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Abstract

The aim of this study was to gain insight into the formulation parameters affecting the size of poly((2-dimethylamino)ethyl methacry-
late)-plasmid complexes (polyplexes). Experimental designs were applied to screen and optimize several variables, which may influer
the complex size. In a screening design, it was demonstrated that at a fixed concentration of plasigith(#@fter incubation with
polymer, the size of the resulting polyplexes was highly dependent on the polymer/plasmid ratio as well as on the pH, viscosity (i.e. sucro
concentration) and ionic strength of the aqueous solution. However, the temperature, PEG 600 (up to 5% (v/v)) and Tween 80 (up to 0.2
had a marginal effect on the size of the polyplexes. In an optimization design, the effect of the pH, polymer/plasmid ratio and Tween on t
size of the polymer/plasmid complexes prepared at relatively high concentration of plasmid (5@A200was evaluated. Based on the
results of the optimization design, a mathematical model was derived, which describes the relationship between the size of the polyple:
and the different formulation parameters. This model shows that even at high plasmid concentratipg/f@P0small sized polyplexes
were formed at low pH and ionic strength, especially when the solution contains 20% (w/v) sucrose. This concentrated polyplex dispersi
(polymer/plasmid ratio>3/1 (w/w), 200ug plasmid/ml) can be diluted down to//ml plasmid without significant changes in particle size
and transfection potential. At lower ratios, a growth in particle size was observed upon dilution of the complexes, which might also explai
the low transfection efficiency of these polyplexes in viftb1999 Elsevier Science B.V. All rights reserved.

Keywords: Experimental design; Formulation parameter; Polymer/plasmid complexes; Polyplexes; Poly((2-dimethylamino)ethyl
methacrylate; Transfection

1. Introduction is an important factor for the transfection efficiency as has
been recently demonstrated by us for poly((2-dimethylami-
Cationic polymers are widely under investigation as non- no)ethyl methacrylate)/plasmid complexes [4-7]. Small,
viral transfectants to introduce DNA into a target cell [1,2]. positively-charged and stable polymer/plasmid complexes
These polymers bind via electrostatic interactions to the could be formed in an aqueous buffer solution (20 mM
negatively charged DNA which results in the formation of Hepes, pH 7.4) at a plasmid concentration not exceeding
polymer/plasmid complexes (for these complexes the name40 ug/ml. At higher plasmid concentration severe aggrega-
‘polyplexes’ was suggested [3]). The size of the polyplexes tion was observed and these aggregates possessed a low
transfection potential [4,5]. However, for in vivo studies,
relatively high concentrations of plasmid DNA have to be
* Corresponding author. Department of Pharmaceutics, Utrecht Institute administered in order to obtain a detectable transfection
for Pharmpaceutigm Sciences’:()UIPS), Utrecht University, PO Box 80.082 level [8-12]. The physico-chemical and biopharmaceutical
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influence of formulation parameters on the characteristics of matrix, Eureka, CA) was used to define the sets of experi-
polyplexes has been published. ments and analyze the data. Experimental designs based
The aim of this study is to gain insight into the formula- on D-optimality were utilized since the experimental
tion parameters (pH, ionic strength, temperature, viscosity domain (space of factors) in which the range of factors
of the aqueous solutions, polymer/plasmid ratio and the is restricted, is an irregular polyhedron area [21-23].
presence of stabilizers for colloidal systems) which affect Moreover, D-optimal designs are frequently used because
the size of polymer/plasmid complexes. This information these are suitable for factors evaluated at more than two
can be utilized to increase the polyplex concentration by levels [24].
rational method instead of trial and error. Since the forma- In the screening design, seven variables which might
tion of polyplexes is a multivariate problem, we decided to influence the complex size were rationally selected (Table
use experimental designs. Experimental design approached); 11 trials were required for the complete screening of the
are a powerful method to investigate a multivariate problem experimental domain. Theaverage particle size as deter-
with a minimum of effort [16,17]. Moreover, with an mined by dynamic light scattering (DLS) was used as a
experimental design, not only the influence of each variable response. In samples where aggregation occurred (visual
on the determinant (response) can be evaluated, but also thénspection), the size of the complexes was arbitrarily
interaction between independent variables can be assessethken as 1000 nm. The results of the first design were

[18,19].

