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Abstract

The aim of this study was to investigate how a selection of formulation variables affects the in vitro transfection efficiency
and physicochemical properties (particle size, zetapotential and chitosan–plasmid association) of chitosan-based polyplexes.
Experimental designs in combination with multivariate data analysis were applied to reveal the effects of the formulation
variables on the responses. The following formulation variables were studied: molecular weight and degree of acetylation of
chitosan, pH and ionic strength of the buffer in which chitosan was dissolved, charge ratio of polyplexes, plasmid concentration
and inclusion of a coacervation agent in the plasmid solution. The in vitro transfection efficiency inEpithelioma papulosum
cyprini (EPC) cells was affected by the polyplex charge ratio, the DNA concentration in the complexes as well as the molecular
weight and degree of acetylation of the chitosans. Two favourable formulations were identified in a more thorough investigation.
These formulations were made of SC113 (theoretical charge ratio 10) and SC214 (theoretical charge ratio 3). The size of the
complexes was affected by the degree of acetylation, concentration of DNA, pH, inclusion of a coacervation agent and the charge
ratio. The charge ratio, pH and ionic strength determined the zetapotential of the particles, while the charge ratio was important
for the association between the plasmid and chitosan.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Genetic immunisation techniques have gained in-
creasing interest following the documentation that
DNA could elicit immune response a decade ago
(Tang et al., 1992). There are several reasons why
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plasmid vectors are attractive for the development of
vaccines and, among others, the high stability of plas-
mid DNA, the relatively easy manufacturing process,
the ability of the vaccine to elicit both humoral and
cellular immune responses, the lack of infection risk
(which is associated with attenuated viral vaccines)
and low manufacturing costs are often mentioned
(Restifo et al., 2000; Webster and Robinson, 1997).
The DNA vaccine technology has also been applied
in teleost fish and protection against various diseases
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has been well documented (Lorenzen et al., 1998;
Anderson et al., 1996; Gomez-Chiarri et al., 1996;
Heppell and Davis, 2000).

Chitosan is a biodegradable polysaccharide com-
posed of the subunitsd-glucosamine andN-acetyl-d-
glucosamine, linked together by�(1,4)-glycosidic
bonds. Chitosan was first described as a delivery
system for plasmids byMumper et al. (1995). It is
an attractive vector for gene delivery due to its low
toxicity and, in addition, the polymer can be obtained
in, or modified to, different molecular weights and
different degrees of acetylation. From a pharmaceuti-
cal point of view, a characterisation of the properties
of the chitosan–DNA polyplexes is important. Many
formulation parameters, like salt concentration, pH,
polymer charge density, polymer molecular weight
and the charge ratio, may influence the polymer–DNA
complexation and the characteristics of the complexes
(Richardson et al., 1999). Although the effects of
such variables on the in vitro transfection efficiency,
size, zetapotential and chitosan–plasmid association
are reported (Koping-Hoggard et al., 2001; Mao et al.,
2001; MacLaughlin et al., 1998; Sato et al., 2001;
Lee et al., 2001; Ishii et al., 2001), a systematic and
simultaneous investigation of the respective formula-
tion variables’ effect on the properties has not been
performed.

Evaluating the effect of a high number of formu-
lation variables usually require many experiments,
which are often costly and time consuming. It is
therefore interesting to minimise the total number
of performed experiments. In statistical experimental
designs, many factors are varied simultaneously in a
systematic way using the concept of factorial designs.
This approach has several advantages compared to
traditional “one variable at a time” strategy, e.g. it
is more efficient as more information can be gained
from a smaller number of experiments. Using a mul-
tivariate data analysis in combination with the exper-
imental design adds further benefit, since an analysis
of all the formulation variables can be performed at
the same time. Experimental designs and multivariate
data analysis are described byEsbensen et al. (2000).

The aim of this study was to investigate how a se-
lection of formulation variables affects in vitro trans-
fection efficiency inEpithelioma papulosum cyprini
(EPC) cells. In addition, the effect of the formulation
variables on physicochemical properties (size, zetapo-

tential and chitosan–plasmid association) of the poly-
plexes was investigated. The formulation variables
investigated were molecular weight and degree of
acetylation of chitosan, pH and ionic strength of the
buffer in which chitosan was dissolved, charge ratio in
the polyplexes, plasmid concentration and inclusion of
a coacervation agent in the plasmid solutions. To re-
duce the high number of possible formulation combi-
nations, a fractional factorial design was created. The
data were evaluated with Partial Least Squares Regres-
sion (PLSR). In addition to these screening studies,
a more detailed characterisation was performed on
the in vitro transfection efficiency of the polyplexes,
aimed at finding the most efficient formulation.

2. Materials and methods

2.1. Chemicals

Chitosans (SeaCure 113 CL (SC113), SeaCure
211 CL (SC211), SeaCure 214 CL (SC214) and
SeaCure 312 CL (SC312)) with different molecular
weights and degree of acetylation (FA) (Table 1) were
kindly provided by Pronova Biopolymers (Dram-
men, Norway). As described previously, the chitosan
samples were dialysed against distilled, de-ionised
water to remove excess chloride ions (Romøren
et al., 2002). l-�-Dioleoylphosphatidylethanolamine
(DOPE) and 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) were obtained from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA).

