentration 5%), penicillin (final concentra-
tion 100 [U/ml), streptomycin (final concentration 100 pg/ml)
and amphotericin B (final concentration 0.25 pg/ml). X-Gal
(5-bromo-4-chloro-3-indoyl-B-galactopyranoside) was from
Gibco, Breda, The Netherlands. XTT reagent (proliferation Kit
II) was a product of Boehringer, Mannheim, Germany.

Synthesis and Characterization of PDMAEMA

PDMAEMA was synthesized by a radical polymerization
of an aqueous solution of 2-(dimethylamino)ethyl methacrylate.
The freshly distilled monomer (5 ml) was dissolved in water
(20 ml) and the pH was adjusted with 1.0 M HCI to 5. This
solution was flushed with N, for 30 minutes. Then, the initiator
(ammonium peroxydisulphate; 68 mg) was added. The poly-
merization was carried out for 24 hours at 60°C under a nitrogen
atmosphere. The polymer was purified by extensive dialysis
against water and collected by lyophilization (yield 70%). The
molecular weights and molecular weight distribution were
determined by gel permeation chromatography using two ther-
mostated (35°C) columns (Shodex Ollpak KB-802 and KB80
M; Showa Denko, Japan) in series. Degassed 0.7 M NaNO;,
0.1 M Tris-HCI1 pH 7.0 in Milli Q water was used as the mobile
phase. The columns were calibrated using dextran standards of
known molecular weights (Fluka). The number average molecu-
lar weight (M,) and weight average molecular weight (M,
were 45 *10° and 36 *10* g/mol respectively. The observed
M,,/M, ratio is not uncommon for polymers synthesized by a
radical polymerization.
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Preparation of Plasmid

pCMV-lacZ plasmid contains a bacterial lacZ gene pre-
ceded by a Nuclear Location Signal under control of the CMV
promoter (10). The plasmid was amplified in E. Coli (strain
DH5a) and purified by column chromatography (QIAGEN-tip
2500, QIAGEN, Germany) (11). The purity of the plasmid
was established by UV-spectroscopy (E260 nm/E280 nm ratio
1.87-1.89). Agarose (0.7%) gel electrophoresis analysis using
restriction enzymes (11) showed that the plasmid was in
supercoiled the form. Further, the same analysis showed that
using a restriction enzyme, one band corresponding with a size
of 7.8 kB was visible.

Preparation of PDMAEMA -plasmid Particles

PDMAEMA was dissolved in RSC or RC (medium with-
out serum) and aliquots of these solutions were added to plasmid
dissolved in the same medium and mixed well (5 seconds,
Vortex Genie 2). The final volume was 200 pl. In the first
series of transfection experiments the plasmid concentration
was fixed at 5 pg/ml, while the PDMAEMA concentration
varied from 0-60 pg/ml. In a second series of transfection
experiments both the plasmid concentration and the
PDMAEMA concentration were varied from 1.6-25 pg/ml and
4.8-75 pg/ml, respectively, fixing the PDMAEMA-plasmid
ratio at 3 (w/w). For the electrophoretic mobility measurements,
the PDMAEMA-plasmid particles were prepared at low ionic
strength (5 mM HEPES buffer pH 7.4).

Particle Size and Electrophoretic Mobility
Measurements

The Z-average particle size and polydispersity index (pd)
of the PDMAEMA-plasmid particles were determined by
dynamic light scattering (DLS) at 25°C with a Malvern 4700
system using a 25 mW He-Ne laser (NEC Corp., Tokyo, Japan)
and the automeasure version 3.2 software (Malvern Ltd, Mal-
vern, UK). For the data analysis, the viscosity (0.8905 mPa.s)
and refractive index (1.333) of pure water at 25°C were used.

The electrophoretic mobility of the particles was deter-
mined in a PC-4 cell with a Malvern zeta-sizer 2C unit (Malvern
Ltd, Malvern, UK) at a temperature of 25°C. The instrument
was calibrated using a latex with known zeta potential.