2. Materials and Methods
2.1. Materials

pCMV-lacZ plasmid contains a bacterial lacZ gene pre-
ceded by a nuclear location signal under control of the CMV
promoter [20]. 2-(Dimethylamino)ethyl methacrylate
(DMAEMA) was obtained from Fluka. RPMI-1640 med-
ium and DMEM (Dulbecco’s modified Eagles medium)

were obtained form Gibco, Breda, The Netherlands. Fetal

used to define a second (optimization) design in which the
effect of three factors on the size of the complexes was
evaluated in more detail. Therefore, 27 trials including
four replicates (see optimization design: sample 1 and 27,
sample 3 and 6, sample 4 and 21, sample 7 and 15; Table 2)
were performed and the average particle size of the formed
complexes was used as a response. For both designs, a sec-
ond-order polynomial model was applied to fit the obtained
data [25].

2.4. Preparation of PDMAEMA-plasmid particles

First, a stock solution of PDMAEMA in HBS (Hepes

Calf Serum (FCS) was purchased from Integron, Zaandam, buffered saline; 20 mM Hepes, 0.9% (w/v) NaCl, pH 7.2)

The Netherlands. Cells were cultured in complete DMEM
medium, which was prepared by supplementing plain
DMEM with FCS (final concentration 5%), Hepes (final
concentration 25 mM, pH 7.4), penicillin (final concentra-
tion 100 IU/ml), streptomycin (final concentration 106/

ml) and amphotericin B (final concentration 0 2&/ml). X-

Gal (5-bromo-4-chloro-3-indoyB-galactopyranoside) was
from Gibco, Breda, The Netherlands. XTT reagent (prolif-
eration Kit Il) was a product of Boehringer, Mannheim,

was prepared (final concentration 5 mg/ml). Aliquots of this
solution were diluted with 20 mM acetate (pH 5.0 or 5.7) or
20 mM Hepes buffers (pH 6.5, 7.4 or 8.0) to the required
polymer concentration. The plasmid stock solution (3.0 mg
DNA/ml in 10 mM Tris/1 mM EDTA, pH 7.4) was diluted
with the same buffers. Solutions with varying concentra-
tions of polymer and plasmid were made to reach the poly-
mer/plasmid ratios defined by the experimental design.
Next, 100ul plasmid solution was mixed with 500 aqu-

Germany. All other chemicals and reagents used were of eous solution containing different concentrations of sucrose,

analytical grade.
2.2. Synthesis and characterization of PDMAEMA

PDMAEMA was prepared by a radical polymerization of
2-(dimethylamino)ethyl methacrylate essentially as

Tween 80, PEG 600 and NacCl. If necessary, the solutions
were brought at the required temperature (0 GG)0Sub-
sequently, 40Qul polymer solution was added to the plas-
mid solution and gently mixed for 5 s (Vortex Genie 2) and
then incubated for 30 min at ambient temperature.

described previously [4]. The number average molecular 2.5. The effect of pH and NaCl on size and charge of

weight (M,) and weight average molecular weight M

relative to dextran as determined by gel permeation chro-

matography were 4% 10° and 280x 10° g/mol, respec-
tively.

2.3. Experimental design

polyplexes

To study the influence of pH on the characteristics of the
polyplexes, samples were prepared at a fixed plasmid con-
centration (20Q.g/ml) and polymer concentration (1mg/ml)
in the presence of 20% sucrose at varying pH (ranging from
6.5 to 8.0, 20 mM Hepes). The size and charge (zeta poten-

Two experimental designs were used, namely a screen-tial) of the polyplexes was determined after 30 min incuba-

ing and an optimization design. CARD software (S-

tion at room temperature.
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Table 1

Levels of the independent variables evaluated in the screening design and the effect of independent variables on the size of polyplexes (aatiandard de
in the size around 0.0&m was observedn(= 3))

Sample X2) (X2) (Xa) (Xa) X)) (X (%) (%)® XX, Observed P.d. Predicted
size um) size @m)

1 1 1 -1 1 1 1 1 1 1 0.109 0.34 0.109
2 1 -1 1 1 1 1 1 1 -1 0.213 0.14 0.225
3 1 -1 0 1 1 -1 0 0 -1 0.135 0.14 0.133
4 1 0 1 1 -1 -1 1 1 0 0.124 0.25 0.123
5 1 1 1 -1 -1 -1 -1 1 1 0.178 0.21 0.178
6 1 -1 -1 -1 1 1 1 1 -1 0.234 0.65 0.226
7 -1 1 1 1 1 1 1 1 -1 0.158 0.20 0.155
8 -1 -1 1 1 1 1 1 1 1 1 n.d. 0.883
9 -1 1 -1 1 1 -1 1 1 -1 0.121 0.35 0.122
10 -1 -1 0 -1 1 1 1 0 1 0.314 0.52 0.323
11 -1 -1 -1 -1 -1 -1 -1 1 1 0.423 0.43 0.429
Independent Units Ranges/levels (Normalized values)
variables