The plasmid construct pcDNA3-luc, a gene encod-
ing firefly luciferase inserted into the polylinker of
pcDNA3 (Invitrogen, Groningen, The Netherlands),

Table 1
The different types of chitosan used in the factorial design

Types of
chitosan

Average number
molecular weight
(Mn) (kDa)

Degree of acetylation
(FA)

SC113 6.6 0.15
SC211 90 0.32
SC214 160 0.15
SC312 160 0.25

The average number molecular weight (Mn) and the degree of
acetylation (FA) are determined after dialysis and freeze-drying
according to the methods ofAnthonsen et al. (1993)andMuzzarelli
and Rocchetti (1986), respectively.



K. Romøren et al. / International Journal of Pharmaceutics 261 (2003) 115–127 117

was obtained from GeneCare (Lyngby, Denmark). The
purity and integrity of the plasmid DNA were as-
sessed by UV spectroscopy (A260/A280 ratio) and by
agarose gel electrophoresis. The DNA homogeneity
was calculated as described byVarley et al. (1999)
and the plasmid DNA was also tested for endotoxins
(72 EU/mg). The concentration of the plasmid was de-
termined by UV spectroscopy (1 OD= 50�g/ml at
260 nm) (Felgner et al., 1997).

Earle’s Minimum Essential Medium (EMEM) con-
taining 25 mM HEPES, gentamicin andl-glutamine
were purchased from BioWhittaker (Verviers, Bel-
gium). Foetal bovine serum (FBS) was acquired from
Sigma-Aldrich Chemicals (Steinheim, Germany). The
luciferase assay was obtained from Promega (Madi-
son, WI, USA), the PicoGreen® assay from Molecular
Probes (Leiden, The Netherlands) and the Bio-Rad
Protein Assay from Bio-Rad Laboratories (Hercules,
CA, USA). All other reagents were of analytical grade.

2.2. Experimental design

The effects of the seven formulation variables
(molecular weight and degree of acetylation of chi-
tosan, pH and ionic strength of the HAc/NaOAc buffer
in which chitosan was dissolved, the charge ratio in
the polyplexes, plasmid concentration and inclusion
of a coacervation agent in the plasmid solutions) on
four responses (in vitro transfection efficiency, size,
zetapotential and association between the plasmid and
chitosan) were studied in a screening design (Table 2).

Table 2
Experimental levels of the formulation variables in the screening
design

Formulation variables Experimental levels

Molecular weight (Mn)a (kDa) 6.6/90 160
Degree of acetylation (FA)a 0.15 0.25/0.32
pH (HAc/NaOAc buffer) 5.5 7
Ionic strength (HAc/NaOAc

buffer) (mM)
15 35

Plasmid concentrationb (�g/ml) 50 (4c) 100 (20c)
Charge ratio of polyplex 0.5 2 5
Coacervation agent (Na2SO4)b

(mM)
0 50

a The molecular weight and degree of acetylation of the chitosan
types are as described inTable 1.

b Concentrations prior to mixing with chitosan.
c DNA concentrations used for the transfection studies.

The design (48 different samples) had a resolution of
IV, meaning that main effects are not confounded with
two-factor interactions, while two-factor interactions
are confounded with other two-factor interactions.

A multilevel design was created to find the most
favourable formulation for in vitro transfection effi-
ciency. The formulation variables used were the charge
ratio (0.5, 1, 2, 3, 4, 5 and 10) and DNA concentration
(0.5, 1.5 and 2.5�g per well). All the four types of
chitosan with different molecular weights and degrees
of acetylation were investigated. The other formula-
tion variables used in the screening design were kept
constant (pH 5.5, ionic strength 25 mM and no coac-
ervation agent present in the plasmid solution). Each
formulation was analysed in triplicate.

The creation and evaluation of the statistical exper-
iments were performed using the computer program
Unscrambler® (The Unscrambler 7.5, Camo ASA,
Trondheim, Norway). PLSR was performed on each
response to assess which formulation variables that
are of significant importance for the different re-
sponses in the screening design. The responses were
weighed by auto-scaling (1/S.D.) before any statisti-
cal operations were performed and all models were
calculated employing cross validation. The approxi-
mated uncertainty variance of the PLSR coefficients
was estimated by the Jack-knife uncertainty test
(P = 0.05) as described byMartens and Martens
(2000).

2.3. Preparation of chitosan solutions and polyplex

The chitosans were dissolved overnight in HAc/
NaOAc buffers of different pH and ionic strength.
The particles were made by mixing equal volumes of
the plasmid and chitosan solutions. The compound in
“charge shortage” was added to the one in “charge
excess” under intense stirring on a vortex mixer. The
chitosan–DNA mixtures were further vortexed for 20 s
and were allowed to rest for at least 30 min before
use. According to the nomenclature (Felgner et al.,
1997), the charge ratio is defined as the ratio be-
tween the maximum number of protonable primary
amines in chitosan and the number of negative phos-
phates on DNA. Polyplexes of various charge ratios
were obtained by diluting chitosan with the corre-
sponding buffer to appropriate concentrations. In half
of the samples in the screening design, a coacervation
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agent was included in the plasmid solution (50 mM
Na2SO4).

