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In this study the relative importance of valence and charge density of the polycation chitosan on the compaction
process of DNA and xanthan is investigated. Chitosans with approximately equal valence but differing in their
charge density were employed to form polyelectrolyte complexes with the two polyanions. The resulting structures
(toroids, rods, and globules) have been visualized by AFM. For Bilitosan the complexation process was
additionally studied by utilizing the fluorescent probe ethidium bromide. The results show that not only the total
charge per chitosan molecule (valence), but also the charge density is important in determining the association
with polyanions such as DNA and xanthan. Furthermore, it is demonstrated that the pH at which the complexation
takes place is an important parameter in the complexation process, influencing the structures formed.

Introduction Table 1. Chitosans Employed for the Compaction Studies
term used for
Oppositely charged polyelectrolytes will upon mixing interact Fa ~DP identification
electrosltatically and form polyelectrolyte complexes (poly- 0.01 460 C(0.01, 460)
plexes)! a process that is promoted by an increase in entropy 0.49 1030 C(0.49, 1030)
due to release of counterioRd.This assembly process has <0.002 100 C(<0.002, 100)
recently received increasing interest due to its potential use in 0.49 250 C(0.49, 250)

gene delivery, as polycation-induced compaction of DNA is one
of the possible gene delivery routes under investigatibhe
structures resulting from the interaction of the polyions is often in the compaction process. Furthermore, the charge densities
described by a “scrambled-egg” model for flexible polyelec- of the chitosans have been varied by carrying out the complex-
trolytes? while stiffer polyelectrolytes such as DNA is capable ation at two different pH values, below and above the chitosan
of forming well-defined structural complexes such as toroids pKa (pKa of 6.3719. The chitosans employed are related to a
and rod$° Polyplex formation bears resemblance to the series of chitosans previously investigated with respect to their
solvent-induced polymer collapse, with the local intersegment potential as a carrier in gene delivéfyln order to further
interaction being induced by oppositely charged polyions. It understand the general aspects of polyelectrolyte complexation
therefore follows that the valence and structure of the polycation and in particular the influence of the polycation charge density
is important in the polycation-induced compaction of, e.g., and valence, this study also includes investigations of the
DNA.1°The binding constant has been reported to increase with complexation between xanthan and chitosan. Looking at the
the valence of the ligand binding to an oppositely charged compaction of DNA from a general perspective can be of help
polymer (from logKqns = 0.26 at valence of 2 to lo&ops = to understand the polyelectrolyte complexation process per se,
0.77 at a valence of 18}.The importance of charge has also which is also of importance for the improvement for polycation-
been emphasized in a number of transfection studies, with based gene delivery systems.
increased transfection efficiency following a reduction of the
number of positive chargés.

Chitosan is derived by deacetylation of the naturally occurring

polysaccha_ride chitin. Due_to its biodegradability, c_hitosan is Biopolymer Samples The plasmid DNA pBR322 (4363bp, Bang

now emerging as a polyqatlon for non-viral gene delivery? . Mannheim) was used for all AFM studies. For the additional size
The charge density of chitosan can be controlled by the fraction a5 rements and Ethidum Bromide fluorescence measurements, the
of deacetylated units along the chain and offers a way to control jinear calf thymus DNA €10 kbp, D-1501, Sigma Aldrich) was
the interaction with polyanions. In this study the influence of employed. Xanthan\., 5 x 10fg/mol) was purified from a fermenta-
charge density on the complex formation is investigated in two tjon broth (Statoil, Bioferm, Norway¥ Two different sets of chitosans
ways. A set of chitosans with the same valence but differing in were employed (kindly provided by Dr. Sabina Strand, Dept. of
their charge densities have been employed to address theBiotechnology, NTNU). Each set consists of two chitosans with
question whether the polycation valence is the important approximately equal valence (charge per polymer chain) but differing
parameter to control, or if also the charge density plays a role in their degree of acetylation £F; thus providing chitosans of different
charge densities. The two sets of chitosans differed in the degree of
polymerization (DP), one set representing chitosans with a high DP,