1 0 -1
Polymer/ (wiw) (At a ratio (At a ratio
plasmid ratio of 5/1) of 1/1)
(%)
lonic strength X;)  NaCl (M) 0 0.25 0.5
Sucrose Xs) %, (w/v) O 20 40
PH (X) 5 8
Tween 80 Ks) %, (viv) O 0.2
PEG 600 Xg) %, (W) O 5
Mixing temperature °C 0 20 40

(X7)

*Size of aggregates is arbitrarily taken agrh.

To study the effect of the ionic strength on the poly- mining the electrophoretic mobility at a temperature of
plex formation, samples were prepared at a fixed plasmid 25°C with Zetasizer 2000 (Malvern, Malvern, UK). Each
concentration (20Qug/ml) and a polymer concentration sample was determined in triplicate.

(Img/ml) in the presence of 20% sucrose at pH 6.5, 20
mM Hepes and a varying NaCl concentrations (0, 0.25 2.7. Cell culture and transfection
and 0.5 M).
Gene transfer studies without chloroquine were per-
2.6. Particle size and zetapotential measurements formed essentially as described previously, using COS-7
cells (cells of SV-40-transformed African green monkey

The z-average size and polydispersity index (p.d.) of the kidney) [4]. Before transfection, the polymer/plasmid com-
PDMAEMA-plasmid particles were determined by plexes were further diluted with RPMI to a plasmid concen-
dynamic light scattering (DLS) at 26 with a Malvern tration of 5ug/ml and carried out by adding dg plasmid
4700 system using a 25 mW He-Ne laser (NEC, Tokyo, with varying amount of PDMAEMA upon 1.k 10° cells in
Japan) and an automeasure version 3.2 software (Malvern96-well plates. Expression of the pCMV-lacZ gene was
Malvern, UK). As a measure of the homogeneity of the established of fixed cells (0.25% glutaraldehyde; 5 min at
colloid dispersion, the system reports a p.d. This index 4°C) with X-gal (0.8 mg/ml) in phosphate buffer, pH 7.4)
ranges from 0.0 for an entire homogeneous up to 1.0 for 24 h.
for a completely inhomogeneous dispersion. Each sample Transfection values expressed as relative transfection
was measured in triplicate; for the non-aggregated sam-efficiency were normalized to the number of transfected
ples the accuracy was around 10 nm. The refractive indexcells, found after incubation of the cells with freshly
of the aqueous solutions was determined using a refract-prepared polymer/plasmid complexes in Hepes (polymer
ometer. The viscosity of the solutions was determined by and plasmid in these samples were 120 andudml,
DLS measurements, using a standard latex with known respectively; final concentrations during transfection were
diameter (100 nm) essentially according to the method 15 pg polymer/ml and 5ug plasmid/ml). The cell viabi-
described by De Smidt and Crommelin [26]. lity was evaluated using an XTT-assay as described pre-

Zeta potential measurements were conducted by deter-viously [4].
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3. Results sizes of the particles are in very good agreement with the
observed values. From Eqg. (1), the following trends can be
3.1. Selection of the formulation parameters seen. A low ionic strength favors the formation of small

