
New Insights into Chitosan-DNA Interactions Using Isothermal
Titration Microcalorimetry

Pei Lian Ma,† Marc Lavertu,† Françoise M. Winnik,*,‡ and Michael D. Buschmann*,†

Department of Chemical and Biomedical Engineering, Ecole Polytechnique de Montréal, P.O. 6079 Succ.
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The interaction of chitosan with plasmid DNA was investigated as a function of pH, buffer composition,
degree of deacetylation (DDA), and molecular weight (Mn) of chitosan, using isothermal titration
microcalorimetry (ITC). The Single Set of Identical Sites model was used to obtain the enthalpy of interaction,
the binding constant, and the stoichiometry of binding. The chitosan-DNA interaction was shown to be
coupled with proton transfer from the buffer to chitosan, as revealed by the dependence of the measured
heat release on the ionization enthalpy of the buffer. The measured enthalpy of binding was almost entirely
due to proton transfer, because it was accounted for by the enthalpy of ionization of the buffer and of
chitosan once the number of protons transferred was calculated. This proton transfer during binding resulted
in the protonation of an additional 17, 37, and 58% of total glucosamine units at pH 5.5, 6.5, and 7.4,
respectively. The strong polyanionic nature of DNA facilitates the ionization of glucosamines of chitosan upon
complexation and is responsible for proton transfer. Interestingly, using the chitosan-DNA stoichiometry provided
by ITC and the calculated degree of ionization of chitosan in the complex, the charge ratio of protonated amines
to negative phosphate groups in the complex was nearly constant at 0.50-0.75 after saturation and was independent
of the pH, buffer type and chitosan molecular characteristics. The chitosan-DNA binding constant was in the
range of 109-1010 M-1. The binding constant was pH-dependent and was greater at lower pH due to increased
electrostatic attraction to DNA when chitosan is highly charged. Furthermore, the DDA and molecular weight of
chitosan exerted a great influence on binding affinity which increased by almost an order of magnitude with an
increase of the latter from 7 to 153 kDa. The binding affinity did not change significantly with DDA from 72 to
80% when the Mn was kept constant near 80 kDa, but it increased substantially with DDA from 80 to 93%
to reach a value similar to that obtained with chitosan of Mn ) 153 kDa and 80% DDA. These results
provide insight into the previously reported dependence of the transfection efficiency of DNA/chitosan
complexes on chitosan DDA and molecular weight, where complex stability and chitosan-DNA binding
strength play a critical role.

Introduction

Chitosan is a biodegradable and biocompatible polysaccharide
prepared by alkaline deacetylation of chitin found in the shells
of crustaceans. It is a linear cationic polyelectrolyte composed
of D-glucosamine and N-acetyl-D-glucosamine linked by �(1,4)-
glycosidic bonds. The glucosamine monomer fractional content
is defined as the degree of deacetylation or DDA. First
investigated as a carrier for plasmid DNA by Mumper et al.,1

chitosan has shown great potential for gene delivery. Chitosan
forms complexes with DNA primarily through electrostatic
interactions between the protonated glucosamine units of
chitosan and the negatively charged phosphate groups of DNA.
Interactions that involve a weak polybase, such as chitosan, are
influenced by the solution pH, due to the low intrinsic pKa

(∼6.7)2 of the amine group in the glucosamine units. Typically,
DNA/chitosan complexes are prepared in acidic aqueous
solutions,3-6 where chitosan is highly ionized. However, in some
studies, the complexation process was carried out in aqueous

solutions of pH 7.0-7.4,5-7 where chitosan is only partially
ionized. In addition to solution pH, the DDA and molecular
weight of chitosan influence the physicochemical and biological
properties of chitosans and the transfection efficiencies of DNA/
chitosan complexes.8-11 Recently, high levels of transgene
expression of plasmid DNA/chitosan complexes were reported
using chitosans with specific DDA and molecular weight, whose
optimal values depend on the ratio of chitosan amine to DNA
phosphate groups.11 High transgene expression levels were
achieved by simultaneously lowering the chitosan molecular
weight and increasing the DDA or by lowering the DDA and
increasing the molecular weight. This coupling between the
DDA and the molecular weight of chitosan suggests that an
optimal binding strength of chitosan to DNA is required for
maximum transgene expression, namely, it should be strong
enough to condense and protect DNA, but weak enough to
permit intracellular disassembly. The dependence of transfection
efficiciency on the structure of the polycation and on the balance
between complex stability and dissociation emphasizes the need
to obtain quantitative information on the binding properties of
DNA with polycations such as chitosan.

Several techniques have been applied to characterize DNA/
polycation complexes, including electrophoretic analysis, zeta
potential measurements, dynamic light scattering, ethidium
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bromide displacement assay, and microscopy.5,12 Recently,
isothermal titration calorimetry (ITC) has been used to
determine the binding constant, enthalpy of complex forma-
tion and the stoichiometry of binding of DNA with cationic
polymers, such as polyethyleneimine (PEI), poly-L-lysine
(PLL), poly(2-(dimethylamino)ethyl methacrylate) (PDMAE-
MA), poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA),
and poly(glycoamidoamine).12-20 ITC has also been used to
study the effect of solution pH on the DNA-polycation
complexation.12,21 For example, higher binding constants
between DNA and PDMAEMA at low pH were reported due
to higher degrees of ionization of the polycation.12 However,
there are no studies reporting quantitatively the thermody-
namic parameters that characterize the chitosan-DNA in-
teraction and examining how this interaction is influenced
by solution pH, buffer type, and chitosan molecular charac-
teristics. In general, ITC has been particularly useful to
investigate binding events where protonation changes occur,
as in protein-DNA interactions.22 However, there is a lack
of systematic studies exploiting this proton transfer effect in
polycation-DNA interactions. By using buffers with different
protonation enthalpies and at a single solution pH, Ehtezazi
et al. demonstrated that the interaction of DNA with poly(bis-
acryloylpiperazine-2-methyl-piperazine) induces a proton
transfer from the buffer to the polycation, resulting in a
change of the ionization degree of the buffer and of the
polymer upon interaction with DNA in a stoichiometric
charge-charge fashion.14 Similar findings exploiting this
protonation effect were reported by Choosakoonkiang et al.
for the DNA/PEI system at variable pH,21 although no clear
relationship was derived between the solution pH and the
number of protons transferred to PEI. These studies benefited
from the fact that protonation or deprotonation of the
interacting species will contribute to the total enthalpy change
in proportion to the number of protons exchanged with the
buffering system.23 Recently, the interaction of DNA with
poly(glycoamidoamine)s was found to be exothermic after
eliminating the energy of buffer ionization from the observed
binding enthalpy.17,18 The negative enthalpies were attributed
tentatively to the formation of hydrogen bonds in the
complexes.17 These studies all point to the fact that the heat
associated with the protonation changes of the polycation,
in addition to that of the buffer, can contribute significantly
to the observed total enthalpy of binding but has often been
omitted. This can lead to possible misinterpretation of the
intrinsic binding enthalpy and, consequently, of the nature
of the interactions, after only subtracting the ionization
enthalpy of the buffer.