2.4. Characterisation of the in vitro transfection
efficiency of the polyplexes

EPC cells, a cell line from carp (Cyprinus carpio)
(Fijan et al., 1983), were grown in EMEM/HEPES
supplemented with 10% FBS, 3.5 mMl-glutamine
and 50�g/ml gentamicin at 25◦C. In the transfection
experiments, cells were seeded in a concentration
of 5 × 105 cells per well in a 24-well plate. After
24 h, the FBS-containing medium was removed from
the cells and replaced with a FBS-free medium and
polyplexes (750�l FBS-free medium and 250�l
formulation per well). After 24 h of incubation, the
FBS-free medium and the formulations were removed
and replaced with the complete medium. The cells
were analysed for luciferase after further 2 days. The
cells were then lysed in a lysating buffer (25 mM
Tris–phosphate, pH 7.8, 2 mM dithiothreitol, 2 mM
1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid,
10% glycerol, 1% Triton®X-100) and assayed for
luciferase activity according to the manufacturer’s
description in a Lumat LB 9507 Luminometer
(EG&G Berthold, Germany). The relative light units
(RLU) were normalised to the protein concentra-
tion as determined by the Bio-Rad assay. Lipoplex 2
made of DOPE:DOTAP 1:1 (w/w) complexed with
pcDNA3-luc in a 2:1 charge ratio was used as a
positive control.

2.5. Characterisation of the physicochemical
properties of the polyplexes

2.5.1. Particle size
The size of the particles was determined by photon

correlation spectroscopy at 25◦C using a Coulter N4
MD (Hialeah, FL, USA) at a 90◦ angle. The refrac-
tive index and viscosity of pure water were used as
calculation parameters and each sample was mea-
sured in triplicate using the unimodal model for size
distribution.

2.5.2. Zetapotential
The zetapotential was measured by micro-electro-

phoresis at 25◦C (Zetasizer 3000 HS, Malvern Instru-
ments, UK). The viscosity and dielectric constant of

pure water were used as calculation parameters. All
samples were diluted in the corresponding buffer to a
chitosan concentration of 1�g/ml.

2.5.3. Chitosan–plasmid association
The association between the chitosan and plasmid

was determined quantitatively with the PicoGreen®

assay according to the manufacturer’s instructions.
Briefly, 100�l aliquots of polyplexes (diluted to a
DNA concentration of 0.5�g/ml) was added to 100�l
PicoGreen® reagent (diluted 1:200 in 20 mM NaOAc,
pH 6) and vortexed. After 2–5 min of incubation,
the fluorescence of the mixture was measured in a
Hellma ultra-micro cell (Ex. 480 nm, Em. 520 nm, Lu-
miniscence Spectrofotometer LS50B, Perkin-Elmer,
Bodenseewerk, Germany).

A qualitative analysis of the association of plasmid
DNA to chitosan was performed by gel electrophore-
sis. Twenty microlitres of polyplex mixed with 2�l
of 0.4% bromophenol blue was applied in the slots of
a 0.8% agarose gel containing 1× TAE-buffer. After
electrophoresis, the gel was coloured with 0.5�g/ml
ethidium bromide for 30 min and visualised by UV.
Photographs were made by Bio-Rad GelDoc 2000 dig-
ital gel documentation system.

3. Results

3.1. The influence of the formulation variables on
the in vitro transfection efficiency of the polyplexes

In the PLSR model, 71% of the variation in the in
vitro transfection efficiency is explained by 20% of the
variance in the formulation variables and two PLSR
components were necessary for this variance explana-
tion. The plot of the weighted regression coefficients
from the PLSR analysis on the transfection efficiency
(Fig. 1) revealed that the charge ratio is strongly pos-
itively correlated to the transfection efficiency. Poly-
plexes with a negative charge (polyplex 0.5) hardly
give any transfection of the EPC cells, while the use of
polyplex 2 and polyplex 5 most often results in trans-
fection (Table 3). Furthermore, the molecular weight
(Mn) and DNA concentration (DNA conc) are also
positively correlated to the transfection efficiency, an
increase in these values therefore increases the trans-
fection efficiency of the formulations. In contrast, the
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Table 3
The average values (n = 3–4) of the responses in the fractional factorial design

