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Recently, chitosan dissolved in solutions containing glycerol phosphate (GP) were found to undergo a sol–gel
transition when heated and the proposed gelling mechanism was based on increasing hydrophobic interactions
with temperature. Subsequently, an investigation of ionization and precipitation behavior of chitosan, including
dependencies on temperature, added salt, and fraction of deacetylated monomers (fD) was performed. This latter
study revealed important differences in the temperature dependence of pKa of chitosan versus GP and led us to
propose an alternative hypothesis for the mechanism of gelation in chitosan-GP systems whereby heat induces
transfer of protons from chitosan to glycerol phosphate thereby neutralizing chitosan and allowing attractive
interchain forces to form a physical gel. To investigate this specific molecular thermogelling mechanism, temperature
ramp experiments on dilute chitosan-GP solutions were performed. Chitosans with fD of 0.72 and 0.98 were
used to prepare solutions with a range of molar ratios of GP to chitosan glucosamine monomer of 1.25 to 10 and
with 0 or 150 mM added monovalent salt. Light transmittance measurements were performed simultaneously to
indicate precipitation in these dilute systems as a surrogate for gelation in concentrated systems. Measured
temperatures of precipitation ranged from 15 to 85 °C, where solutions with less GP (used in a disodium salt
form) had lower precipitation temperatures. A theoretical model using acid–base equilibria with temperature
dependent pKa’s, including the electrostatic contribution from the polyelectrolytre nature of chitosan, was used to
calculate the degree ionization of chitosan (R, the fraction of protonated glucosamine monomer) as a function of
temperature and showed a significant decrease in R with increased temperature due to proton transfer from chitosan
to GP. This heat-induced proton transfer from chitosan to GP was experimentally confirmed by 31P NMR
measurements during temperature ramp experiments since the chemical shift of 31P of GP is an indicator of its
level of protonation. By assuming average temperature independent values of Rp that were calculated from measured
Tp, the model was able to accurately predict measured temperatures of precipitation (Tp) of all chitosan-GP
mixtures. The resulting Rp were temperature independent but increased with increased chitosan fD and with increased
salt. Measurements and theory revealed that Tp can be adjusted in a predictable manner by changing the
chitosan-GP molar ratio and thereby systematically tailored to obtain a large range of precipitation temperatures.
Finally, similar temperature ramp experiments using inorganic phosphate and MES in place of GP demonstrated
that the temperature-induced precipitation of chitosan also occurs with these buffers, confirming that the key
feature of the buffer used with chitosan is its ability to absorb heat-stimulated release of chitosan protons and
facilitate chitosan neutralization. A theoretical expression for the variation of chitosan ionization degree with
temperature in a system composed of two titratable species (chitosan and buffer) was derived and allowed us to
establish the required characteristics of the buffer for efficient heat-stimulated proton transfer between a chitosan
and the buffer. These results provide a useful explanation for the mechanism of heat-induced gelation of chitosan-
based systems that could be exploited for numerous practical applications.

Introduction
Chitosan is a cationic polysaccharide prepared by alkaline

deacetylation of chitin that is found in the shells of crustaceans.1

It is a linear polyelectrolyte composed of glucosamine and
N-acetyl-glucosamine monomers linked by �-(1f4) glycosidic
bonds, where the fraction of monomers that are glucosamine is
defined as fD (fraction of deacetylated monomers). Chitosan has
attracted attention in the pharmaceutical and biomedical fields
because it possesses well-known beneficial biological properties
including biodegradability2 and low toxicity3,4 and can be used
in drug delivery, gene delivery,5–7 and wound healing.8,9

Chitosan is typically soluble only in acidic aqueous media when
its degree of ionization, defined as the fraction of glucosamine

monomers that are protonated, is sufficient to ensure that
repulsive double-layer forces dominate attractive forces and
maintain the chitosan in solution. Recently, a thermosensitive
gelling system based on chitosan solutions buffered with
glycerol phosphate2,10 was discovered for use in regenerative
medicine and has been successfully applied in combination with
autologous blood to improve repair of lesions in articular
cartilage.11 Nonetheless, a satisfactory understanding of the
solution properties and thermosensitive characteristics of these
chitosan-glycerol-phosphate (chitosan-GP) systems is lacking.