In the study reported here, we hypothesized that chitosan
binding to DNA would induce proton transfer from the buffer
to chitosan and increase the degree of ionization of chitosan in
the bound state, compared to its free and soluble state. A detailed
analysis of the different protonation events allowed us to assess
the contribution of the buffer ionization and the protonation of
chitosan to the observed total enthalpy of binding. We calculated
the ionization state of free and bound chitosan in the different
buffer systems and at different solution pH (below and above
the pKa of chitosan). In addition, the chitosan-DNA binding
constant and the number of chitosan chains bound per plasmid
DNA were determined by fitting ITC data to a standard model.
The stoichiometry of binding together with the degree of
ionization of bound chitosan enabled the calculation of the
charge ratio of the complexes at saturation of the binding sites.
Furthermore, a series of chitosans previously investigated for

their potential as gene delivery vectors was assessed in order
to understand the effect of the DDA and molecular weight of
chitosan on the chitosan-DNA interaction.

Materials and Methods

Materials. The 6.4 kb plasmid EGFPLuc (Clontech Laboratories)
encodes for a fusion of enhanced green fluorescent protein and luciferase
from the firefly Photinus pyralis, driven by a human cytomegalovirus
(CMV) promoter. This plasmid was amplified in DH5R bacteria and
purified using the Qiagen Plasmid Mega Kit. The plasmid purity and
concentration were determined by UV spectrophotometry as previously
reported.11 A stock solution of DNA (0.33 mg/mL) was prepared in
deionized water and stored at -20 °C before use. Ultrapure heteroge-
neously deacetylated chitosans (Ultrasan) with DDA of 72, 80, 93, and
98% were provided by Biosyntech Inc. (Laval, Qc, Canada) and were
previously depolymerized by Lavertu et al.11 using nitrous acid to
achieve specific number-average molecular weight (Mn) of about 7,
80, and 153 kDa. Table 1 summarizes the Mn and polydispersity index
of chitosans measured by analytical SEC11 as well as the DDA
determined by 1H NMR24 and the calculated number of glucosamine
units per chain of chitosan. For the binding study between DNA and
chitosan, a chitosan stock solution of 5 mg/mL was prepared by
dissolving the sample overnight on a rotary mixer in hydrochloric acid/
deionized water using an HCl/glucosamine ratio of 1. Because chitosan
powder is hygroscopic, the water content was determined by drying it
at 60 °C for two days using a heated centrifugal vacuum concentrator
(Savant Speedvac, model SS110). Taking into account the water content
that varied from 8 to 14% (wt/wt), the corrected concentration of
chitosan stock solution was between 4.3 to 4.6 mg/mL. For tests
characterizing the enthalpy of protonation of chitosan without any DNA
present, a chitosan stock solution of 0.88 mg/mL (after correction for
water content) was similarly prepared using an HCl/glucosamine ratio
of 0.85.

pH and Ionic Strength Adjustment of Solutions. For ITC analysis
of chitosan binding to DNA, the chitosan stock solution was diluted
with a buffer to reach a concentration of glucosamine units between
0.708-0.758 mM, corresponding to 1.01-20.6 µM of chitosan
depending on Mn or 123-176 µg/mL of chitosan depending on the
DDA. The DNA stock solution was diluted with the same buffer to a
constant concentration of 0.120 mM in phosphate or nucleotide units
(9.42 nM or 39.6 µg/mL of DNA), using an average molar mass of
330 g/mol per nucleotide. The following buffers were used: 10 mM
sodium acetate buffer at pH 5.5, 5 mM sodium phosphate buffer at pH
6.5 and 7.4, 25 mM MES buffer at pH 5.5, 6.5, and 7.4, 25 mM MOPS
buffer at pH 6.5 and 7.4, 5 mM piperazine buffer at pH 5.5, and 10
mM Tris-HCl buffer at pH 7.4. They were used at a pH close to their
pKa and buffer concentrations were selected to maintain buffering
capacity and reduce specific ion effects. The total ionic strength of the
buffers was kept constant at 25 mM by adding NaCl. This ionic strength
was chosen to obtain an ITC profile without excessive salt screening,
particularly when the heat of interaction is low. Table 2 summarizes
the composition and the enthalpies of ionization of the buffers. The

Table 1. Molecular Characteristics of the Chitosans Studied

DDA (%) Mn (kDa) Mw/Mn glucosamine units/chitosana

72 86 3.5 358
80 7.4 1.3 35
80 94 2.1 443
80 153 1.6 721
93 80 1.5 455
98 79 1.6 479

a The number of glucosamine units per chain of chitosan was calculated
by Mn ÷ Mmonomer × DDA. Mmonomer is the average molar mass of the
chitosan monomer and was calculated by 161.2 DDA + 203.2 (1 - DDA),
where 161.2 and 203.2 are the molar mass (g) of the glucosamine unit
and N-acetylglucosamine unit, respectively.
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absence of phase separation in these dilute chitosan solutions (80%
DDA, 94 kDa) even at pH 7.4 was confirmed by subjecting the samples
to ultracentrifugation (65000 rpm, 30 min) and measuring the concen-
tration of chitosan in the supernatant by the Orange II depletion
method.25 The concentration of soluble chitosan in the supernatant was
unchanged in the pH range of 5.5-7.4.

Degree of Ionization of Chitosan. The ionization state of chitosan
in each buffering system was obtained numerically using a mathematical
model of solution electroneutrality and acid-base equilibria, imple-
mented with Mathematica (Wolfram Research, Champaign, IL). The
proton dissociation of the buffer (HAz / Az-1 + H+) is given by

pKa
buffer ) pH + log10

[HAz]

[Az-1]
(1)

Based on a model previously developed,2,29 the proton dissociation
equilibrium of the glucosamine monomer of chitosan in the mean field
approximation is given by

pKap ) pH + log10( R
1 - R) ≈ pK0 -

eψ|r)a

kT ln 10
(2)

where pKap is the apparent proton dissociation constant of chitosan, R
is the degree of ionization of chitosan, pK0 is the intrinsic dissociation
constant of the glucosamine unit (i.e., pKap when R ) 0), and ψ|r)a is
the electrostatic potential at the surface of the polyelectrolyte in the
Poisson-Boltzmann cylindrical cell model. It has been demonstrated
previously that the rightmost term in eq 2 is approximately linear with
R, such that the pKap of chitosan can be expressed as2,29

pKap ) pH + log10( R
1 - R) ≈ pK0 - mR (3)

where m depends on the ionic strength. We solved the Poisson-
Boltzmann equation for chitosan (DDA ) 80%) in the acetate buffer
(see Table 2) and obtained m ) 0.8. This value was used for all other
chitosan solutions because it is almost invariant in the range of DDA
investigated here, and all solutions had an ionic strength of 25 mM.
The chitosan pK0 in eq 3 is 6.63, 6.57, 6.48, and 6.48 for 72, 80, 93,
and 98% DDA, respectively.2 The condition of electroneutrality,
neglecting protons (H+) and hydroxyl ions (OH-), is given by

[GlucNH3
+] + [Na+] + z[HAz] ) [Cl-] + (1 - z)[A1-z] (4)

where [GlucNH3
+] is the concentration of protonated glucosamine units.