Samples Experimental levels Responses

A B C D E F G Size Zetapotential Migration % Association Transfection
efficiency

1 6.6 0.15 1 5.5 15 50 5 275 23.03 0 97.0 5.51
2 160 0.15 1 5.5 15 0 0.5 159 −38.23 1 81.2 0.00
3 90 0.32 1 5.5 15 0 0.5 188 −30.97 1 92.1 0.00
4 160 0.25 1 5.5 15 50 5 213 26.83 0 96.8 4.29
5 6.6 0.15 2 5.5 15 0 5 141 23.46 0 97.1 5.24
6 160 0.15 2 5.5 15 50 0.5 212 −39.50 1 82.7 1.59
7 90 0.32 2 5.5 15 50 0.5 271 −33.60 1 87.6 0.00
8 160 0.25 2 5.5 15 0 5 239 25.57 0 97.2 4.07
9 6.6 0.15 1 7 15 0 0.5 222 −44.20 1 41.7 0.00

10 160 0.15 1 7 15 50 5 194 8.33 0 95.4 2.88
11 90 0.32 1 7 15 50 5 230 3.17 0 96.0 0.76
12 160 0.25 1 7 15 0 0.5 177 −44.40 1 80.9 0.00
13 6.6 0.15 2 7 15 50 0.5 204 −48.30 1 72.6 0.00
14 160 0.15 2 7 15 0 5 214 9.23 0 95.1 2.25
15 90 0.32 2 7 15 0 5 257 1.20 0 95.5 4.51
16 160 0.25 2 7 15 50 0.5 257 −43.53 1 76.7 3.30
17 6.6 0.15 1 5.5 35 50 0.5 214 −33.30 1 54.3 0.00
18 160 0.15 1 5.5 35 0 5 180 17.10 0 96.7 2.84
19 90 0.32 1 5.5 35 0 5 195 20.60 0 96.4 0.00
20 160 0.25 1 5.5 35 50 0.5 184 −35.10 1 72.4 0.00
21 6.6 0.15 2 5.5 35 0 0.5 168 −36.33 1 66.7 0.00
22 160 0.15 2 5.5 35 50 5 222 26.50 0 97.3 2.22
23 90 0.32 2 5.5 35 50 5 260 21.80 0 93.9 4.00
24 160 0.25 2 5.5 35 0 0.5 161 −34.67 1 74.3 0.00
25 6.6 0.15 1 7 35 0 5 175 0.30 0 95.9 5.40
26 160 0.15 1 7 35 50 0.5 263 −42.93 1 48.7 0.00
27 90 0.32 1 7 35 50 0.5 252 −41.37 1 60.3 0.00
28 160 0.25 1 7 35 0 5 154 4.57 0 95.1 4.29
29 6.6 0.15 2 7 35 50 5 261 −0.60 0 94.6 4.82
30 160 0.15 2 7 35 0 0.5 258 −42.63 1 79.8 3.95
31 90 0.32 2 7 35 0 0.5 284 n.d. 1 70.8 2.29
32 160 0.25 2 7 35 50 5 266 6.13 0 96.0 4.85
33 6.6 0.15 1 5.5 15 0 2 104 18.40 0 91.3 4.34
34 160 0.15 1 5.5 35 0 2 190 19.17 0 95.3 3.26
35 90 0.32 1 5.5 35 50 2 271 16.36 0 93.1 0.00
36 160 0.25 1 5.5 15 50 2 195 24.70 0 95.1 5.32
37 6.6 0.15 2 5.5 35 50 2 Ag. 16.70 0 95.6 4.48
38 160 0.15 2 5.5 15 50 2 335 25.77 0 95.5 6.09
39 90 0.32 2 5.5 15 0 2 243 18.00 0 93.9 0.00
40 160 0.25 2 5.5 35 0 2 233 19.37 0 95.1 5.30
41 6.6 0.15 1 7 15 50 2 Ag. −21.30 0 89.7 0.00
42 160 0.15 1 7 35 50 2 Ag. −1.13 0 95.0 5.67
43 90 0.32 1 7 35 0 2 275 −3.17 0 94.6 0.00
44 160 0.25 1 7 15 0 2 259 −0.87 0 91.8 5.39
45 6.6 0.15 2 7 35 0 2 Ag. −3.50 0 96.0 4.94
46 160 0.15 2 7 15 0 2 Ag. −3.77 0 88.1 6.15
47 90 0.32 2 7 15 50 2 376 −0.83 0 87.5 2.74
48 160 0.25 2 7 35 50 2 299 −4.43 0 95.5 4.74

The experimental values areMn (kDa) (A), FA (B), low (1)/high (2) values of the DNA concentration (C), pH of the buffer (D), ionic
strength of the buffer (mM) (E), concentration of coacervation agent (mM) (F) and the theoretical charge ratio (G). The responses are the
size (nm), zetapotential (mV), migration of plasmid in an agarose gel (1= migration, 0= no migration), % association of plasmid to
chitosan and transfection efficiency (log(RLU/mg total protein)). Ag.: aggregation.
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Fig. 1. The regression coefficients obtained by a PLSR analysis of the influence of formulation parameters on the in vitro transfection
efficiency. Only the main effects are shown. The approximated uncertainty variance of the PLSR coefficients was estimated by the Jack-knife
uncertainty test and corresponds toP = 0.05.

degree of acetylation (FA) is negatively correlated.
The other three main variables (pH, ionic strength and
coacervation agent) were not significantly correlated
to the transfection efficiency of the formulations.