Materials and Methods
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59 77 10. E-mail: bjorn.stokke@phys.ntnu.no. while the other set of ghito§ans had alow DP. The detaiis of the c_hitos_an
T The Norwegian University of Science and Technology. samples are summarized in Table 1. The DNAs were dissolved in Tris-
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Figure 1. Tapping mode AFM topographs of pDNA—chitosan complexes employing a set of high degree of polymerization chitosans with
different charge density but approximately equal total valence. The compaction has been carried out at two different pHs and different charge
ratios, with the compaction conditions being (A) C(0.01, 460) 150 mM pH7.4 k= 0.9; (B) C(0.01, 460) 150 mM pH7.4 k = 6; (C) C(0.01, 460)
150 mM pH5.5 k = 0.9; (D) C(0.01, 460) 150 mM pH5.5 k = 6; (E) C(0.49, 1030) 150 mM pH7.4 k = 0.9; (F) C(0.49, 1030) 150 mM pH7.4 k
= 6; (G) C(0.49, 1030) 150 mM pH5.5 k = 0.9; (H) C(0.49, 1030) 150 mM pH5.5 k = 6.

MQ-water, all to a stock solution of 1 mg/mL. The polymers were the fluorescence intensity of DNAEtBr before addition of chitosan

further diluted in ammonium acetate (WAL) at an ionic strength of without subtracting the background fluorescence.

150 mM (DNA compaction studies), pH 5.5 or pH 7.4, or ionic strength Size MeasurementsThe sizes of the polyelectrolyte complexes were

of 5 mM, pH 5.5 (xanthan compaction). measured by employing dynamic light scattering (Zetasizer Nano,
Complex Formation Studied by AFM Imaging. Complexes were Malvern Instrument). Two independent samplegyfc= 5—10 ug/

formed by adding the chitosan solution to the polyanion solution (equal mL) were measured with a minimum of three parallel runs of each

volumes) yielding a final polyanion concentration of-3 ug/mL. sample. The data were analyzed both in termg-aferage size and

Complexation was carried out at a charge rati(k) of 0.9 and 6 for number-average size.

DNA—chitosan and = 3 for xanthar-chitosan. The charge ratio was

calculated as the ratio between the number of amine groups on chitosan

(adjusted for pi and the number of negatively charged groups on Results

the polyanion. The complexation process was allowed to proceed for o ) )

30 min before samples for AFM imaging were prepared. AFM samples ~ Characterization of DNA—Chitosan Complexes High DP

were prepared and imaged by tapping mode AFM (Digital Instrument Chitosans.Two chitosans with high degree of polymerization

Multimode llla) in air as described previous§The AFM topographs  (high DP) and equal valence (charge per polymer chain); C(0.01,

were subject to quantitative analysis, based on the calculation of a shapet60) and C(0.49, 1030) were chosen to investigate whether the

factor, the asphericity index, for each structure in the topogréphs. charge density (determined by tRg) or only the cation valence

Several topographs were included in the analysis of distribution of is important in determining the complexation behavior upon

morphologies and their dimensions with a number of complexes mixing with a polyanion such as DNA. Measurements of the

observed by AFM for each preparation conditions included in the zaverage and number average diameter of the polyplexes

analysis being in the range 50 to 250. utilizing dynamic light scattering revealed in general no large
Ethidium Bromide Exclusion Assay. The complexation of DNA differences when employing the chitosans C(0.01,460) and

with the different chitosans was studied by the ethidium bromide C(0.49, 1030) to compact DNA at the two different pHs (data

fluorescence assay. Ethidium bromide (EtBr, Sigma Aldrich) is a pot shown). One exception was the DNA&(0.49, 1030)

_fluoresce_nt p_robe whose quorgscence quan.tum yield is increasgd “porbomplexes formed at pH 5.% = 0.9, where the diameter of

intercalation into the DNA_ helizt Condensat_lon of DNA results in a the polyplexes was found to greatly exceed that of the other

decreased fluorescence signal, as the EtBr is expelled from the-DNA systems.