particles: atl = 0.5 (hormalized value- 1, Table 1),Y is

PDMAEMA and plasmid DNA bind to each other via on the average & 1.91 smaller than at= 0 (normalized
electrostatic interactions. It might therefore be expected value 1); therefore the particle size Y)/increases with
that the charge density on the polymer is an important para-ionic strength. Since the coefficient values for PEG and
meter affecting the size of the polyplexes. Since the chargetemperature are relatively small, the effect of these vari-
density of the polymer depends on the pH of the agueousables on patrticle size is marginal. The effect of sucrose on
solution, we selected pH values ranging from pH 5.0 where the size of the particles is complicated. The linear coeffi-
the tertiary amine side-groups of the polymer are all proto- cient value suggests that smaller particles are formed at
nated, to pH 8.0 where around 25% of the side groups arehigh viscosity. However, the non-linear coefficient suggests
protonated (the pkof the polymer is around 7.5). The ionic that larger particles are formed at both low and high
strength of the solution (NaCl concentration) is an important sucrose concentration (normalized valuesxgfare 1 and
factor as well, because it decreases the double layer, thereby-1, respectivelyX3 is 1) and that the smallest particles are
affecting the stability of the colloidal polymer/plasmid par- formed at 20% sucrose (normalized values is 0); this is
ticles. Moreover, a high ionic strength might dissociate the shown in Fig. 1.
polymer-DNA complexes. In a previous study, it was found
that the formation of polymer/plasmid aggregates is depen- 3.3. Optimization design
dent on the polymer/plasmid ratio [4]; this ratio was there-
fore taken as a variable too. The polymer/plasmid ratios Based on the results of the screening design, the tempera-
evaluated were 1/1, 3/1 and 5/1, which correspond with a ture (20C), the concentration of sucrose (20%) and the
N/P (amine/phosphate) ratio around 2/1, 6/1 and 10/1, ionic strength (20 mM buffer without NaCl) were fixed,
respectively. Besides, it might be expected that the tempera-whereas PEG was excluded. In the optimization design
ture and the viscosity of the solution are important factors the effect of pH, polymer/plasmid ratio, Tween 80 and plas-
for the stability of colloidal systems. Moreover, the effect of mid concentration on particle size was studied. Factors with
PEG and Tween 80 on particle size of the polymer/plasmid continuous ranges were chosen to allow evaluation of small
complexes was evaluated as well, since these compound€hanges of variables in response across a compact of design

are known stabilizers for colloidal systems. space. Table 2 gives the results of determined and predicted
size. It appears that the preparation of the polyplexes was
3.2. Screening design very reproducible (see the replicates: sample 1 and 27, sam-

ple 3 and 6, sample 4 and 21, sample 7 and 15). Besides, it

In the screening design, we evaluated the effect of the can also be seen in Table 2 that most polyplexes, especially
variables discussed above on the size of the polymer/plas-the ones prepared at high plasmid concentration (normal-
mid complexes (Table 1). The complexes were prepared at aized value-1), have a polydispersity index around 0.3. This
relatively low concentration of plasmid (4@/ml). The data means that the particles are not fully homodisperse. How-
were fitted with a linear and a polynomial model. However, ever, a polydispersity of 0.3 is hot uncommon for polymer/
these models had a low predictive value (I8% data not plamid particles [6]. As for the screening design, a second
shown). We therefore used data transformation in a secondorder polynomial model with data transformation was uti-
order polynomial model, as suggested by Box and Draper lized to fit the obtained data (shown as Eq. (2)):
[27]. The analysis resulted in the following Eq. (1): Y =4.815+2.176+* X; +0.055%* X, + 1.637* X3

Y =8.452+0.915:* X; +1.911% X, —1.188* X3 +0.688% X, — 0.850: (X;)? +0.950% (X,)>2

T 1195% Xy = 1567 X5 +0.316+ X —1.808% (X3) +0.978% (X;)? +0.034% (X, Xo)
2
+0-645* X7 _3.160* (X3) _0.734* (X1X2) +O.777* (X]_X3) _0130* (X1X4) +0.040
1)
* (XoXg) +0.099% (X,X,) +1.011% (XzX,) (1)
R,=0.99
in whichY = 1/size gm) andX; -, represent the normalized R, =0.98
values for the different independent variables (Table 1). Again, the predicted polyplex sizes are in very good agree-
Only one non-linear termXz)* and one interaction term  ment with the observed values (Table 2). Since the model
are included X1 X,) in Eq. (1), since the variation inflation  contains both non-linear as well as interaction terms, a
factors for the other non-linear and interaction terms were direct analysis of the effect of the various independent
>10 [28]. Table 1 shows that, by the model, the predicted variables on particle size is not possible.
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20.16-0.18 |
£0.14-0.16 |
|E0.12-0.14 |

m0.1-0.12
00.08-0.1

polymer/plasmid ratio

Fig. 1. Three dimensional surface plot illustrating the effect of sucrose and the polymer/plasmid ratio on the size of the polyplexes prepa@drad pH 5.
20°C without Tween 80, PEG and NaCl. Normalized values of sucrose0%, 0= 20% and-1 = 40%. For polymer/plasmid ratio: 2 5/1 and-1 = 1/1.