The degree of ionization of chitosan, R, and the pH of each solution
were calculated numerically from eqs 1, 3, and 4 using the known total
concentrations of buffer and of glucosamine units on chitosan. The
calculated pH was consistent with the measured pH.

Isothermal Titration Calorimetry. Binding studies were performed
using a VP-ITC microcalorimeter from MicroCal (Northampton, MA)
with a cell volume of 1.428 mL at 25 °C. Samples were degassed in a
ThermoVac system (MicroCal) prior to use. The sample cell was filled
with the DNA solution and the reference cell with buffer solution only.
The chitosan solution was introduced into the thermostatted cell by

means of a syringe which also stirred at 250 rpm. Each titration
consisted of an initial 2 µL injection (neglected in the analysis) followed
by 28 subsequent 10 µL injections each of which were 20 s in duration
and were programmed to occur at 400 s intervals. The heats of dilution
from titrations of chitosan solution into buffer only (without DNA)
were subtracted from the heats obtained from titrations of chitosan
solution into DNA solution to obtain net binding heats. All experiments
were carried out in duplicate.

In the ITC experiments of protonation of chitosan (80% DDA, 94
kDa) in the absence of DNA, titrations of HCl into chitosan were
performed in a manner similar to that described above except that the
sample cell was filled with chitosan and the syringe with 5 mM HCl.
The chitosan solution was prepared by diluting the stock solution of
0.88 mg/mL (HCl/glucosamine ratio of 0.85) to a final concentration
of 5.97 µM of chitosan (2.64 mM of glucosamine units) with deionized
water. Appropriate amounts of 500 mM NaCl were added to achieve
a final NaCl concentration of 25 mM in both chitosan and HCl solutions.
The heats of dilution of 5 mM HCl into 25 mM NaCl (without chitosan)
were subtracted from the heats obtained from titrations of HCl into
chitosan solution to obtain net binding heats.

Analysis of Binding Isotherms. Raw ITC data of chitosan binding
to DNA was processed with the Origin software provided by the
manufacturer and the isotherms were fit using the Single Set of Identical
Sites (SSIS) model by a nonlinear least-squares analysis.30,31 The
equilibrium binding constant, K, between a free molecule of chitosan
and a free binding site on DNA is represented by eq 5, assuming
independent binding sites. The relationship between total and free
chitosan concentrations (LT and L) is given by eq 6.

free binding site on DNA + free chitosan [\]
K

bound chitosan

K ) [bound chitosan]
[free binding sites][free chitosan]

) Θ
(1 - Θ)[L]

(5)

[L] ) [LT] - nΘ[MT] (6)

where Θ ) [bound chitosan]/(n[MT]) is the fraction of plasmid DNA
binding sites occupied by chitosan, [MT] is the total DNA molar
concentration and n the number binding sites on plasmid DNA for
chitosan (the number of moles of chitosan chains bound to each mole
of plasmid DNA at saturation of the binding sites). Combining eqs 5
and 6 gives the quadratic eq 7, which is solved to obtain Θ in eq 8.

Θ2 - Θ(1 + 1
nK[MT]

+
[LT]

n[MT]) +
[LT]

n[MT]
) 0 (7)

Θ ) 1
2(1 + 1

nK[MT]
+

[LT]

n[MT]
-

�(1 + 1
nK[MT]

+
[LT]

n[MT])2

-
4[LT]

n[MT]) (8)

The total heat content Q of the solution in the sample cell of volume
V0 at fractional saturation Θ is

Q ) n[MT]V0∆HΘ (9)

where ∆H is the enthalpy of binding per mole of bound chitosan.
Because the instrument senses the change of heat content at the ith
injection, ∆Qi, it is this parameter of interest that is fit to experimental
data, after taking into account displaced volume effects as

∆Qi ) Qi - Qi-1 +
∆Vi

V0
[Qi + Qi-1

2 ] (10)

where ∆Vi is the injection volume at the ith injection. Equations 8-10
are simultaneously fit to the experimental values of ∆Qi to obtain best
fit values of n, K, and ∆H. The entropy change was calculated from
∆S ) (∆H - ∆G)/T, where ∆G ) -RT ln K. Note that K is written
in its ideal form where activities have been replaced with concentrations
(eq 5). These parameters are reported as the mean of two measurements

Table 2. Buffer Characteristics at the pH of Titrations

buffer ∆Hbuffer
a (kcal/mol) pKa

b pH Ibuffer
d (mM)

10 mM acetate -0.10 4.76 5.5 8
5 mM phosphate 0.86 6.82c 6.5 8

7.4 13
25 mM MES 3.54 6.15 5.5 5

6.5 18
7.4 24

25 mM MOPS 5.05 7.20 6.5 4
7.4 15

5 mM piperazine 7.44 5.33 5.5 9
10 mM Tris-HCl 11.35 8.08 7.4 8

a Enthalpy of ionization taken from ref 26. b pKa values taken from ref
27 (except where indicated). c pKa value from ref 28. d Buffer ionic strength
prior to adding NaCl to achieve a total ionic strength of 25 mM.

1492 Biomacromolecules, Vol. 10, No. 6, 2009 Ma et al.
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with errors representing their minimum and maximum. For the titrations
of HCl into chitosan (in the absence of DNA), the isotherms were fit
using Mathematica 6.0 (Wolfram Research) and similarly applying the
SSIS model, except the cell already contained 2.25 mM of HCl prior
to titrations.

Zeta Potential. The zeta potential of DNA/chitosan complexes was
measured with a Malvern Zetasizer Nano ZS (Worcestershire, U.K.).
Prior to mixing with plasmid DNA, a chitosan stock solution (80%
DDA, 94 kDa) was diluted to 6 and 8 µg/mL with 25 mM MES buffer
at pH 6.5 and 25 mM of ionic strength (adjusted with NaCl). DNA/
chitosan complexes were then prepared by fast mixing 625 µL of diluted
chitosan solution with an equal volume of DNA solution (13.2 µg/mL
by diluting the DNA stock solution in the same buffer) to reach desired
N/P ratios of 0.70 and 1.0 in the final dispersion. The zeta potential of
the complexes was calculated from the electrophoretic mobility values
using the Smoluchowski equation.