EtBr complex. EtBr was added to the DNA solution/&mL) to yield . . .
one dye molecule for every second DNA base pair. The fluorescence However, as re_ported previousiyDNA compagtlon with
hitosans results in a blend of structures: toroids, rods, and

was measured in 1.5 mL cuvettes using a Spex Spectramate FIuoroIogC ) . .
(Spex Industries, Inc., Metuchen, NJ). The excitation wavelerigth globules, with the relative amounts of the different structures

was 511 nm, and the emission spectrum was recorded up to 700 nm depending on the actual chitosan, charge ratio, and solution
A measure of the fluorescence intensity was obtained from the spectrumProperties like pH and ionic strength. The complexation behavior
by calculating the average intensity within the wavelength intervat595 ~ Of the chitosans was therefore further investigated by visualiza-
610 nm. The compaction of DNA by the different chitosans was tion by AFM. As illustrated in the AFM topographs (Figure 1),
investigated by recording the fluorescence signal following stepwise the structures resulting from the complexation depended on both
addition of chitosan at time intervals ef15 min. In reporting the the pH and the charge ratie-J. For the high DP chitosan pair,
titration curves, the fluorescence intensity was normalized relative to at high pH, the chitosan C(0.49, 1030) was able to Compac&g%



1126 Biomacromolecules, Vol. 8, No. 4, 2007 Maurstad et al.

DNA into rods, a few toroids and additionally globular structures
(pH 7.4) at both charge ratiok & 0.9, 6, panels E and F,
respectively, of Figure 1). In contrast to this, the chitosan C(0.01,
460) resulted in mainly globular structures at both charge ratios
(pH 7.4), with the globules tending to aggregate.k&t 0.9
(Figure 1A) some of the globules/aggregates were found to
possess a “hairy” shell of polymer surrounding the complexes.
For k = 6 (Figure 1B) a few rodlike structures could also be
observed; however, at this compaction condition the structures
were dominantly small globules.

When the pH was reduced to 5.5, the apparent efficiency of
the high DP chitosans to induce complexation also changed.
At this pH neither of the high DP chitosans were able to fully
compact the DNA when employing a charge ratiokof 0.9
(Figure 1C,G), a charge ratio that induced complexation to well-
defined structures at pH 7.4. In addition to having DNA chains
protruding from the structures, uncomplexed DNA could also
be observed. Increasing the charge rati@ te 6, the chitosan
C(0.01, 460) compacted DNA into rods and globules, as well
as some toroids, with a very small inner radius (hole) (Figure
1D). Similar to compaction with this chitosan at pH 7kd=
0.9 (Figure 1A), some of the structures observed at this condition
were surrounded by a brushy polymer layer. At this high charge
ratio also C(0.49, 1030) compacted DNA into well-defined
structures, mainly toroids and rods, and hardly any globular
structures at all (Figure 1H). In this case the inner radii of the
toriods were much larger than observed when employing C(0.01,
460) (Figure 1D).

Characterization of DNA—Chitosan Complexes Low DP
Chitosans. The complexation behavior was also studied for
another pair of chitosans with approximately equal valence but
low DP, namely the chitosans €0.002, 100) and C(0.49, 250).
For this pair of chitosans, the complexation with DNA was
carried out only at pH 7.4 and at a charge rati& ef 6 (Figure
2). Neither of the chitosans resulted in toroidal complexes when
mixed with DNA at this condition. The chitosan €0.002, 100)
compacted DNA into globules and rods (Figure 2A), while
complexation of DNA with C(0.49, 250) resulted predominantly
in globular structures, with the appearance of a few rodlike rigyre 2. AFM images of pPDNA—chitosan complexes employing a
complexes (Figure 2B). set of low DP chitosans with different charge density but ~equal total