The influence of pH and plasmid concentration on parti-

We also prepared particles at a polymer/plasmid ratio of

cle size of polyplexes is shown in Fig. 2a. For the pH values 3/1 (w/w) in the absence and presence of Tween, and at

ranging from 5 to approximately 6.8, small particles with a
size between 0.2-0,am are formed when 200g/ml plas-

varying plasmid concentration. Table 3 shows that in agree-
ment with previous experience, the size of the polyplexes

mid is used for the preparation of the particles. However, the increases with increasing plasmid concentration. In addi-
size tremendously increased when the pH is above 7. As cantion, a good agreement between the predicted and observed
be seen, the preparation of non-aggregated complexes at phizes is seen, again demonstrating the good predictive power

8.0 and a plasmid concentration of 20@/ml is not possi-
ble.

Fig. 2b shows the particle size as a function of polymer/
plasmid ratio and plasmid concentration. Only a slight

of the model. No significant differences between the size of
particles prepared in absence or presence of Tween is
observed (Table 3).

effect of these variables on the size is observed. Also 3.4. Effect of the pH on particle size and zetapotential of

Tween 80 has a marginal effect on the particle size (Fig.

2c). All figures demonstrate that the particle size increases

with increasing plasmid concentration.

The model derived from the optimization design was
used to predict under which conditions the smallest poly-
plexes can be formed at a plasmid concentration of 20
ml. The outcome of this analysis indicates that a buffer of
pH 5.7, 0.1% Tween 80 and a polymer/plasmid ratio of 1/1
(w/w) have to be used to prepare polyplexes with a pre-
dicted size of 0.28um. Particles which were prepared
under these conditions possessed a size of pr@3Table
3), demonstrating the robustness of the model.

Table 3
The size of polyplexes prepared under different conditions*

polyplexes

Fig. 3 shows the characteristics (size and charge) of poly-
plexes prepared at different pH values (polymer/plasmid
ratio, 5/1). This figure also shows the size of the particles
as predicted with our model. It can be seen that the poly-
plexes prepared between pH 6.5 and 7.5 have a small size.
However, severe aggregation occurred at pH 7.7 and 8.0
(particle size arbitrarily taken as gm, see Section 2).
Although the predicted and found sizes do not fully agree,
especially at pH 7.5. and 7.7, the model perfectly predicted
the found trend: an increase in particle size with pH. Fig. 3

Formulation Polymer/plasmid Plasmid concentration Tween 80 (0.1%) Without Tween 80
ratio (w/w) (ng/ml)
Predicted value Observed value Observed value
in size um) in size @m) in size um)
| (At a ratio of 3/1) 50 0.12 0.13 0.13
1] (At a ratio of 3/1) 100 0.12 0.18 0.18
I (At a ratio of 3/1) 150 0.16 0.23 0.26
v (At a ratio of 3/1) 200 0.34 0.28 0.27
\Y (At a ratio of 1/1) 200 0.28 0.23 0.24

*A standard deviation= 0.0lum was observed in all size measurements: @).
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also shows that zetapotential of polyplexes decreases with

increasing pH.

Furthermore, we studied the effect of the NaCl concen-
tration on the size of the polyplexes (polymer/plasmid ratio
5/1, plasmid concentration 2Q@/ml, 20% sucrose, 20 mM

1.0
0.9
0.8
-7
406
~10.5
Mo.4
10.3

8
(]

plasmid
-1

plasmid

m0.9-1
H0.8-0.9
|mo.7-0.8
§0.6-0.7
B0.5-0.6
00.4-0.5
|@0.3-04
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0.7
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Tween 80
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g 0.8 =
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8 06- 3
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0.4- 15 N

0.2 T T T T 10

6 6.5 7 7.5 8 8.5
pH

Fig. 3. Effect of pH on the size and zetapotentidl) (of polyplexes.
Polyplexes were prepared at a polymer/plasmid ratio of 5:1 and at a
fixed plasmid concentration of 20@g/ml in 20 mM Hepes containing
20% (w/v) sucrose. The observed particle sizZ@% &nd predicted values

(A) were compared. The results are expressed as mean val$B. of

three experiments. Zetapotential was not determined for those samples
results in aggregates at pH 7.7 and 8.0.

Hepes, pH 6.5). In the absence of NaCl small polyplexes
with a size around 0.8m were obtained. In agreement with
the results of our screening design, polymer/plasmid aggre-
gates were formed at 0.25 and 0.5 M NacCl.