Results and Discussion

Chitosan-DNA ITC Isotherms. The ITC profiles recorded
for the titration of chitosan (80% DDA, 94 kDa) into a
plasmid DNA solution, both in 25 mM MES buffer at pH
6.5, and the titration of chitosan into MES buffer providing
the heat of dilution of chitosan are shown in Figure 1. Panel
A shows the heat rate during the titration as a function of
time. Each injection of chitosan into DNA produces a sharp

negative peak indicating an exothermic interaction. As the
chitosan content in the cell increases, the heat released
decreases indicating progressive neutralization of DNA.
Figure 1B shows the integrated heats of binding obtained
from the heat rate normalized to the moles of chitosan titrated,
prior to subtracting the blank, and are represented as a
function of both the molar ratio of chitosan to DNA and the
corresponding N/P molar ratio (the number of glucosamine
units in chitosan to the number of negative phosphate units
in DNA). The heat of dilution of chitosan in the buffer is
negligible compared to the heat of chitosan-DNA interaction,
except near the end of the titration where chitosan-DNA
interactions had ceased. To compare results of the different
conditions studied, the isotherms presented in the course of
this study will be as a function of N/P ratio only.

Buffer and pH-Dependence of the Measured Enthalpy
of Chitosan-DNA Binding. DNA has a constant negative
charge over the pH range studied here because the pKa of its
phosphate group is about 1.32 Therefore, varying the solution
pH will only influence the degree of ionization of chitosan and
of the buffer. The calorimetric responses of the binding of DNA
with chitosan (80% DDA, 94 kDa) in different buffers at pH
5.5, 6.5, and 7.4 are shown in Figure 2. At pH 5.5, the amplitude
of binding heat of chitosan to DNA was buffer dependent (top
panel in Figure 2). This buffer-dependence became more
apparent at pH 6.5, displaying greater exothermic amplitudes
(middle panel in Figure 2). Interestingly, however, the interac-
tion between DNA and chitosan was not always exothermic.
For example, complex formation at pH 7.4 was exothermic in
sodium phosphate buffer but endothermic in Tris buffer.

The dependence of the heat of interaction of chitosan with
DNA on the nature of the buffer is an indication that the buffer
is ionized or neutralized in the process of chitosan binding to
DNA, and therefore, that protons are transferred between
chitosan and the buffer. This effect is taken into account in the
observed enthalpy of binding, ∆Hobs, by a term proportional to
the molar ionization enthalpy of the buffer, ∆Hbuffer:

23

∆Hobs ) ∆H0 + ∆nH+∆Hbuffer (11)

where ∆nH+ is the number of moles of protons taken up or
released by the buffer, and ∆H0 is the chitosan-DNA molar
binding enthalpy that would be measured if ∆Hbuffer was zero.
∆Hobs was obtained from the fit of the SSIS model to the ITC
binding isotherms. The dependence of ∆Hobs on the buffer type
is illustrated in Figure 3, where ∆Hobs is plotted as a function
of buffer ionization enthalpy, ∆Hbuffer, at pH of 5.5, 6.5, and
7.4. As expected from eq 11, the linear dependence and positive
slope confirm the release of protons from the buffer and their
uptake by chitosan, implying that initially neutral glucosamines
are protonated during complex formation. The linear regression
indicates that 74 ((7) moles of protons per mole of chitosan
(80% DDA, 94 kDa) were transferred from the buffer to chitosan
bound to DNA at pH 5.5. At pH 6.5 and 7.4, the binding was
associated with an uptake of approximately 165 ((40) and 256
((41) moles of protons per mole of chitosan bound to DNA,
respectively. More protons were transferred when complexation
occurred at higher pH, since in this case chitosan was less
charged initially than at lower pH (see calculated R in Table
3). These results are consistent with previous studies of the
interaction of DNA with cationic lipids33 and with small
ligands.34 For chitosan with a DDA of 80% and Mn of 94 kDa,
we calculated 443 glucosamine units per chain, which results
in proton transfer from the buffer to chitosan during binding
that protonated an additional 17, 37, and 58% of total glu-
cosamine units at pH 5.5, 6.5, and 7.4, respectively.

Figure 1. ITC raw data (panel A) for the interaction between DNA
and chitosan (80% DDA, 94 kDa) in 25 mM MES buffer at pH 6.5
with I ) 25 mM. The upper curve shows the blank titration of chitosan
into buffer resulting in heats of dilution, and the lower curve shows
the binding heats from the titration of chitosan into DNA solution. In
panel B, the corresponding integrated heats of dilution and of binding
are shown vs the ratio of chitosan amine to DNA phosphate groups
and vs molar ratios of chitosan to DNA.

Chitosan-DNA Interactions by ITC Biomacromolecules, Vol. 10, No. 6, 2009 1493
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The strong polyanionic nature of DNA increases the ioniza-
tion of a polycation such as chitosan by reducing its surface
potential (rightmost term in eq 2) and thereby increasing the
polycation pKa. The binding of anionic phosphate groups of
DNA to cationic amine groups on chitosan can be seen as a
means to reduce the electrostatic repulsion between the protons
in solution and the chitosan chain, due to charge neutralization
after binding to DNA phosphate groups.35 These mechanisms
are discussed in Tsuchida et al.,36 where the complexation of
polyammonium polymers with weak polyelectrolytes such as
polycarboxylic acids was found to decrease the pKa of the
polyanions. pKa shifts were also reported in studies involving
DNA binding to small ligands and proteins.37,38 In the latter
studies, pKa shifts were determined by the change of electrostatic
free energy produced by the ionization of a residue of the ligand
bound to DNA when all other residues of this ligand are neutral
(low dielectric cavity in water) relative to the ionization of the

same residue free in water prior to binding to DNA. The change
of electrostatic free energy was calculated using a nonlinear
Poisson-Boltzmann model.