Cell Culture and Transfection

For the gene transfer studies COS-7 (cells of SV-40-trans-
formed African green monkey kidney) cells were used. The
COS cells were cultured in complete DMEM medium at 37°C
and 5% CO,. 24 hours before transfection, the cells were seeded
in a flat bottom 96-well plate (1 X 10* cells per well (0.38 cm?)).
The monolayer of cells (70-80% confluency) was washed with
PBS (phosphate buffered saline) shortly before the transfection.
Thereafter, the PDMAEMA-plasmid particles (volume 200 jl)
were added to the cells and incubated for 1 hour at 37°C
and 5% CO,. Next, the incubation medium was replaced by
complete DMEM medium and the cells were cultured for an
additional 38 hours (37°C; 5% CO,).

Expression of the pCMV-lacZ gene was established by
incubation of fixed cells (0.25% glutaraldehyde; 5 minutes;
4°C) with X-gal (0.8 mg/ml in phosphate buffer pH 7.4) for
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30 minutes at 37°C (12). Using a light microscope, transfected
cells were made visible as blue spots and were quantified by
counting the number of blue spots in each well (0.38 cm?).
Since the plasmid used contains a nuclear localization signal,
the B-galactosidase was expressed in the nucleus allowing a
good discrimination between transfected and non-transfected
cells. Besides evaluation of the number of transfected cells,
also the relative number of living cells was determined using
the XTT assay (13). The XTT value for untreated cells (cells
not exposed to transfection systems) was taken as 100%.

RESULTS AND DISCUSSION

Effect the PDMAEMA-Plasmid Ratio and Serum on
Gene Expression and Cell Viability

Fig. 1a shows the results of transfection experiments which
were carried out at a fixed plasmid concentration (5 pg/ml)
and a varying PDMAEMA concentration. Since plasmid has a
net negative charge, it binds electrostatically to the cationic
PDMAEMA polymer yielding polymer-plasmid particles. The
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Fig. 1. Effect of PDMAEMA concentration at a fixed plasmid concen-
tration (5 pg/mi) on the number of transfected cells (1a) and on the
relative cell viability. (1b). The particle formation time was 75 minutes.
The results are expressed as mean values (= SEM) of 3-5 experiments.
(®) both particle preparation and transfection were carried out in the
absence of serum; (W) particles were prepared in the absence of serum,
transfection was done in the presence of serum; (A) both the preparation
of the particle and the transfection was carried out in the presence of
serum. In Fig. 1b, (O) the effect of PDMAEMA on the relative cell
viability in the absence of serum and plasmid.
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preparation of the particles and transfection were done both in
RSC (serum containing medium) and RC (medium without
serum). It appeared that in the absence of PDMAEMA only a
low number of transfected cells were observed (usually between
0 and 2 cells per well). From this figure it can be clearly seen
that PDMAEMA promoted the cellular uptake and subsequent
expression of the trans gene. The number of transfected cells
showed a bell shape dependence on the polymer concentration.
Such a dependence is observed frequently for both lipid based
transfection systems (14) and cationic polymers (5). At an
optimal PDMAEMA concentration of 15-20 wg/ml, corres-
ponding with a PDMAEMA/plasmid ratio of 3—4 (w/w), around
500 cells per well were transfected indicating that 1-2% of the
cells were actually transfected.

Interestingly, the number of transfected cells was not
dependent on the presence of serum neither during the prepara-
tion of the PDMAEMA-plasmid particles nor during transfec-
tion (two side ANOVA, p > 0.05). This is in contrast to the
findings with cationic lipid-plasmid systems, where transfection
efficiency is sensitive to the presence of serum proteins, and
in agreement with the observation that lipophilic polylysines
can mediate transfection in the presence of serum (15). Further,
within the investigated time range (30-135 minutes) the
PDMAEMA -plasmid incubation time did not affect the number
of transfected cells at the optimal ratio of PDMAEMA/plasmid.

Due to adverse interactions with the negatively charged
cellular membranes cationic polymers are cytotoxic (16). The
cytoxicity of PDMAEMA in the presence and absence of plas-
mid was determined using the XTT assay (Fig. 1b). As can be
seen, PDMAEMA was indeed cytotoxic (ICsp value around 30
pg/ml). However, in the presence of plasmid, the cytoxicitiy
of PDMAEMA was slightly reduced. This was confirmed in a
separate experiment where cells were exposed to a toxic dose
of PDMAEMA (100 pg/ml) in the presence of a varying con-
centration of plasmid. An increase of viable cells was observed
from 15-25 % with an increasing concentration of plasmid
from 0-100 pg/ml. This result shows that the cytotoxicity of
the polymer was partially, however not completely, masked by
binding to the plasmid. The masking effect of the cytotoxicity
of cationic compounds by DNA has been found previously by
others (14,6). Moreover, in the concentration range of
PDMAEMA with maximum transfection efficiency (15-20 pg/
ml), the cytotoxicity of PDMAEMA was marginal (Fig. la
and 1b). In addition, the cytotoxicity of PDMAEMA was not
affected by serum proteins (Fig. 1b).