Quantitative Analysis of DNA—Chitosan ComplexesHigh valence. The compaction conditions being (A) C(<0.002, 100) 150
DP Chitosans. The DNA—chitosan structures were classified ™M PH7-4 k= 6; (B) C(0.49, 250) 150 mM pH7.4 k = 6.

into four different groups depending on their asphericity index. .
Toroids were defined to have ah = (0.2-0.35) with the formed only when C(0.49, 1030) was employed for compaction.

additional criteria of a visible height minimum in the center Although compaction of DNA with C(0.01, 460) resulted in
and rods were defined to hate> 0.5. Due to tip-convolution, some linear com_ple>_<es, analy3|s reve_aled that thls_chltosan, at
globular structures are not found at the ideal valué\c 0, both charge ratios mvestygated, mainly .resulted in globular
but coexist in the same region as the toroids, and this group Structures upon complexation with DNA (Figure 3). For DNA
was therefore defined as structures with< 0.35, excluding C(0.49, _1030) complexes_, globular structures were also found
toroids. The remaining structures, not being classified as eithert0 constitute a large fraction of the structures at a charge ratio
of the above, were categorized as “others.” To this group of k= 6.
belonged mainly two different types of structures: aggregates For the conditions where comparison was possible, it was
of globules, as well as small aggregates with a not well-defined found that the width of the height distribution was broader for
shape. The toroids and rods were further analyzed to give heightthe linear structures formed by compaction with chitosan with
and contour length distributions of the structures. high Fa (0.49) compared to the loWwa chitosan (Table 2). The

Since DNA was not fully compacted at a charge ratio of 0.9 width of the height distribution is here defined as the width
at pH 5.5, this condition was not subject to any analysis. between the fifth and 95th percentile. For the one condition
Analysis of the polyplexes formed at a charge ratie 6, pH where both chitosans produced an analysable fraction of toroids
5.5, showed little difference between C(0.01, 460) and C(0.49, (pH5.5,k = 6) the C(0.49, 1030) resulted in a narrower height
1030) when it came to the relative amount of different structures distribution than C(0.01, 460) (4.7 nm compared to 8.5 nm
(Figure 3A). respectively).

Increasing the pH to 7.4, both chitosans were found to  Quantitative Analysis of DNA—Chitosan Complexes Low
compact DNA to well-defined structures at both of the employed DP Chitosans.For the second pair of chitosans (3.002, 100)
charge ratios (0.9 and 6). However, in both cases toroids wereand C(0.49, 250)), neither resulted in any toroidal compleéfﬁl
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Figure 3. Comparison of the amount of different structures formed when chitosans of different charge densities but approximately equal valence
has been employed to compact pDNA.

Table 2. Width of Height Distributions for Compacted been taken as a relative measure of the interaction strength, with
DNA—Chitosan Structures, Calculated as the Width between the higher charge ratios indicating lower interaction strengths.
fifth and 95" Percentile . . .
Comparison of the different chitosans revealed that they had
charge toroids? rods different efficiencies in expelling the EtBr from the DNA helix,
chitosan pH _ ratiok  (width,nm) (width, nm) and that this also depends on the DP of the chitosan (Figure 4).
C(0.49, 1030) 5.5 6 4.7 5.9 The slope of the relative fluorescence intensity with increasing
7.4 0.9 14.0 7.0 charge ratio as chitosan is titrated to DNA and & ratio at
7.4 6 6.0 85 which the fluorescene intensity reaches a plateau value (referred
C(0.01, 460) 5.5 6 8.5 4.7 to as the transition charge ratio) are used to compare the
7.4 6 - 4.9 compaction efficiency of the different chitosans (Table 3). Both
C(0.49, 250) 74 6 - 7.6 values give an indication of the relative association constants
C(<0.002, 100) 7.4 6 - 6.0 between DNA and the chitosans, with steep slope and low
aThere was not an analysable fraction of toroids for all conditions. transition charge ratio indicating a strong association.