3.5. Transfection and cytotoxicity study

Polymer/plasmid particles prepared at a relatively high
plasmid concentration (formulation IV and V, Table 3)
were evaluated for their transfection potential after dilution
with RPMI to a final plasmid concentration ranging from 5—
50 ug /ml. A formulation prepared at a plasmid concentra-
tion of 200pg/ml and a polymer/plasmid ratio of 5/1 (w/w)
was evaluated too.

The relative transfection efficiency of these complexes as
a function of plasmid concentration is shown in Fig. 4a. It
can be seen that after dilution to a plasmid concentration of
5 ng/ml, the complexes prepared at a ratio of 3/1 and 5/1
possessed the same transfection efficiency as particles pre-
pared at a 3/1 ratio and a plasmid concentration p§snl
(relative transfection efficiency around 1). For the particles
prepared at 3/1 and 5/1 ratios, the transfection efficiency
increases with plasmid concentration up to @¥ml and
15 pg/ml, respectively; thereafter the transfection efficiency
decreases. In a previous study, we reported that in presence
of chloroquine, a maximum in transfection efficiency was

Fig. 2. (a) Three dimensional surface plot illustrating the effect of pH and obhserved at a plasmid concentration of ,ﬂ@ml [4] The
plasmid concentration on the size of polyplexes prepared in the presence °fdifference with the results found in that paper might be
0.1% Tween 80 and at polymer/plasmid ratio of 5/1 (w/w). Normalized
values of plasmid concentration:=150 ug/ml, 0 = 125 ug/ml and-1 =

200 pg/ml. For pH: 1=5, 0=6.5 and-1 = 8. (b) Three dimensional
surface plot illustrating the effect of polymer/plasmid ratio and plasmid were hardly able to transfect cells. A slight increase in

concentration on the size of polyplexes in the presence of 0.1% Tween 80 transfection efficiency with plasmid concentration

and at pH=5.0. Normalized values of polymer/plasmid ratio=5/1,
0=2/1 and-1 = 1/1. (c) Three dimensional surface plot illustrating the

effect of Tween 80 and plasmid concentration on the size of the polyplexes

prepared at a polymer/plasmid ratio 5/1 and 1.0. Normalized values

of Tween 80, 1= 0.1%, 0= 0.3% and-1 = 0.5%.

explained by the toxicity of chloroquine [6]. At a plasmid
concentration of Jug/ml, particles prepared at a 1/1 ratio

is

observed for these polyplexes. Table 4 gives the sizes of
the polyplexes used for the transfection experiments
shown in Fig. 4a. It appears that the polyplexes prepared
at a 3/1 and 5/1 polymer/plasmid ratio are stable after dilu-
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4. Discussion

We have previously described that small polyplexes (size
around 0.2um) were formed by simply mixing equal
volumes of aqueous solutions of Hepes buffer (20 mM,
pH 7.4) containing plasmid (final concentration 4g/ml)
and polymer (final concentration 12@y/ml). At higher
plasmid concentration severe aggregation was observed.
By application of experimental designs, we now succeeded
to prepare polyplexes at a relatively high concentration of
plasmid (final concentration 20@g/ml). The designs also
showed that a low pH favored the formation of small poly-
plexes. A likely explanation is that at pH 5, the side groups
of the polymers are all protonated, resulting in a polymer
with a high charge density. Therefore strong plasmid-poly-
mer interactions occur which results in small polyplexes. It
was shown that low ionic strength conditions also favor the
formation of small polyplexes. Again, the size of the parti-
cles decreases with increasing polymer-plasmid interaction.
We observed a tremendous change in the size of the poly-
plexes from pH 7-8 (Fig. 3). Since the degree of protona-
tion changes substantially in this pH range (pKa of the
polymer is around 7.5), the strength of the polymer-DNA
interactions reduces accordingly. Moreover, a lower degree
of protonation also resulted in particles with a lower zeta-
potential (Fig. 3), which might be the reason for the forma-
tion of aggregates at pH values around 8.