An interaction between the molecular weight and
charge ratio was discovered when the in vitro trans-
fection efficiency of the polyplexes was investigated
more thoroughly in a multilevel design (Fig. 2A). A
high molecular weight of chitosan (in this experiment
SC214, 160 kDa) gives a high transfection at charge
ratios≤4, while a low molecular weight of chitosan
(SC113, 6.6 kDa) is beneficial at higher charge ratios.
An interaction between the charge ratio and the de-
gree of acetylation on the chitosan was also revealed
(Fig. 2B). SC214 (FA = 0.15) gave higher or simi-
lar transfection levels as SC312 (FA = 0.25) at the
charge ratios 0.5, 1, 2 and 3, while SC312 gave high-
est levels at the charge ratios of 5 and 10. Decreasing
the DNA concentrations from 2.5 to 0.5�g per well
decreased the amount of luciferase expressed in the
cells but did not alter the charge ratio optimum for
the different types of chitosan. The highest luciferase
levels in the EPC cells were found after transfection
with SC113 (polyplex 10) and SC214 (polyplex 3).

3.2. The influence of the formulation variables on
the physicochemical properties of the polyplexes

3.2.1. Particle size
A substantial aggregation of the polyplexes with a

charge ratio of 2 occurred when some of the formula-
tion parameters were combined (Table 3). Measuring
the size of these aggregates was not possible as they
were polydispersed and too large for an accurate de-
termination at the 90◦ angle using photon correlation
spectroscopy. These samples were therefore omitted
in the PLSR analysis of the formulation variables’ in-
fluence on the particle size.

Fig. 3 shows the weighted regression coefficients
for the model obtained by a PLSR analysis of the for-
mulation variables’ influence on the particle size. The
model employed two PLSR components, which were
able to explain 77% of the variation in the particle
size based on 32% of the variance in the formulation
variables. Four of the formulation variables (FA, DNA
concentration, pH and content of coacervation agent)
were positively correlated with the particle size, mean-
ing that the particle size will increase when the values
of these variables increase. The charge ratio does not
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Fig. 2. Transfection of EPC cells with polyplexes made of (A) chitosans with a high molecular weight (SC214, filled bars) and low
molecular weight (SC113, striped bars) but similarFA (0.15) and (B) chitosans with a lowFA (SC214, filled bars) and highFA (SC312,
open bars) but with similar molecular weight (160 kDa). The concentration of DNA was 2.5�g per well. Each bar represents the mean of
three parallels±max./min. values.

come out as a significant variable, the squared effect
of the theoretical charge ratio (Char∗∗2), however, is
negatively correlated to the particle size. This means
that the further the charge ratio is from charge ratio 1
(charge neutrality), the smaller the particles. The last
two formulation variables, the molecular weight and
the ionic strength, were not significant.

The models obtained by PLSR modelling of the
formulation variables’ influence on the size of poly-
plexes of different charge ratios separately explained
86, 91 and 93% of the variance in the size of polyplex
0.5, polyplex 2 and polyplex 5, respectively.Table 4

shows the magnitude of the weighted regression coef-
ficients and thus the influence of the different formu-
lation variables on the particle size of the polyplexes
of different charge ratios. The weighted regression
coefficient and thus the influence ofFA increases
from a non-significant value of 0.216 (polyplex 0.5)
to significant values of 0.248 and 0.344 (polyplex 2
and polyplex 5, respectively). The weighted regres-
sion coefficient of the pH is largest and thus most
important for the size of polyplex 0.5 (0.548), less
so for polyplex 2 (0.318) and not significant for
polyplex 5.
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Fig. 3. The weighed regression coefficients obtained by a PLSR analysis of influence of formulation parameters on the particle size. The
approximated uncertainty variance of the PLSR coefficients was estimated by the Jack-knife uncertainty test and corresponds toP = 0.05.

3.2.2. Zetapotential
The PLSR model obtained for the formulation

variables’ influence on the zetapotential used 24% of
the variation in the formulation variables to explain
68% of the variation inY, two PLSR components
were necessary. Only two of the formulation variables
had a significant influence on the model, the charge

Table 4
The trends of the weighed regression coefficients of the main
formulation parameters, obtained by PLSR modelling, on the size
of the polyplexes

Formulation variables Polyplex 0.5 Polyplex 2 Polyplex 5

Molecular weight
(Mn)

−0.165* 0.058 −0.138

Degree of acetylation
(FA)

0.216 0.248* 0.344*

DNA concentration 0.163* 0.306* 0.146*
pH 0.548* 0.318* 0.089
Ionic strength 0.144 −0.025 0.020
Coacervation agent 0.138* 0.290* 0.249*

The polyplexes of the different theoretical charge ratios are here
modelled separately. The asterisk (*) indicates a significant cor-
related effect. The significance of the regression coefficients has
been determined with the Jack-knife uncertainty test and corre-
sponds toP = 0.05.

ratio and the pH. The charge ratio is positively corre-
lated whereas the pH is negatively correlated to the
zetapotential of the polyplexes. The effect of these
formulation parameters can be seen in the score plot
in Fig. 4. The score plot illustrates how the samples
are placed relatively to the score vectors and there-
fore also how they group compared to each other.
The zetapotentials are highest for polyplexes with a
charge ratio of 5 and a pH of 5.5 (Fig. 4, grouped and
marked with C) while the lowest zetapotentials are
found for complexes with a charge ratio of 0.5 and pH
7 (grouped and marked with A). Some of the different
polyplexes are also grouped together (polyplex 2 (pH
7) and polyplex 0.5 (pH 5.5)), as the zetapotentials
of the particles are comparable (grouped and marked
with B).