Effect of the PDMAEMA -plasmid Particle
Concentration on Gene Expression and Cell Viability

As demonstrated in Fig. 1, the number of transfected cells
showed a maximum at a PDMAEMA-plasmid ratio around 3
(w/w). Therefore, the transfection efficiency of PDMAEMA-
plasmid particles, which were prepared at an increasing
PDMAEMA/plasmid concentration and at a fixed PDMAEMA-
plasmid ratio, 3 (w/w), was studied (Fig. 2). As expected,
initially the number of transfected cells increased with an
increasing concentration of PDMAEMA-plasmid particles.
Obviously, an increasing concentration of PDMAEMA -plasmid
particles yielded more transfected cells. However, the number
of transfected cells sharply decreased at a plasmid concentration
higher than 10 pg/ml (and a PDMAEMA concentration of
30 pg/ml). It was demonstrated that this reduced transfection
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Fig. 2. Effect of the plasmid concentration at a fixed PDMAEMA/
plasmid ratio of 3 (w/w) on the number of transfected cells (A) and
on the relative cell viability (O). The results are expressed as mean
values (= SEM) of 3 experiments. The particle formation time was
75 minutes. Particle preparation and transfection were carried out in
the presence of serum.

efficiency was not caused by an increase in particle size (data not
shown). From Fig. 2, it appears that the decrease in transfection
efficiency was associated with cytotoxicity. This can be ascribed
to the high concentration of PDMAEMA present either in free
form or complexed with plasmid (Fig. 1b).

Zeta-potential Measurements

Figure 3 shows the results of the zeta potential of
PDMAEMA-plasmid particles. As expected, naked plasmid
possesses a negative zeta potential (—22 mV). In the presence
of PDMAEMA a positive zeta potential was observed, which
levelled off (+30 mV) at high PDMAEMA concentrations.
Obviously, the plasmid is becoming fully occupied with
PDMAEMA molecules at high PDMAEMA concentration.
Already at the lowest polymer concentration used (5 pg/ml;
corresponding with a PDMAEMA -plasmid ratio of 1(w/w)), a
positive zeta potential was observed. This can be very well
explained when the mass of a repeating unit of the plasmid
bearing one negative charge (+300 D) is compared with the
mass of the repeating unit of the PDMAEMA bearing one
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Fig. 3. Zeta potential of PDMAEMA-plasmid particles at a fixed
plasmid (5 p.g/mi) concentration and a varying PDMAEMA concentra-
tion. The particle formation time was 75 minutes. The results are
expressed as mean values (= SD) of 3 experiments.
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positive charge (191 D), taking into account the pK, of
PDMAEMA at physiological ionic strength (about 8) and the
molecular weight of the monomer (157 D).

Since the electrophoretic mobility measurements were car-
ried out at low ionic strength, the zeta potential of the particles
under the conditions where transfection was observed will be
lower than the zeta potential values shown in Fig. 3. Thus, the
zeta potential data should not be evaluated in absolute terms;
they should be considered as indications for the net charge of
the particles.