For the low DP chitosans, both the slope and the transition
when mixed with DNA at the condition investigated (150 mM, charge ratio was approximately the same at the low pH (Table
pH7.4,k = 6) (Figure 3D). For DNA-C(<0.002, 100) the 3), while the chitosan with the loweBh, C(<0.002, 100), was
resulting complexes were found to fall into the categories rods most efficient in expelling EtBr at the high pH (Figure 4A),
and globules, with approximately equal amount of the two types having a steeper slope (0.43) compared to C(0.49, 250) (slope
of structures. Hardly any rods were observed when employing ©f 0-26). Both the slope and the transition charge ratio for which

C(0.49, 250) for the DNA compaction, compaction with this & minimum fluorescence intensity was reached indicate that in
chitosan resulted in predominantly globular structures. the low DP chitosan pair, the binding is strongest between DNA

. . o . . and the chitosan with the highest charge densitys@Q02,
The width of the height distribution was also for this pair of 100).

chitosans found to be broader for the linear structures formed
Ié)_ly_/ag?emgactlon with high k- (0.49) compared to the lowa- 5.5, the lowest charge ratio for which a plateau of minimum
) fluorescence intensity was reached was observed when employ-
DNA—Chitosan Compaction Monitored by EtBr Fluo- ing the chitosan C(0.49, 1030) (Table 3). Both chitosans have
rescence Displacement of EtBr from its intercalated position a steeper slope at the low pH than the high, reaching the plateau
within the DNA associated with the DNAchitosan interaction value at a smaller charge ratio at pH 5.5 than at pH 7.4 (Table
was used to determine relative interaction strength of the 3). Hence, common for both high DP chitosans are that they,
chitosans with DNA. Titration curves like this have been as measured by the fluorescence assay, are more efficient at
employed to deduce the association constafitand the charge  compacting DNA at the low pH (5.5) as compared to the high
ratio required to achieve a minimum fluorescence signal has pH (7.4). At the high pH, the transition charge ratio at wthV

For compaction of DNA with the high DP chitosans at pH
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Figure 4. Titration curves when the different chitosans were titrated
to a solution of EtBr and DNA. The DNA employed was the calf
thymus DNA, and the experiments were carried out in 150 mM
ammonium acetate pH 7.4. (A) Titration of the set of low DP chitosans
and (B) titration of the set of high DP chitosans.

the plateau value is reached is above 7 for both chitosans,
indicating that even at this charge ratio the DNA is not fully
compacted. Similar to pH 5.5, at pH 7.4 the chitosan C(0.49,

Maurstad et al.

Table 3. The Charge Ratio at Which the Relative Fluorescence
Intensity Reaches It Plateau Value (Transition Charge Ratio) as

Well as the Slope of the EtBr Titration Curve below k = 1.0 for the

Titration of Chitosan to DNA

chitosan pH transition charge ratio  slope, k (/(0, 1.0))
C(0.49, 1030) 55 ~1.5-2 0.48
C(0.49, 1030) 7.4 >7 0.31
C(0.01, 460) 55 ~4 0.22
C(0.01, 460) 7.4 >8 0.20
C(0.49, 250) 55 ~2 0.40
C(0.49, 250) 7.4 >8 0.26
C(<0.002,100) 5.5 ~1.5 0.44
C(<0.002,100) 7.4 ~0.5 0.43

association between DNA and high DP chitosans is stronger
for the chitosan of low charge density, C(0.49, 1030).
Xanthan—Chitosan Complexes.Xanthan compacted with
C(0.49,1030) resulted in similar structures as those observed
previously for xanthan compactidAwith a fraction of toroids
of 0.25 and additionally a number of other structures, referred
to as metastable structures, characterized by loops, such as
racquets (Figure 5). When C(0.01, 460) was employed to
compact xanthan, the fraction of toroids increased to 0.52,
concomitant with a decrease in the fraction of metastable
structures. Analysis of the toroidal fraction furthermore showed
that the toroids formed between C(0.01, 460) and xanthan were
thicker (3.8+ 1.6 nm,N = 117) than those formed between
xanthan and C(0.49, 1030) (20 0.6 nm,N = 193), Figure
6A. The toroids formed by xanthan compacted by C(0.49, 1030)
were found to have an average contour length of 252 nm.
For xanthan-C(0.01, 460) the contour length took a broader
distribution, extending from~200 nm to 456-500 nm (Figure
6B). This could also be observed in the AFM topographs where
it appeared to be two distributions of toroids in terms of their
apparent diameter.