Upon separate PLSR modelling of polyplexes with
different charge ratios, one more formulation vari-
able showed its significance. The ionic strength of
the buffer was positively correlated when there was a
net negative charge of the polyplexes (polyplex 0.5),
but negatively correlated for polyplexes with a net
positive charge (polyplex 5) (data not shown). There
was no significance of this formulation variable for
the zetapotential of polyplex 2.
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Fig. 4. PLSR score plot for the influence of the formulation variables pH and theoretical charge ratio on the zetapotential. The figure
shows how the samples are placed relatively in the connection to the score vectors as well as how they group in regard to pH (shown
with numbers) and charge ratios (A, charge ratio 0.5; B, charge ratio 0.5 and 2; and C, charge ratio 5).

3.2.3. Chitosan–plasmid association
The amount of plasmid associated with chitosan was

determined quantitatively by the PicoGreen® assay.
Upon PLSR modelling of the formulation variables’
influence on the association efficiency, the charge ra-
tio was the only formulation variable with a signifi-
cant effect on the association efficiency. This variable
was positively correlated, an increase in the theoreti-
cal charge ratio therefore caused increased association
between the plasmid and chitosan (data not shown).

Electrophoresis in agarose gels was used to study
the association between the plasmid and chitosan
qualitatively. Differences between the polyplex for-
mulations of different charge ratios could be observed
(Table 3). Migration of the plasmid in the gel was ob-
served for all the polyplex 0.5 formulations, while no
migration was observed for the polyplex 2 and poly-
plex 5 formulations. No effects of other formulation
parameters could be observed.

4. Discussion

4.1. The influence of the formulation variables on
the in vitro transfection efficiency of the polyplexes

The formulation variables molecular weight and de-
gree of acetylation of chitosan, DNA concentration

and the charge ratio were of importance for the in vitro
transfection efficiency of the polyplexes. The highest
values of luciferase expression in the EPC cells were
found when SC113 (polyplex 10) and SC214 (poly-
plex 3) were used in the polyplexes. Dependent on the
application, other factors like stability and solubility
of the chitosans, amounts of chitosan needed as well
as the costs, may be considered when deciding which
type to use. Also, properties like the size of the com-
plexes should to be taken into account.

The highest weighted regression coefficient, hence
the largest influence on the in vitro transfection ef-
ficiency, was due to the formulation variable charge
ratio. The charge ratio has also earlier been shown to
be of importance for transfection efficiency in vitro
(Ishii et al., 2001; Koping-Hoggard et al., 2001).
While polyplex 0.5 hardly managed to transfect the
EPC cells, polyplex 2 and polyplex 5 most often
resulted in expression of luciferase. An increased
positive charge on the complexes most likely pro-
motes the interaction with the negatively charged cell
surface and such an association of the complex with
the cell surface is probably a requirement for cell up-
take. Furthermore, enzymatic degradation of chitosan
is a likely mechanism for the endosomal escape of
the polyplexes (Koping-Hoggard et al., 2001). The
degradation products, oligo- and monosaccharides,
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increase the osmolarity in the endosomes. This in-
crease is followed by water influx, swelling and in
the end, rupture of the membranes and release of the
plasmid. Increasing the charge ratio in the polyplex
implies an increase in the chitosan concentration in
the complex. Higher amounts of chitosan in the poly-
plexes may lead to a higher osmotic pressure in the
endosomes and as a consequence, the efficiency of
plasmid release may increase.