We showed that PEG, Tween 80 and temperature had a

Fig. 4. (a) Relative transfection efficiency of polyplexes after dilution with marginal effect on the size of the polyplexes. Sucrose had a
RPMI to a varying plasmid concentration. The results are expressed asrather complex effect on the size of the polyplexes. Going
mean values* S.D. of two to three experiments. Polyplexes were pre- from 0—20% sucrose, the particle size decreases. The higher
pared at a polymer/plasmid ratio of 5:@), 3:1 (A) and 1:1 W) at a fixed
plasmid concentration of 20gg/ml in 20 mM acetate buffer (pH 5.7)
containing 20% (w/v) sucrose. (b) Effect of polyplexes on cell viability.
The results are expressed as mean val#eS.D. of two to three experi-
ments. Polyplexes were prepared at a polymer/plasmid ratio of#g:3:(

(A) and 1:1 @) at a fixed plasmid concentration of 2@@/ml in 20 mM
acetate buffer (pH 5.7) containing 20% (w/v) sucrose. Subsequently, poly-
plexes were diluted in RPMI to the desired plasmid concentration.

viscosity of the 20% sucrose solution (compared with the
viscosity of Hepes buffer) may prevent the aggregation of
formed polyplexes. Also DNA-sucrose interactions might
play a role (cf. discussion on PEG). However, going from
20 to 40% sucrose, the size of the formed polyplexes
increases. A possible explanation for the tendency to form
aggregates at a concentratio20% sucrose may be that the

tions with RPMI. However, the polyplexes prepared at a 1/1 interaction between the positively charged polymer and
ratio showed aggregation after dilution. It is shown in Fig. negatively charged plasmid DNA is hindered by a viscous
4b that the cell viability drops with increasing polymer/
plasmid concentration. This reduction was more pro- about the same as a 20% sucrose solution (1.66 and 2.07
nounced for the polyplexes prepared at a high polymer/plas- mPa, respectively, as determined by DLS analysis [25]),

mid ratio.

Table 4
The size of polyplexes upon dilution with RPMI*

‘barrier’. Although the viscosity of a 5% PEG solution is

PEG does not favor the formation of small particles. This

Initial plasmid Plasmid concentration after dilution with RPMI

concentration

200 pg/ml 50 pg/ml 25 pg/ml 15 pug/mi 5 ug/ml
Polymer/plasmid ratio 1/1 0.22 0.0l pum Aggregation Aggregation Aggregation Aggregation
Polymer/plasmid ratio 3/1 0.250.01um 0.21+ 0.0 um 0.21+ 0.01pm 0.22+ 0.01pm 0.22+ 0.01pm
Polymer/plasmid ratio 5/1 0.280.02um 0.21+ 0.01pm 0.21+ 0.01um 0.20+ 0.01um 0.20+ 0.01pm

*These polyplexes were prepared at a fixed plasmid concentrationu(60) at polymer/plasmid ratio of 5/1, 3/1 and 1/1 in 20 mM acetate buffer (pH 5.7)

containing 20% (w/v) sucrose.
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might indicate that specific sucrose-DNA interactions [29] [2] M. Cotten, E. Wagner, Nonviral approaches to gene therapy, Curr.
play a role in the formation of small polyplexes. 5 '(D)FI’_'”-FBI'OtGChr?'-; (19%? 7°J5‘P71§- S Chena. P. Culic. L
In the transfection study, the results showed that poly- (31 P:L- Felaner, Y. Barenholz, J.-P. Behr, S.H. Cheng, P. Cullis, L.

. . . . Huang, J.A. Jessee, L. Seymour, F. Szoka, A.R. Thierry, E. Wagner,
plexes prepared at a relatively high concentration of plasmid G. Wu, Nomenclature for synthetic gene delivery systems, Hum.

(200 pg/ml) and at a polymer/plasmid ratio of 3/1 or 5/1 Gene Ther. 8 (1997) 511-512.
retained there full transfection potential after dilution to a [4] J.-Y. Cherng, P.V.D. Wetering, H. Talsma, D.J.A. Crommelin,
plasmid concentration of pg/ml (relative transfection effi- W.E. Hennink, Effect of size and serum proteins on transfection

. . . . efficiency of poly((2- dimethylamino)ethyl methacrylate)-plasmid
ciency around 1). At higher plasmid concentratiorlé ug/ nanoparticles, Pharm. Res. 13 (1996) 1038-1042,

ml) the transfection efficiency decreases (for the particle [5] J.-Y. Cherng, P.V.D. Wetering, H. Talsma, D.J.A. Crommelin, W.E.
prepared at a 5/1 ratio) or first increases and then decreases  Hennink, Freeze-drying of poly((2-dimethylamino)ethyl methacry-
(>25pg/ml plasmid for the particles prepared at a 3/1 ratio). late)-based gene delivery systems, Pharm. Res. 14 (1997) 1838-
This can be explained by the cytotoxicity of the polymer 1841. _ _

either in its free form or complexed to plasmid DNA result- (8 P-V.D- Wetering, J.-¥. Chemg, H. Talsma, D.J.A. Crommelin, W.E.