Particle Size Measurements of PDMAEMA -plasmid
Particles

The extent of cellular uptake depends strongly on the size
of the particulate system in question (17,18). Therefore, the
effect of the PDMAEMA -plasmid ratio on the size of the formed
particles was studied by dynamic light scattering measurements
(Fig. 4). Naked plasmid has a rather large hydrodynamic size
(0.3-0.4 pwm) under the same conditions (pH, ionic strength)
as used for the preparation of the polymer-plasmid particles.
In the presence of PDMAEMA (>8 pg/ml) smaller particles
were formed, demonstrating that the cationic polymer is able
to condense the extended structure of plasmids, as suggested
by Wagner (19) for polylysine and by Huang (7) for cationic
lipids. Moreover, in the absence of serum small particles (diame-
ter around 0.15 pm) were formed at a PDMAEMA/plasmid
ratio >2 (w/w). In addition, at a PDMAEMA/plasmid ratio
around 3 (w/w)) where the particles had the highest transfection
efficiency (fig. la), the size distribution was rather homoge-
neous as demonstrated by the polydispersity index (0.16). At
higher PDMAEMA/plasmid ratios- the polydispersity index
showed a tendency to increase (0.2-0.4) indicating that the
particle size distribution widened. It was also observed that
particles which showed the highest transfection efficiency, were
rather stable for periods up to 28 hours at 25°C; only a slight
increase in particle size in time was observed (from 0.17-0.19
pm after 5 minutes and 28 hours respectively). However, at
PDMAEMA/plasmid ratios < 1.5 (w/w), rather large particles
with a high polydispersity index (0.5) were formed. Probably
at these ratios, PDMAEMA molecules act as crosslinker for
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Fig. 4. Size of PDMAEMA-plasmid particles as determined by DLS
at a fixed plasmid concentration (5 pg/ml) and a varying PDMAEMA
concentration. The particle formation time was 75 minutes. (®) particles
prepared in the absence of serum; (A) particles prepared in the presence
of serum; (W) particles prepared in the absence of serum and subse-
quently exposed to serum.
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plasmid molecules yielding large aggregates. These particles
are too voluminous to be taken up by cells via endocytosis,
resulting in a low number of transfected cells (Fig. 1a). In
addition, these particles were not stable in time; a substantial
increase in size (from 0.5-1.8 pum) with an increasing incubation
time (30-135 minutes) was found. This can very well explain
the decreasing transfection efficiency in time which was
observed for these particles (results not shown).

Surprisingly, large particles were detected when
PDMAEMA -plasmid particles were prepared in the presence
of serum or when particles preformed in the absence of serum
were exposed to serum. This effect occurred especially at high
PDMAEMA concentrations (Fig.4). However, as shown in Fig.
la, serum did not affect the transfection efficiency of the
PDMAEMA -plasmid particles. Therefore, a control experiment
was carried out in which PDMAEMA was brought into contact
with serum. It was shown that when polymer (final concentra-
tion 60 pg/ml) was added to a serum solution (2%), particles
with a diameter around 0.6 pm were formed. These particles
are probably formed due to electrostatic interaction between the
positively charged PDMAEMA and negatively charged serum
proteins. Thus, the large aggregates detected when
PDMAEMA-plasmid particles were prepared in the presence
of serum were probably caused by PDMAEMA-protein parti-
cles and not by PDMAEMA-plasmid particles. Most likely the
affinity of the PDMAEMA for the plasmid is greater than for
serum proteins, since at a PDMAEMA-plasmid ratio of 1.5-2
(w/w) no significant effect of serum on particle size was
observed. Probably, at these PDMAEMA concentrations all
PDMAEMA molecules are complexed with plasmid and no
free polymer is present. On the other hand, at higher polymer/
plasmid ratios besides PDMAEMA-plasmid particles (size
around 0.15 pm) also free polymer is present which gives
large aggregates with serum proteins. The small PDMAEMA-
plasmid particles were not detected by DS measurements when
large PDMAEMA-protein aggregates were present (20).

Further it was shown that at the PDMAEMA-plasmid ratio
where the particles had the highest transfection efficiency, the
particle size (0.14-0.17 pm) was hardly dependent on the
PDMAEMA/plasmid concentration used for the preparation of
the particles. This demonstrating that the decreasing transfection
efficiency at high PDMAEMA concentration (Fig. 2) is not due
to an increasing particle size, but can be ascribed to the cytotoxic
effect of the polymer (free or complexed with DNA) at this
concentration.

In conclusion, PDMAEMA is able to interact electrostati-
cally with DNA and to condense its size to such an extent that
these positively charged particles (size <0.2 pm) can be taken
up by cells. At high PDMAEMA-plasmid ratios, besides
transfecting PDMAEMA-plasmid  particles also  free
PDMAEMA is present, which is partially responsible for the
observed cytotoxicity. Therefore, our current efforts are directed
to separate the PDMAEMA-plasmid particles from free
PDMAEMA and to study the (pharmaceutical) stability and
transfection efficiency/cytotoxicity of these particles.
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