The molecular weight of chitosan in the polyplex
was another important formulation variable and in the
optimisation experiment, an interaction between the
molecular weight of the chitosan and the charge ratio
was also found to be of importance. As previously
mentioned, a low molecular weight chitosan is ben-
eficial at high charge ratios of the polyplexes, but at
lower charge ratios the opposite is the case. Conflict-
ing data are found in the literature regarding the effect
of the molecular weight on the transfection efficiency.
MacLaughlin et al. (1998)performed a transfection
on Cos-1 cells with polyplex 2 made of chitosans with
different molecular weight (7–540 kDa). The results
indicated that the chitosan molecular weight had a
limited influence on plasmid expression in vitro. Sim-
ilar observations were made byKoping-Hoggard et al.
(2001). Transfections with polyplexes made of chi-
tosans with different molecular weight performed by
Ishii et al. (2001)are in contradiction to these results.
They used, however, a different cell line (SOJ cells)
and a N/P ratio of 5 (the N/P ratio is defined as the ratio
between the polymer nitrogen (N) per DNA phosphate
(P) (Borchard, 2001)). High levels of transfection
were observed with the chitosan–plasmid complexes
containing 40 and 84 kDa chitosan, while no expres-
sion was observed for 1 and 110 kDa chitosans. As
shown bySato et al. (2001), there may be a different
molecular weight optimum of chitosan in different
cell lines. Different origin of cell lines may therefore
be the most important reasons for the conflicting re-
sults reported in literature. In addition, the importance
of the charge ratios must also be taken into consider-
ation. As shown in our studies with the EPC cell line,
there are small differences in transfection efficiency
between the low/high molecular weight chitosans for
some charge ratios, while for other charge ratios the
difference is large (Fig. 2). This interaction would not
have been easily detected without the use of a factorial
design.

Another important formulation variable was the de-
gree of acetylation (FA), and the optimisation study
also revealed an interaction between this factor and
the charge ratio. In the EPC cell line, lowFA values
were beneficial at charge ratios≤3. At higher charge
ratios, however, a higherFA value was advantageous.
Low FA values imply that the density of NH3+ groups
able to react with the negative phosphate groups of
the plasmid is high. As a consequence, the interaction
between the polymer and plasmid may be stronger.
The high degree of association may therefore be of
hindrance to the release of DNA after uptake into the
cells. Our studies illustrated that the importance of the
FA differed at high and low charge ratios. Thus, the
low FA may be of hindrance to the release of DNA at
high charge ratios.

The concentration of DNA was the fourth factor
of importance for the magnitude of expressed lu-
ciferase in the EPC cells. Increasing the concentration
from 0.5 to 2.5�g per well lead to an increase in
luciferase expression. This is a normal and expected
dose–response phenomenon. By a further increase in
the DNA concentration to 5�g per well, saturation in
the expression levels was observed (data not shown).

The other three formulation variables in the screen-
ing study, inclusion of a coacervation agent and the
pH and ionic strength of the buffer, were not important
for the transfection efficiency of the polyplexes. The
pH has previously been shown to be of importance for
the transfection of cells (Sato et al., 2001; Ishii et al.,
2001). The effect of both pH and the ionic strength,
however, may be hidden in our studies because the
polyplexes are added to the cells together with the cell
medium. The ionic strength and pH of the cell medium
may therefore over-run the effects from the formula-
tion itself. The content of coacervation agent (50 mM
in the plasmid solution) did not influence the transfec-
tion efficiency. In a more elaborated study, a further
increase in the concentration of the coacervation con-
tent in the plasmid solution (up to 100 mM) also did
not show enhanced transfection (data not shown).

4.2. The influence of the formulation variables on
the physicochemical properties of the polyplexes

4.2.1. Particle size
The formulation variablesFA, concentration of

DNA, pH, inclusion of a coacervation agent in the
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plasmid solution as well as the squared effect of the
charge ratio was positively correlated to the particle
size.

The degree of acetylation (FA) was positively cor-
related to the size of the polyplexes, as the size of
polyplexes increased when the degree of acetylation in
chitosan increased. Similar tendencies are described
by Koping-Hoggard et al. (2001). The number of
amino groups available for protonation and hence the
charge ratio of the polymer increases as the degree of
acetylation decreases, and a strong interaction with
DNA is possible. In the opposite situation with a high
FA, the interaction between the polymer and plasmid
may be weaker and larger particles are formed. An in-
crease in the content of acetylated groups in chitosan
also results in a stiffer and more extended polymer
chain (Anthonsen et al., 1993) that may contribute to
the increased particle size. Upon an increase inFA,
the concentration of chitosan must be increased to
obtain the desired charge ratio. At a constant DNA
concentration, the chitosan concentration in polyplex
5 is higher than in polyplex 0.5. Consequently, there is
a larger increase in the chitosan concentration in poly-
plex 5 compared to polyplex 0.5 upon increasing the
FA value. In our studies, where separate PLSR mod-
els for the three charge ratios were made (Table 4),
the weighted regression coefficient for the degree of
acetylation increased in magnitude as the charge ratio
increased from 0.5 to 5.

The average pKa of the amino groups in a chi-
tosan oligomer is about 6.5 (Anthonsen and Smidsrød,
1995), hence, the charge density of the polymer is also
reduced when the pH of the chitosan solution increases
from 5.5 to 7. Due to the reduced charge density of
chitosan at pH 7, a weaker interaction between the
DNA and chitosan is expected. As a result, the size of
the polyplexes increases as the pH increases.

The plasmid concentration was also positively cor-
related to the particle size, an increase in this formu-
lation variable therefore results in increased size of
the polyplexes. Increasing the concentration of DNA
is followed by an increase in the concentration of chi-
tosan to obtain the desired charge ratio, and this may
lead to an increased particle size. This is in accordance
with the studies ofMacLaughlin et al. (1998). They
found an increased particle size upon increasing the
DNA concentration in the chitosan–DNA complexes
for both polyplex 2 and polyplex 6.