Stoichiometry of Binding and Composition of the
Complexes at Saturation. Table 3 summarizes the calculated
degree of ionization of chitosan (80% DDA, 94 kDa) in the
solution state, R, and the parameters obtained from fitting the
SSIS model to the ITC isotherms in the different buffers at
different solution pH. The degree of ionization of chitosan after
proton transfer (�) was also calculated taking into account the
transfer of protons from the buffer to chitosan during complex
formation (the ∆nH+ from Figure 3 and eq 11). Chitosan-DNA
binding increased the degree of ionization of chitosan (i) from
77% in the unbound state to 94% in the complex when buffered
at pH 5.5, (ii) from about 42% in the unbound state to 79% in
the complex when buffered at pH 6.5, and (iii) from about 16%
in the unbound state to 74% in the complex when buffered at
pH 7.4. It is interesting to note from these results that DNA/
chitosan (80% DDA, 94 kDa) complexes formed at pH 7.4 with
about 74% of their glucosamine residues being protonated in
the complex achieve a nearly 1:1 amine-phosphate ratio at
saturation of the binding sites (nN/P). While those formed at lower
pH of 5.5 that are 94% protonated in the complex reach nN/P of
only about 60%. The larger amount of chitosan in the complexes
formed at higher pH than at low pH therefore suggests a less
extended conformation of bound chitosan. However, in all cases,
the ratio of protonated amine to negative phosphate groups in
the complex (nN+/P- ) nN/P × �) when all the binding sites are
occupied, is about 50-75% and is seen to be an experimentally
conserved quantity, largely independent of the buffer and of
the solution pH used to form the complexes. The fact that the
measured ratio of 0.50-0.75 charged amines per charged
phosphate in the complex is different from the 1:1 stoichiometry
may be attributed to differences in the linear charge density
between DNA and chitosan. The average intercharge spacing
between phosphates on double stranded DNA is 0.17 nm for

Figure 2. Integrated heats of interaction from calorimetric titrations
of chitosan (80% DDA, 94 kDa) into DNA in different buffers at pH
5.5, 6.5, and 7.4 with a total ionic strength of 25 mM (adjusted with
NaCl). Solid lines represent best-fits generated from the SSIS model.

Figure 3. Variation of the apparent enthalpy of binding, ∆Hobs

(obtained from fitting SSIS model to ITC isotherms), for the interaction
between DNA and chitosan (80% DDA, 94 kDa) as a function of buffer
ionization enthalpy, ∆Hbuffer (Table 2), at pH 5.5, 6.5, and 7.4 with a
total ionic strength of 25 mM (adjusted with NaCl). The lines represent
linear regressions of the data to eq 11 resulting in (i) ∆nH+ ) 74 ( 7
moles of protons per mole of bound chitosan and ∆H0 ) -887 ( 34
kcal/mol (dotted line, coefficient r2 ) 0.9905) at pH 5.5, (ii) ∆nH+ )
165 ( 40 moles of protons per mole of bound chitosan and ∆H0 )
-2074 ( 145 kcal/mol (full line, coefficient r2 ) 0.9434) at pH 6.5,
and (iii) ∆nH+ ) 256 ( 41 moles of protons per mole of bound chitosan
and ∆H0 ) -2355 ( 263 kcal/mol (dashed line, coefficient r2 )
0.9521) at pH 7.4. Means are shown with error bars representing
minimum and maximum of duplicates.
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the B-conformation (0.33 nm of rise per base pair along the
helix axis)39 compared to an average intercharge spacing
between charged amine groups on chitosan that is slightly higher
than the 0.52 nm monomer length of chitosan, depending on
DDA and the degree of ionization. Therefore, if one chitosan
chain binds to a particular section of a DNA strand in a fully
extended conformation, this would result in a ratio of charged
glucosamines to phosphate groups of approximately 0.63
() 0.33 ÷ 0.52 nm) that is quite similar to nN+/P- of 0.50-0.75
obtained in our analyses. Such deviations from a 1:1 stoichio-
metric charge ratio have been previously observed when there
was a large mismatch in linear charge density between the
oppositely charged polyelectrolytes.40-42

The above analysis predicts anionic complexes near the point
of saturation. We obtained zeta potentials of -36 and -13 mV
for the complexes prepared at N/P ratios of 0.70 and 1.0,
respectively, confirming that the resulting complexes are
negatively charged for these conditions, which correspond to
the region of saturation in ITC isotherms at pH 6.5 (Figure 2).
For successful transfection, complexes are usually prepared by
one-shot fast mixing to get positively charged complexes.
However, this method cannot provide information about the
interaction parameters. In ITC, precipitation of the complexes
will occur after saturation and further addition of chitosan will
not bind to the precipitates. Whether the complexes are prepared
by titration or by fast mixing, they should not differ significantly
in structure and properties as long as the N/P ratio of the
complexes is lower or equal to nN/P.

Enthalpy of Binding without the Buffer Contribution. The
heat sensed by the microcalorimeter is the net contribution of
all thermal events involved in the complexation between DNA
and chitosan. At a specific solution pH, the plot of the observed
total enthalpy change, ∆Hobs, versus the enthalpy of ionization
of the buffer, ∆Hbuffer, yields an intercept corresponding to the
enthalpy of binding with no contribution from changing
ionization state of the buffer ∆H0 (Figure 3). For the binding
of chitosan (80%DDA, 94 kDa) to DNA, ∆H0 was found from
this extrapolation to be -887 ((34), -2074 ((145), and -2355
((263) kcal/mol at pH 5.5, 6.5, and 7.4, respectively. From
these values, the binding of chitosan to DNA is seen to be
exothermic and becomes more exothermic with increasing pH.

However, the term ∆H0 is not the intrinsic enthalpy of binding,
as is commonly stated, since it still contains the contribution
from the enthalpy of protonation of the glucosamine units of
chitosan. Two ionization events are involved since protons are
transferred from the buffer to chitosan. Thus, it is important to
recall that ∆Hbuffer provides the enthalpy of ionization associated
with the buffer but not the enthalpy of ionization associated
with protonation of chitosan in this proton transfer process. This
latter contribution of ligand ionization toward the enthalpy of
binding has not been taken into consideration in previous studies
of the complexation of cationic polymers with DNA.14,17,18,21

Therefore, we estimated the enthalpy of protonation of chitosan
(80% DDA, 94 kDa) by calorimetric titration of HCl into
chitosan to generate the ITC binding isotherms shown in Figure
4. The fit of the data using the SSIS model resulted in an
enthalpy of binding of -9.37 ((0.02) kcal/mol of protons
(∆Hgluc) bound to the glucosamine units. We used this value of
the enthalpy of binding of protons to chitosan, along with the
calculated number of moles of protons bound to chitosan during
complex formation (caption of Figure 4), at a specific solution

Table 3. Parameters of Interaction of Chitosan (80% DDA, 94 kDa) with Plasmid DNA (6.4 kb) in Buffers with Different Protonation
Enthalpies and at Constant Ionic Strength of 25 mM Obtained by Fitting ITC Isotherms to the SSIS Model

buffer Ra �b nc nN/P
d nN+/P–

e ∆Hobs (kcal/mol) Kobs (× 109 M-1) ∆Sobs (kcal/(mol ·K))

(A) pH 5.5

5 mM piperazine 0.77 0.94 15.6 ( 0.1 0.54 ( 0.01 0.51 -355 ( 9 f

25 mM MES 0.76 0.93 16.9 ( 0.8 0.59 ( 0.03 0.54 -596 ( 6 5.3 ( 0.2 -2.0 ( 0.0
10 mM acetate 0.77 0.94 18.8 ( 1.2 0.65 ( 0.04 0.61 -911 ( 59 13.8 ( 3.2 -3.0 ( 0.2