Previous studies speculated that the mechanism of ther-
mogelation in chitosan-GP solutions was mainly the result
of a strengthening of hydrophobic interactions with increasing
temperature.2,10,12 In particular, the glycerol moiety of GP
was proposed to have a structuring action on water2 that was
themainsourceofheat-inducedstrengtheningofchitosan-chitosan
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hydrophobic interactions. Others have proposed a less specific
increase in hydrophobicity with increasing temperature,12

while a previous report describing heat-induced gelation of
hydrophobically modified chitosan (alkylated chitosan)13 has
also been cited as evidence of strengthening hydrophobic
interactions with rising temperature in chitosan solutions.
Nonetheless, it should be noted that, despite these studies
mentioning increasing hydrophobicity with temperature in
these systems, direct evidence for this mechanism specific
to chitosan has not been presented. Additionally, although
hydrophobic interactions between small apolar groups at low
concentration in water are known to increase with temper-
ature, this temperature dependence differs significantly for
larger assemblies including macromolecules.14,15 Given this
wide spectrum of opinion on the role of hydrophobicity in
chitosan systems and the fact that chitosan itself does not
present highly hydrophobic groups such as n-alkyl side
chains,16 we felt it prudent to examine other potential
mechanisms of thermogelation in chitosan-GP solutions.

In a first study toward greater understanding of the mechanism
behind thermogelation of chitosan-GP solutions, we examined
the polyelectrolyte properties of chitosan, in particular, the
temperature dependence of ionization and precipitation of
chitosan.17,18 This study revealed a significant decrease in
chitosan pKa with increasing temperature, by 0.023 units per
°C, while in contrast, an almost negligible effect of temperature
on the pKa of GP was measured. A similarly strong temperature
dependence of glucosamine pKa was observed previously by
Neuberger, while the temperature insensitive pKa of glycerol
phosphate was observed previously by Fukada.20 Because the
heat-induced reduction of chitosan pKa will release protons from
chitosan and the temperature-insensitive pKa of GP should
permit GP to accept these released protons, these observations
led us to hypothesize a gelation mechanism whereby heating
induces transfer of protons from chitosan to glycerol phosphate,
thereby neutralizing chitosan and allowing attractive chitosan-
chitosan forces to dominate and form a physical gel.17,18 In the
current study, we tested this hypothesis by performing temper-
ature ramp experiments on chitosan-GP solutions where
chitosans with fD of 0.72 and 0.98 were used in the presence of
variable amounts of GP and with or without 150 mM added
monovalent salt. Light transmittance and pH were measured
during temperature ramps to indicate precipitation. To theoreti-
cally predict chitosan neutralization under heating in the
presence of GP, we also developed a model to calculate the
degree of ionization of chitosan (R the ratio of protonated
glucosamine monomer to total glucosamine monomer) and its
dependence on temperature in the presence of GP. The model
uses solution electroneutrality, acid–base equilibria of chitosan
and GP, including their temperature dependent pKas, and a
Poisson–Boltzmann cylindrical cell model to calculate the
electrostatic component of chitosan pKa. We specifically
hypothesized that: (1) Heating chitosan in the presence of GP
would induce proton transfer from chitosan to GP and reduce
the degree ionization of chitosan to a critical value, Rp, where
repulsive chitosan-chitosan electrostatic forces could be over-
come by attractive interchain forces and thereby induce chitosan
precipitation. (2) For a given chitosan and ionic strength, Rp

would not change significantly with temperature, thus reflecting
that total attractive interchain forces, which include hydrophobic
forces, are not significantly affected by temperature. This
hypothesis is motivated by the previous observation17,18 that
degree of ionization at which precipitation of chitosan is initiated
in titration experiments did not vary significantly with temper-

ature. (3) Increased ionic strength would dampen double layer
repulsion via electrostatic screening and therefore increase the
value of Rp. (4) Rp would also increase with increased fD due
to the known lower solubility of chitosans with high fD.17,21

We also performed 31P NMR experiments to directly assess
heat-induced proton transfer from chitosan to GP since the
chemical shift of 31P in GP is ionization state dependent. Finally
we examined the ability of two buffers that do not contain any
glycerol moiety to replace GP and maintain thermogelling
characteristics to further confirm the fundamental mechanism
of heat-induced gelation of chitosan-GP solutions as chitosan
neutralization via proton transfer to a buffer with suitable pKa

characteristics.

Theory

We developed a model of chitosan-GP solutions that relates
the temperature dependence of the degree of ionization of
chitosan and solution pH to the temperature of precipitation of
chitosan. The model used solution electroneutrality and acid–
base equilibrium and explicitly accounted for temperature
dependence. Because chitosan is a polyelectrolyte, its acid–base
behavior is more complex than that for simple acid-base
electrolytes because its pKa depends on its surface electrostatic
potential. In a previous study,17 we developed the cylindrical
cell model representation of chitosan in solution in the presence
of an anionic counterion (Cl) and a monovalent salt (NaCl) and
obtained the molecular electrostatic potential by solving the
nonlinear Poisson–Boltzmann equation within the cylindrical
cell. In the current study, this model was extended to permit
the inclusion of a second titratable species in addition to
chitosan, such as GP.