Discussion

Polyelectrolyte complexation is of importance in a number

1030) gives rise to a steeper slope in the fall of fluorescence of areas, and understanding the parameters influencing the
intensity than C(0.01, 460), Figure 4B, indicating that the complexation process is therefore of interest. This study

Figure 5. AFM images of chitosan compacted xanthan, employing two different chitosans with different charge densities but approximately
equal valence, with the compaction being carried out at 5 mM pH5.5 and a charge ratio (chitosan/xanthan) of 3. (A) Compaction with the

chitosan C(0.01, 460) and (B) compaction with the chitosan C(0.49, 1030).
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o

addresses the relative importance of polycation charge density

and total valence in the complexation of oppositely charged
polyions. This has been carried out by studying the complexation
of different polyanions (xanthan and DNA) with chitosans of

different charge densities and approximately equal valence.
From the present EtBr and AFM data, it is found that the valence
is not the only important parameter determining the formation
of polyelectrolyte complexes. The charge density of the poly-
cation is also an important parameter, influencing both the

apparent interaction strength as well as the type of morphologies

Biomacromolecules, Vol. 8, No. 4, 2007 1129

oppositely charged polymer has been shown to depend upon
the valence of the ligan¥:11 It has also been shown that the
number of positive charges is important for the efficiency of
polycations as gene delivery vehick€81t has been suggested
that a lower density of amino groups in chitosans of decreased
Mw or lower degree of deacetylation (i.e., higlkay) could lead

to weaker association between DNA and chito%&i?’Studies
employing synthetic copolymers with varying charge densities
have reported that the interaction strength with DNA increase
with increased charge density of the copoly#farhile chemi-

cal modification to decrease the charge density of pelysine
reduced the capacity of polHysine to induce DNA condensa-
tion.2% One of the driving forces of polyelectrolyte complexation
is the release of counterions from the polyaripolycation pair,
increasing the entropy of the systémlin this perspective,
increasing the charge density of the polycation, more counterions
can be released per polycation chain binding to the polyanion
increasing the entropy of the system leading to a stronger
binding. This is in accordance with NMR studies of the
interaction between DADMAC-AA copolymers and PSS, where
DADMAC-AA copolymers with higher charge density were
found to restrict the positions of the counterions to a large
degree, thus offering larger entropy gain when releasing them
into solution3® Monte Carlo simulation studies have also shown
that a reduction in linear charge density of a polyelectrolyte
reduced the capacity to condense macrofns.

Increasing the chain length of the chitosan, the influence of
the charge density is changed. Contrasting the two high DP
chitosans investigated here, C(0.01, 460) and C(0.49, 1030),
the EtBr fluorescence assay show that C(0.01, 460) is less
efficient in expelling EtBr from the DNA helix than C(0.49,
1030). The titration curves obtained for the two chitosans
therefore indicate that, at both pHs investigated, the interaction
between DNA and C(0.01, 460) is weaker than that between
DNA and C(0.49, 1030). For high molecular weight chitosan,
the present data suggest that increasing the charge density
(decreasedrF,) leads to a decreased affinity between chitosan
and DNA. This is evident in the EtBr-assay where a reduction
in Fa results in less EtBr being expelled (i.e., higher residual
fluorescence level). Hence, for high DP chitosans, the increased
release of counterions following from increased charge density,
appear to be of less importance than for low DP chitosans. It is
likely that the restriction of the polycation chain upon com-
plexation becomes more important, giving rise to different
complexation behavior than for the low DP chitosan pair.