(B) pH 6.5

5 mM phosphate 0.46 0.83 23.8 ( 0.0 0.83 ( 0.00 0.69 -1897 ( 3 6.7 ( 0.6 -6.3 ( 0.0
25 mM MES 0.39 0.76 23.1 ( 0.4 0.80 ( 0.02 0.61 -1588 ( 38 4.7 ( 1.5 -5.3 ( 0.1
25 mM MOPS 0.40 0.77 20.2 ( 1.1 0.70 ( 0.04 0.54 -1180 ( 1 3.8 ( 1.1 -3.9 ( 0.0

(C) pH 7.4

5 mM Phosphate 0.18 0.76 28.2 ( 1.7 0.98 ( 0.06 0.74 -2133 ( 11 1.5 ( 0.0 -7.1 ( 0.0
25 mM MES 0.15 0.73 28.0 ( 0.7 0.97 ( 0.03 0.71 -1723 ( 4 1.5 ( 0.1 -5.7 ( 0.0
25 mM MOPS 0.12 0.70 30.3 ( 2.6 1.05 ( 0.09 0.74 -720 ( 83 f

10 mM Tris 0.17 0.75 27.4 ( 1.4 0.95 ( 0.05 0.71 490 ( 44 f

a Degree of ionization of chitosan in the titrant buffer prior to complexation (calculated from eqs 1, 3, and 4). b Degree of ionization of chitosan in the
complex after accounting for proton transfer from buffer to chitosan, using eq 11. c The number of moles of binding sites for chitosan on each mole of
plasmid DNA. d The ratio of chitosan amine to DNA phosphate groups in the complex when all binding sites are occupied at saturation (calculated from
n). e The charge ratio (protonated chitosan amine to DNA phosphate groups) in the complex when all binding sites are occupied at saturation (calculated
by multiplying nN/P by �). f The determination of Kobs was not precise since the interaction was strong and almost athermal. The parameters n, ∆Hobs, and
Kobs were determined from the SSIS model fit using the molar concentration of chitosan and DNA as the binding entities and not their glucosamine and
phosphate groups. Means are shown with error representing minimum and maximum of duplicates.

Figure 4. Integrated heats of binding from calorimetric titrations of 5
mM HCl into 5.97 µM of chitosan (80% DDA, 94 kDa) at an initial
ratio of HCl/glucosamine of 0.85. The NaCl concentration was 25 mM.
The solid line represents the best-fit generated from the SSIS model
which gave a binding enthalpy of -9.39 ( 0.01 kcal/mol of bound
protons, 483 ( 3 HCl binding sites per chitosan (corresponding to a
molar ratio of HCl/glucosamine at saturation of 1.09 ( 0.01), and a
binding constant of (3.78 ( 0.11) × 105 M-1.
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pH, to obtain the total enthalpy of protonation of chitosan during
complex formation. This analysis resulted in a total enthalpy
of protonation of chitosan of -693 ((66), -1546 ((376), and
-2398 ((385) kcal/mol of chitosan (80% DDA, 94 kDa) bound
to DNA, corresponding to 78, 75, and 102% of ∆H0 at pH 5.5,
6.5, and 7.4, respectively. These analyses lead to the interesting
conclusion that heat effects seen upon binding of a protonable
polycation to DNA in the presence of a buffer are almost entirely
due to ionization changes of the polycation and buffer, ∆Hobs

≈ ∆nH+(∆Hbuffer + ∆Hgluc). This finding is in agreement with a
previous study where negligible heat was detected under
conditions of full ionization of oppositely charged polyelectro-
lytes.12 From this approximation, it is possible to predict whether
the chitosan-DNA interaction in a specific buffer will be
endothermic or exothermic. Among the buffers used in this
study, only in Tris-HCl buffer the observed enthalpy of
interaction was found to be positive because the enthalpy of
ionization of the buffer is higher than the enthalpy of protonation
of the glucosamine unit. In comparison to the heat arising from
changes in buffer ionization and chitosan ionization, heat effects
associated with changes in polymer conformation, counterion
release, hydrogen bonding, solvation, and hydrophobic effects
only contribute in a relatively minor fashion to the enthalpy of
binding.

pH-Dependence of the Binding Constant. We found a
reduced binding affinity at the higher pH of 7.4 versus 6.5 and
5.5 (Table 3), consistent with a lower level of ionization of
chitosan at the higher pH and therefore reduced electrostatic
attraction toward DNA. More specifically when the pH is
increased from 5.5 to 6.5, R, the initial ionization state of
chitosan is reduced by a factor of 1.8 and the averaged binding
constant Kobs decreases only slightly by a factor of about 1.9.
However, further increasing of the pH from 6.5 to 7.4 reduces
R by a factor of 2.7 and is associated with a 3.3 fold reduction
in Kobs (Table 3). In contrast to ∆Hobs, Kobs does not appear to
depend on the choice of buffer, since it is similar for different
buffer systems at pH 6.5 and 7.4. Similar results were reported
for the interaction between DNA and poly(bis-acryloylpipera-
zine-2-methyl-piperazine).14 It is important to note that, due to
the tight binding between DNA and chitosan, it is necessary to
work at low concentrations of DNA and chitosan to avoid a
step function character of the binding isotherms that would be
difficult to fit accurately to the SSIS model. This requires the

high sensitivity of the ITC system since lower heat rates are
generated, relative to the heat of dilution, and noise can result
in reaching the detection limit of the ITC. Some experiments
therefore resulted in a lack of precision in determining the
binding constant Kobs. For example, the binding in piperazine
buffer at pH 5.5 resulted in low signal because its enthalpy of
ionization (7.44 kcal/mol of protons) almost canceled out that
of chitosan (-9.37 kcal/mol of protons), generating low levels
of detected heat from proton transfer.