Determination of pH(T), Degree of Ionization of Chito-
san r(T), and Temperature of Precipitation Tp. We consider
a system composed of two weak electrolytes (chitosan and GP)
and salt and apply acid–base equilibria and electroneutrality.
The proton dissociation equilibrium of the glucosamine mono-
mer of chitosan (NH3

+ h NH2 + H+) is described by17,22

pKap(T) ) pH + log10(cg
+

cg
n )

) pH + log10( R
1 - R)

) pK0(T) -
eψ|r ) a(T)

kT ln 10
(1)

where pKap is the apparent proton dissociation constant of
chitosan, cg

+ and cg
n are the concentration of ionized and neutral

glucosamine monomer, respectively, R ) cg
+/(cg

+ +cg
n) ) cg

+/cg
is the degree of ionization of the polycation, pK0(T) is the
intrinsic dissociation constant of the glucosamine monomer of
chitosan (i.e., pKap when R ) 0) and ψ|r)a is the electrostatic
potential at the surface of the polyelectrolyte found by solving
the Poisson–Boltzmann equation in the cylindrical cell model
(see Appendix 1 of the Supporting Information). Note that the
cationic nature of the polyelectrolyte is seen in the rightmost
term of eq 1, -eψ|r)a/kT ln 10. Proton dissociation equilibrium
of GP is described by

pKa
GP(T)) pH+ log10( cGP-

cGP2-
)) pH+ log10( �

1- �) (2)

where cjGP- and cjGP2- are the concentration of monovalent and
divalent forms of GP, respectively, and � ) cjcGP-/(cjGP- + cjGP2-)
) cjGP-/cjGP is the fraction of GP in its acid (monovalent) form.
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The overbars are used to indicate average concentrations of
mobile ions in the cylindrical unit cell introduced below. The
dependence on temperature of the pKa of both chitosan and GP
can be well described by a polynomial of degree two (see
Results section) such that the pKa of chitosan and GP can also
be written as:

pKap(T)) pK0(T0)+Ag(T- T0)+Bg(T- T0)
2 -

eψ|r ) a(T)

kT ln 10
(3)

and

pKa
GP(T)) pKa

GP(T0)+AGP(T- T0)+BGP(T- T0)
2 (4)

where T0 is an arbitrary reference temperature set to 25 °C in
this study, and A and B are constants determined from
temperature ramp experiments by applying a previously devel-
oped relationship17 between observed pH changes and pKa

changes:

∆pKa(T)) pKa(T)- pKa(T0)) pH(T)- pH(T0) (5)

We demonstrated previously that eq 5 is valid for a weak acid
HA (i.e., chitosan or GP) of valence z (HAz a H+ + Az-1) if
cH+/cHA , 1 and cOH-/cHA , 1 and the ionization state (R or
�) is not too close to 0 or 1.17 Note that expressions analogous
to eq 5 are also valid when a parameter other than temperature
is varied (e.g., concentration of added salt or concentration of
the weak acid itself). Chitosan pK0(T0) in eq 3 values were
obtained previously,17 while pKa

GP(T0) in eq 4 was obtained here
in this study from titration experiments. The electrostatic
contribution to pKap in eqs 1 and 3 (-eψ|r)a(T)/kT ln 10) was
obtained by numerically solving the nonlinear Poisson–Boltz-
mann equation within the cylindrical cell as a function of R, as
described in Appendix 1 of the Supporting Information.

In the context of this study, we consider four types of mobile
ions, namely the counterions Cl- (from the solvent HCl and
NaCl salt added), GP- and GP2- and the coion Na+ (from the
dissociation of NaCl and GP that is used in a disodium salt
form). When calculating electroneutrality, protons (H+) and
hydroxyl ion (OH-) were neglected because only neutral or
near-neutral solutions are considered. The condition of macro-
scopic electroneutrality is then given by:

cCl + cGP- + 2cGP2- - cNa - cg
+) 0 (6)