Complex coacervation is a process of spontaneous
phase separation that occurs when two oppositely
charged polyelectrolytes are mixed in an aqueous so-
lution. The electrostatic interaction between the two
macromolecules results in the separation of a coac-
ervate (Leong et al., 1998). In order to increase the
phase separation, a coacervation agent (here, Na2SO4)
may be used in the preparation of polyplexes. In our
study, particles made by this method were generally
larger compared to complexes without a coacervation
agent. Similar studies have been performed byMao
et al. (2001). However, they did not find a significant
influence when they increased the content of Na2SO4
in the plasmid phase from 2.5 to 50 mM. It is impor-
tant to notify that their complexes were made under
different conditions and that polyplexes made without
a coacervation agent were not included in this study.

The charge ratio is a formulation variable often
varied when preparing polyplexes. Polyplex 0.5 and
polyplex 2 theoretically have a 1:2 and 2:1 ratio of pos-
itively charged amino groups (chitosan) to negatively
charged phosphate groups (plasmid), respectively.
This implies that charge of the complexes in theory
will be in the same distance from charge ratio 1, i.e.
charge neutrality. To give polyplex 0.5 and polyplex
2 equal influence, the charge ratio 0.5 was changed
to −2 during modelling. Then, the quadratic effect of
the charge ratios could be included and came out as a
significant factor. Smaller particles were observed at
higher values of (charge ratio)2, i.e. the further away
from charge neutrality. This is in accordance with ear-
lier studies performed on polyplexes (Mumper et al.,
1995; Erbacher et al., 1998; Mao et al., 2001).

The molecular weight was not found to be signif-
icant for the particle size in our studies. This is in
contrast to studies ofMacLaughlin et al. (1998). They
found the particle size to depend on the molecular
weight of chitosan and an increase in molecular weight
lead to an increase in the particle size. However, the
complexes were made under different conditions and
the degree of acetylation, varying from 0.11 to 0.2,
was not taken into consideration in this study.

4.2.2. Zetapotential
The zetapotential is, due to its measure of the par-

ticle charge, in theory only dependent on the positive
or negative charge of the polyplex. For this reason,
it is expected that only variables with an influence
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on the charge are significant for the response. In the
PLSR modelling of all the samples together, the charge
ratio and pH were the only significant formulation
variables.

The charge ratio is directly connected to the ze-
tapotential and a positive and negative charge ratio
consequently lead to a positive and negative zetapo-
tential. This is also shown by other groups (Mao et al.,
2001; Erbacher et al., 1998; Pouton et al., 1998). The
charge of the complex, however, is not only depen-
dent on the concentration of DNA and chitosan in the
polyplex. The pH of the buffer, in which the polymer
is dissolved, also plays an important role. The charge
density of chitosan is dependent on the pH. At pH
5.5–5.7, about 90% of the amino groups are proto-
nated (Mao et al., 2001). At a neutral pH the degree
of protonation is reduced, meaning that the actual
charge of the polyplex is different from the charge
of a polyplex of the same charge ration made at pH
5.5. As a consequence, the zetapotential of the poly-
plexes is reduced with an increased pH.Mao et al.
(2001) measured the zetapotential of chitosan-based
polyplexes and described a similar pH tendency.

Possibly, the effects of other formulation variables
are hidden due to the huge impact of the charge ratio
and pH on the response. An additional PLSR mod-
elling was performed on polyplex 0.5, polyplex 2
and polyplex 5 separately and the ionic strength of
the buffer now became significant. The ionic strength
influences the charge of the particles due to its effects
on the Debÿe–Huckel length parameter (1/κ). When
the ionic strength increases,κ increases. Thereby,
the electrical double layer is compressed and the ze-
tapotential decreases. As observed in our studies, the
particles become less negatively charged for polyplex
0.5 and less positively charged for polyplex 5. The
variable is not significant for polyplex 2, probably due
to an actual charge of the complexes close to zero.

4.2.3. Chitosan–plasmid association
Only the charge ratio could be distinguished as an

important formulation variable for the association ef-
ficiency as measured by the PicoGreen® assay and the
gel electrophoresis. The methods used are probably
not specific enough for formulation studies, as adding
different buffers and solutions to the polyplexes dur-
ing sample preparation complicates the analyses and
may hide effects. Nevertheless, studies like this are

important as information concerning the state of the
plasmid quickly can be gained.

5. Conclusion

The in vitro transfection efficiency was affected by
the polyplex charge ratio, by the DNA concentration
in the complexes as well as the molecular weight and
degree of acetylation of the chitosans. The highest
levels of luciferase expression in the EPC cells were
obtained with polyplexes made of SC113 (theoretical
charge ratio 10) and SC214 (theoretical charge ratio
3). All the formulation variables were of importance
for physicochemical properties of the chitosan-based
polyplexes. The fractional factorial design combined
with multivariate data analysis was thus a suitable tool
for effective formulation studies of polyplexes.
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