Entropy of Binding. The entropy change in Table 3 was
directly calculated from ∆Sobs ) (∆Hobs - ∆Gobs)/T, where
∆Gobs ) -RT ln Kobs. As a result, ∆Sobs is buffer dependent
because it contains the contribution from the ionization changes
of the buffer. The interpretation of these values has, therefore,
limited significance. In addition to the protonation changes of
the buffer and chitosan, ∆Sobs also reflects the net contributions
of other events, including counterion release, release of water
molecules, changes in water structure, and changes in ion
distribution, as a consequence of the complexation process
primarily driven by electrostatic interactions. Our results cannot
provide quantitative information about their relative contribution
to the entropy of binding. It is worth mentioning here that Kobs

was calculated using concentrations with the assumption that
the solution containing plasmid DNA, chitosan and complexes
is ideal. Therefore, ∆Sobs calculated in this manner is an
approximation and does not take into account activity
coefficients of the complexes and the polyelectrolytes. The
behavior of polyelectrolytes can be far from ideal, as reported
previously.43,44

Influence of Chitosan Molecular Weight on Binding to
DNA. The influence of chitosan molecular weight, or chain
length, on chitosan-DNA binding at pH 6.5 was analyzed by
comparing three chitosans with Mn of about 7, 80, and 153 kDa,
all with a similar DDA of 80% (Table 4, Figure 5). The number
of chitosan chains bound to DNA at saturation of the binding
sites was inversely proportional to the chitosan molecular
weight. Indeed, this result is simply a consequence of the above-
mentioned conserved quantity of the ratio of the number of
ionized glucosamine to phosphate groups in the complex,
nN+/P-, which was always in the range 0.50-0.75. The number
of chitosan chains bound to plasmid DNA appears to be
primarily driven by this requirement along with a slight

Table 4. Parameters of Interaction of Chitosan with Plasmid DNA as a Function of Chitosan DDA and Molecular Weight (Mn) in 25 mM
MES Buffer at pH 6.5 (Without NaCl) Using the SSIS Model

DDA (%) Ra �b nc nN/P
d nN+/P-e ∆Hobs (kcal/mol) Kobs (× 109M-1)

(A) Mn ) 7 kDa

80 0.39 0.76 286 ( 20 0.79 ( 0.06 0.60 -135 ( 3 1.4 ( 0.6

(B) Mn ≈ 80 kDa

72 0.41 0.78 25.4 ( 1.0 0.71 ( 0.03 0.56 -1334 ( 1 5.8 ( 0.1
80 0.39 0.76 21.8 ( 0.4 0.76 ( 0.01 0.58 -1638 ( 4 5.5 ( 0.4
93 0.35 0.72 20.1 ( 0.4 0.72 ( 0.01 0.52 -1768 ( 18 11.2 ( 0.7
98 0.35 0.72 19.4 ( 0.1 0.73 ( 0.00 0.53 -1816 ( 15 14.4 ( 0.4

(C) Mn ) 153 kDa

80 0.39 0.76 12.1 ( 0.0 0.69 ( 0.00 0.52 -2559 ( 8 11.6 ( 0.6
a Degree of ionization of chitosan in the titrant buffer prior to complexation (calculated from eqs 1, 3, and 4). b The degree of ionization of chitosan in

the complex after accounting for proton transfer from buffer to chitosan. Using a chitosan with DDA of 80% carrying approximately 443 glucosamine units
per chain, proton transfer resulted in the protonation of 37% of the total glucosamine units at pH 6.5 (Figure 3 and eq 11). Assuming that this percentage
of proton transfer does not vary significantly with DDA and Mn at pH 6.5, � was calculated by adding 0.37 to R. c The number of moles of binding sites
for chitosan on each mole of plasmid DNA. d The ratio of chitosan amine to DNA phosphate groups in the complex when all binding sites are occupied
at saturation (calculated from n). e The charge ratio (protonated chitosan amine to DNA phosphate groups) in the complex when all binding sites are
occupied at saturation (calculated by multiplying nN/P by �). The parameters n, ∆Hobs, and Kobs were determined from the SSIS model fit using the molar
concentration of chitosan and DNA as the binding entities and not their glucosamine and phosphate groups. Means are shown with error representing
minimum and maximum of duplicates.
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modification by the pH at the time of complexation. The binding
constant increases significantly from 1.4 × 109 to 11.6 × 109

M-1 as the chitosan molecular weight increases from 7 to 153
kDa due to the increasing number of ionic linkages per chain
(Figure 5A). Increasing chitosan molecular weight also resulted
in increased exothermic values of ∆Hobs, from -135 kcal/mol
of bound chitosan at 7 kDa to -2559 kcal/mol of bound chitosan
at 153 kDa that was entirely accounted for by the increasing
number of protons transferred from the buffer to chitosan due
to a greater number of glucosamines per chitosan at higher
molecular weight (Figure 5B). To our knowledge, magnitudes
of ∆Hobs higher than 200 kcal/mol of bound chains have not
been previously reported for other DNA-polycation systems,
where absolute values of ∆Hobs typically ranged from 30 to 200
kcal/mol.12,14,16 However, these previous studies investigated
relatively short polycations carrying less than 50 protonable
monomeric units per chain. Similarly, the magnitude of the
binding constants found in our study (Kobs ≈ 109-1010 M-1) is
higher than previous experimentally measured values of Kobs

≈ 105-107 M-1 for the interaction of DNA with shorter
polycations,12,14,16,17 but similar to values obtained with dendritic
star polycations20 and to calculated binding constants between
DNA and poly-L-histidine.35

Influence of Chitosan DDA on Binding to DNA. The
binding isotherms between DNA and chitosans with similar
molecular weights (Mn ≈ 80 kDa) but different DDA are shown
in Figure 6. Increasing the DDA of chitosans increases the
charge density along the molecular chain of chitosan. As a result
fewer chitosan chains were bound to DNA at saturation of the
binding sites, as reflected by a decrease in the value of n from
25.4 at 72% DDA to 19.4 at 98% DDA (Table 4). This is once

again simply a consequence of the fact that the charge ratio in
the complex, nN+/P-, is preserved at about 0.50-0.75, such that
more chains at lower DDA are required to provide the same
number of ionized glucosamine residues. The enthalpy of
binding, ∆Hobs, gained in amplitude with increasing DDA from
-1334 kcal/mol at 72% DDA to -1816 kcal/mol at 98% DDA
due to the greater number of ionizable glucosamines at higher
DDA requiring proportionally more proton transfer as described
above (Figure 5B). The binding constant did not change
significantly when increasing DDA from 72 to 80%. However,
further increasing DDA resulted in a greater binding affinity
since Kobs increased from 5.5 × 109 M-1 at 80% DDA to 11.2
× 109 M-1 at 93% DDA and to 14.4 × 109 M-1 at 98% DDA
(Figure 7). Increasing the content of acetyl groups by lowering
DDA was found previously to inhibit precipitation of chitosan
solutions probably through steric hindrance from bulky acetyl
groups.2 Herein, a possible indication of reduced precipitation
of DNA/chitosan complexes at lower DDA can be observed in
the isotherms of Figure 6 where the positive overshoots
occurring close to saturation, probably due to precipitation, are
reduced with the lowest DDA of 72%. These observations along
with the greater binding affinity found with increasing DDA
are therefore consistent with both reduced steric hindrance and
increased linear charge density along the chitosan chain. We
also analyzed ITC isotherms with the noncooperative version
of the McGhee and von Hippel45,46 model that accounts for the
statistical configurations of a large ligand (chitosan) binding to
multiple sites (consecutive free phosphate groups) on a lattice.