It has previously been shown that the toroid represent a low

of the structures formed. However, the charge density cannot€nergy state of the xanthashitosan complexe¥. Assuming
be viewed as an independent parameter, as its influence on thdhis is a general behavior for xanthachitosan systems, the

compaction process appears to be connected with the chairincreased fraction of toroid_s qbserved with C(0.0l,. 460) as
length (DP) of the polycation. More specifically at high pH (7.4), compared to C(0.49, 103Q) indicates tha_t the folrmer.mduces. a
it is found that for the low DP chitosans the interaction strength More stable state. The increased toroidal height is also in
is strongest for the high charge density chitosan<(@(02, accordance with previous studies of xanthahltosqn com-
100)). Increasing the DP of the chitosans results in the low Plexes and the kinetically stable state. This might be an
charge density chitosan (C(0.40, 1030)) binding stronger to DNA indication of thg interaction strength betyveen xar)than and
than the chitosan of high charge density. The data therefore C(0.01, 460) being smaller, and thereby this xanthelmitosan
clearly show that there is interplay between the charge density, System is not trapped in metastable states to the extent the
total valence and DP. Furthermore, the AFM data, when Xanthan-C(0.49, 1030) system is. This is in support of the
compared with the EtBr data, is in the following suggested to hypothesis presented above for the DNehitosan studies.
provide information about how a high interaction strength (low  The second approach to changing the charge density of

pH) can contribute to a kinetic trapping of structures.

For the pair of low DP chitosans in this study, we find that
the chitosan with highest charge density<0(002, 100), binds
stronger to DNA than C(0.49, 250). This is in accordance with

chitosan is to study the complexation at different pHs. Decreas-
ing the pH from 7.4 to 5.5 increased the chitosan induced
displacement of EtBr from DNA for both C(0.49, 1030) and
C(0.01, 460). On the basis of the EtBr assay the binding between

literature, where the binding constant between a ligand and anDNA and chitosan is therefore believed to be stronger at |0&/6(/
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pH, as could be expected from the increased degree of ionizationSaeterbg in carrying out some of the experiments is gratefully

of chitosan at low pH. This is in accordance with another study,
where the ionization of a weakly charged synthetic polymer
(DMAEMA) has been changed by changing the solution pH
during complexation with DNA. The study concluded that the
increased charge density resulting from a lowering of pH leads
to greater binding affinities between the DMAEMA polymer
and DNA33 AFM imaging showed that at a charge ratiokof

0.9 (£), DNA chains can be seen protruding from the complexes
at the low pH (5.5) for both investigated chitosans. Since the
EtBr assay indicates that the affinity between DNA and chitosan
is larger at this pH than at pH 7.4 where complexes with fully
condensed DNA are observed, it is likely that the complexes at

pH 5.5 represent complexes where the interaction traps the DNA

before it is able to fully relax into a compacted form.
Furthermore, a charge ratik (£) of 0.9 may not be
sufficiently large to result in fully compacted DNA. It has

previously been reported that a 90% charge neutralization is

necessary for DNA condensatiéhThe AFM studies also show
that at a higher pH (7.4) DNA is fully compactediat 0.9, in

accordance with previous studies. However, it has also been

suggested that polycations such as chitosan will undergo
protonation in the presence of polyanions. At pH 7.4, above
the pKa of chitosad?18 only a few of the amine groups are
protonated, thus a large excess of chitosan is needed to reach
charge ratio of 0.9. If chitosan is being protonated in the
presence of DNA, the equilibrium will be shifted so that the
actual charge ratio is higher than 0.9. This in turn might result
in DNA being fully compacted at the low charge ratio only at
the high pH and not at the low, where all potential groups are
protonated, leaving no potential to increase the actual charg
ratio in the polyplex solution.

Conclusion

Chitosan is one potential polycation for gene delivery
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