. . . . . Hennink, Relation between transfection efficiency and cytotoxicity
Ing In the decrease of transfection eff|C|ency (F'g- 4b)- It of poly(2- (dimethylamino)ethyl methacrylate)/plasmid complexes,

should be mentioned that although PDMAEMA is toxic for J. Control. Rel. 49 (1997) 59-69.
cells, poly(lysine), a frequently used transfectant [2], is sub- [7] P.V.D. Wetering, J.-Y. Cherng, H. Talsma, D.J.A. Crommelin, W.E.
stantially more toxic [6] In addition, the toxicity of Hennink, 2-(dimethylamino)ethyl methacrylate) based (co)polymers

. . as gene transfer agents, J. Control. Rel. 53 (1998) 145-153.
PDMAEMA is masked once complexed with DNA [4,7]. o " " 00n D Chen, F. Lupu, N. Shaper, J.F. Schmitt, V.V. Kak-

Interestingly, polyplexes prepared at a 1/1 ratio were hardly kar, N.R. Lemoine, High efficiency reporter gene transfection of
able to transfect cells, in spite of the fact that the size of the vascular tissue in vitro and in vivo using a cationic lipid-DNA
polyplexes prepared at this ratio before dilution was about complex, Gene Ther. 4 (1997) 162-171.

the same as for the particles prepared at a 3/1 and 5/1 ratio [9] J.K. Donahue, K. Kikkawa, D.C. Johns, E. Marban, J.H. Lawrence,
(Table 4). However, after dilution severe aggregation Was Ultrarapid, highly efficient viral gene transfer to the heart, Proc. Natl.

. ; - Acad. Sci. USA. 94 (1997) 4664-4668.
observed in solutions containing polyplexes prepared at a 1/[10] I. Solodin, C.S. Brown, M.S. Bruno, C.-Y. Chow, E.-H. Jang, R.J.

1 ratio, whereas the particle size (around pr2) and zeta Debs, T.D. Heath, A novel series of amphiphilic imidazolinium com-
potential (around-24 mV) of the polyplexes prepared at the pounds for in vitro and in vivo gene delivery, Biochemistry 34 (1995)
other ratios did not change after dilution (Table 4). The 13537-13544. ,

instability of polyplexes prepared at ratio 1/1 is in agree- 11 H-E.J: Hofland, D. Nagy, J.-J. Liu, K. Spratt, V.-L. Lee, O. Danos,

. . .. ) S.M. Sullivan, In vivo gene transfer by intravenous administration
ment with the finding of Pouton et. al. [30] for lipid/plasmid of stable cationic lipid/DNA complex, Pharm. Res. 14 (1997) 742—

complexes. The reasons for the particle aggregation is not 749,
yet clear. However, the observed aggregation of the poly- [12] K. Yoshimura, M.A. Rosenfeld, H. Nakamura, E.M. Scherer, A.

plexes after dilution could explain their low transfection. fg"ir?‘”ith-'P- Lecgcqr RG. gryital, EXPYESIST” of the h“”t“r?” cystic
Although the findings reported in this paper are, strictly forosis transmembrane conductance reguiator gene in the mouse
. ) ; lung after in vivo intratracheal plasmid-mediated gene transfer,

speaking, only applicable for PDMAEMA/plasmid com- Nucleic Acids Res. 20 (1992) 3233-3240.

plexes, the obtained insights can be used for the formulation [13] M.A. Wolfert, L.W. Seymour, Atomic force microscopic analysis of

of other polymer-based polyplexes. the influence of the molecular weight of poly(L)lysine on the size of
polyelectrolyte complexes formed with DNA, Gene Ther. 3 (1996)
269-273.

[14] M.X. Tang, F.C. Szoka, The influence of polymer structure on the
interactions of cationic polymers with DNA and morphology of the
resulting complexes, Gene Ther. 4 (1997) 823—-832.

This study shows that the presence of sucrose, low pH and[15] O. Boussif, M.A. Zanta, J.-P. Behr, Optimized galenics improve in

5. Conclusion

low ionic strength favor formation of reIativer small p0|y_ vitro gene transfer with cationic molecules up to 1000-fold, Gene
L : Ther. 3 (1996) 1074-1080.

plexes. This information allows us to prepare polyplexes at a er. 3 (1996) 107: . . . o

. . _ . [16] G. Stetsko, Statistical experimental design and its application to
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