Figure 5. The binding constant of chitosan to DNA, Kobs (A), and the
enthalpy of interaction per mole of bound chitosan, ∆Hobs (B) for
chitosans with different molecular weight and DDA as a function of
the number of glucosamine units per chain of chitosan (in 25 mM
MES buffer at pH 6.5, found by fitting ITC isotherms to the SSIS
model). (b) Chitosans of different Mn varying from 7 to 153 kDa for
DDA ) 80%, and (4) chitosans of different DDA ranging from 72 to
98% for Mn ≈ 80 kDa. Linear regression in B results in ∆Hobs ) -3.69
( 0.04 kcal/mol of glucosamine (r2 ) 0.995).

Figure 6. Integrated heats of interaction of DNA with chitosans of
different DDA for Mn ≈ 80 kDa (in 25 mM MES buffer at pH 6.5).
Solid lines represent best-fits generated from the SSIS model.

Figure 7. Influence of DDA on the binding constant, Kobs, between
DNA and chitosans of different DDA for Mn ≈ 80 kDa (in 25 MES
buffer at pH 6.5, found by fitting ITC isotherms to the SSIS model).
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Most isotherms were fit well by this model and gave similar
binding parameters as the SSIS model. However, the McGhee
and von Hippel model was highly sensitive to the positive
overshoots of some ITC isotherms resulting in large fluctuations
of the binding constant which are not reported here.

The above results concerning the influence of chitosan
molecular weight and DDA on binding affinity to DNA are
compatible with previous studies where these two parameters
were found to be determining factors for the structure and
stability of DNA/chitosan complexes.5,6 Short chitosans bind
more strongly to DNA at high charge density, whereas low DDA
chitosans bind more strongly with longer chain length.6 In
another study, a minimum of 6-9 glucosamine units on fully
deacetylated chitosan oligomers was required to provide
chitosan-DNA apparent binding strength comparable to that
of a fully deacetylated chitosans of 900 glucosamine units at
pH 5.0-6.5 as judged by the ethidium bromide displacement
assay.5 Moreover, the latter study did not find any increased
apparent binding affinity with increasing chain length of fully
deacetylated chitosans from 9 to 900 glucosamine units. In
contrast, we found an 8-fold increase of the binding constant
for chitosans with Mn ranging from 7 to 153 kDa at a constant
DDA of 80%, corresponding to 35-721 glucosamine units
(Table 4, Figure 5A), suggesting that the binding affinities
between DNA and chitosan evaluated by the ethidium displace-
ment assay are qualitative. Our results also provide evidence
for a previously characterized coupling between the DDA and
molecular weight of chitosan in determining complex stability
which in turn has great influence on transfection efficiency of
DNA/chitosan complexes.11 For example, we found in the
current study that similar binding affinities were obtained with
the high Mn chitosan of intermediate DDA (153 kDa, 80% DDA)
and the intermediate Mn chitosan of high DDA (80 kDa, 93%
DDA) that are consistent with the dependence of transfection
efficiency on Mn and DDA reported in the previous study.11 It
is interesting to note that only a 1.2-fold increase of the DDA
from 80 to 93% at constant Mn of ∼80 kDa, corresponding to
a small increase of glucosamine units from 443 to 455 (3%
increase) resulted in the doubling of the binding constant (Table
4, Figure 5A). To achieve a similar increase in binding strength
by changing molecular weight without changing DDA (80%),
a 1.6-fold increase of molecular weight was required, corre-
sponding to a substantial increase of glucosamine units from
443 to 721 (63% increase). Thus, chitosan DDA or charge
density was demonstrated here to play a more important role
in binding affinity compared to chain length or total charge.

Biological Significance. The process of gene delivery
involves DNA compaction, DNA protection, cell targeting,
cellular uptake, and intracellular trafficking to the nucleus to
produce the desired therapeutic effect. Intracellular DNA
unpackaging from its vector after nuclear localization has been
demonstrated to be a limiting factor for efficient gene expression
in nonviral systems.47 This ability of DNA/polycation complexes
to dissociate inside the nucleus is dependent upon the complex
stability, and hence on the polycation-DNA binding strength.
If the DNA/polycation complexes are not sufficiently stable,
they will be dissolved in the medium by competing polyanions
or enzymatically degraded prior to reaching the target cell. On
the other hand, highly stable complexes will be readily endocy-
tosed but may not disassemble intracellularly to permit DNA
trafficking to the nucleus and transgene expression. To achieve
a balance between complex stability and the ability to dissociate
inside the cell, it is critical to know how tightly the polycation
is bound to DNA. Gel retardation and ethidium bromide

displacement assays are fast and descriptive methods but do
not provide quantitative binding affinity. As demonstrated here
by ITC, the chain length and DDA or charge density of chitosan
can be modulated to achieve different binding affinities which
can also be adjusted by chemical modification of the structure
such as pegylation,48 quaternization,48 and phosphorylcholine
substitution.49 These strategies were used to optimize transfec-
tion efficiencies by improving the solubility of chitosan and other
polycations, and decreasing aggregation. However, substantial
modification of the polycation structure can impede proton
transfer from the buffer upon binding with DNA or influence
significantly the binding affinity to compromise the balance
between complex stability and DNA unpackaging. Interactions
other than electrostatics could also be identified by ITC if their
contributions to the heat of interaction are significant after
subtracting the heat associated with the ionization changes of
the buffer and of the polycation. In addition, in the emerging
field of gene silencing, formulations developed for plasmid DNA
need to be adjusted for the delivery of siRNA in part to account
for different binding properties. Quantitative information on the
binding of siRNA with its carrier and deciphering the mecha-
nism of interaction would be beneficial toward understanding
the structure-property activity relationships of the delivery
systems.

Conclusion

We have used isothermal titration microcalorimetry to
characterize the heat changes associated with the formation of
plasmid DNA/chitosan complexes in dilute aqueous solutions.
The observed enthalpy of chitosan-DNA interaction is buffer
dependent due to proton transfer from the buffer to chitosan
during binding. We found that the heat associated with the
protonation changes of the buffer and chitosan mainly accounts
for the observed enthalpy of binding. The proton transfer
mechanism allows DNA/chitosan complexes to be formed at a
pH above the pKa of chitosan where chitosan is only slightly
ionized in the unbound state, for example, in the pH range of
7.0-7.4. By performing ITC using a library of chitosans of
different chain lengths and DDA, electrostatic effects were found
to dictate the binding of chitosan to DNA resulting in a
conserved ratio of ionized glucosamine to phosphate groups in
the complex of 0.50-0.75. The binding constant between
chitosan and plasmid DNA was significantly influenced by
molecular weight and by DDA. These findings reveal important
relationships between chitosan-DNA binding affinity and
complex stability and in turn, the efficiency of chitosan-DNA
complexes for gene transfection, providing important guidelines
in the design of effective gene delivery systems.
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