Total chloride ion concentration is cjCl ) cjHCl + cjNaCl and
because GP is a disodium salt, total sodium concentration is
cNa ) 2cGP + cNaCl , and total GP is cGP ) cGP- + cGP2- such
that eq 6 can be simplified to

cHCl - cGP- - cg
+) 0 or 1- r�-R) 0 (7)

where r is the ratio of total GP to total glucosamine (i.e., r
) cGP/cg). Equation 7 assumes a 1:1 ratio of total glucosamine
monomer:HCl as is the case for solutions tested in the current
study. pH(T) and R(T) were calculated by numerically solving
the eqs 1, 2, and 7 simultaneously with the pKa temperature
dependencies of eqs 3 and 4. Note that the electrostatic
contribution to the pKap of chitosan, -eψ|r)a/kT ln 10 in eq
1, was calculated by solving the Poisson–Boltzmann equation
(see Appendix 1 of the Supporting Information) prior to
solving eqs 1, 2, 3, 4, and 7. In particular, -eψ|r)a/kT ln 10
was calculated for R values ranging from 0 to 1 (adjusted
by varying �, i.e., proportions of GP- and GP2-, in eq 7)
for all experimental conditions of fD, r, and cNaCl. Alterna-
tively, the temperature of precipitation Tp could be estimated

by solving this same system of equations after setting R to
its value at precipitation (Rp).

The Influence of Temperature on the Degree of Ioniza-
tion of Chitosan in Chitosan-GP Solutions. For chitosan-GP
mixtures, there is no analytical solution for R(T) or pH(T)
because the pKa of chitosan depends on the charge state of the
macroion so that the numerical solution described above is
required. However, the following analytical expression for the
variation of R with temperature can be derived (Appendix 2 of
the Supporting Information):

dR
dT

)
ln10(dpK0

dT
-

dpKGP

dT )
( 1
R(1-R)

+ 1
r

× 1
�(1- �)

+m ln 10)
(8)

where r is the ratio of total GP to total glucosamine (cjGP/cg)
and m is the slope of a linear approximation of pKap (pKap(T)
≈ pK0(T) - mR)) that was used to derive eq 8. We demonstrated
previously that this linearized form of pKap is a good ap-
proximation, especially in the presence of added salt or for low
values of R.17 Note also that m is positive for a cationic
polyelectrolyte such as chitosan and that m ) 0 in eq 8 for
simple acid-base electrolytes. Because R and � range from 0
to 1 and m and r are positive, we see from eq 8 that dpK0/dT
< dpKGP/dT is required in order that dR/dT < 0, thus indicating
that the macroion is neutralized upon heating. Equation 8
predicts a significant rate of variation of the charge state when
|dpK0/dT - dpKGP/dT| as well as r ) cjGP/cg have high values
and when m is small (i.e., for the case of significant added salt
that reduces the electrostatic contribution to chitosan pKap).
Another condition required to attain a significant variation of
chitosan charge state upon heating is that R and � are not too close
to 0 or 1, meaning that pKa of the two buffers must be similar. If
the pKa of the buffer is greatly different from the chitosan pKap,
then eq 8 would require a high value of r ) cGP/cg to induce
precipitation because, in this case, � is close to either 0 or 1 when
R is not close to either 0 or 1 and an excess of proton acceptor
(GP) is needed for chitosan neutralization. The influence of m on
dR/dT arises from the increasing pKap as the degree of ionization
is decreased (pKap(T) ≈ pK0(T) - mR), which opposes the decrease
in pKap induced when temperature rises. This latter effect is
dampened in the presence of added salt where the pKap varies less
with R and m is reduced. The relationship between R and � in eq
7 can be inserted into eq 8 to obtain:

dR
dT

)
ln 10(dpK0

dT
-

dpKGP

dT )
( 1
R(1-R)

+ r
(1-R)(r+R- 1)

+m ln 10)
with r+R- 1 > 0 (9)

For sufficiently high values of r ) cGP/cg (i.e., r . 1 - R), eq
9 then reduces to

dR
dT

≈ ln 10
(dpK0

dT
-

dpKGP

dT )
( 1+R
R(1-R)

+m ln 10)
(10)

and is independent of the amount of GP used. Note that because
r + R - 1 > 0 for solutions tested in the current study, the
minimal value of R is 1 - r and R must be reduced below Rp

in order to observe precipitation. Therefore, a chitosan-GP
solution with r < 1 - Rp cannot undergo precipitation, according
to our hypothesis.
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Determination of Changes in Chitosan Degree of Ioniza-
tion r(T) by 31P NMR. The chemical shift of 31P of GP is
sensitive to its ionization state. If δa and δb are the chemical
shifts of GP in its acid form (GP-) and base form (GP2-),
respectively, then its measured chemical shift δ, at arbitrary
charge state � is the weighted average

δ) �δa + (1- �)δb ⇒ �)
δb - δ
δb - δa

(11)

and the following relation can be obtained from eqs 2 and 11

δ) δb -
(δb - δa)

1+ 10pH-pKa
GP

(12)

δa, δb, and pKa
GP were determined by fitting the above equation

to 31P NMR data acquired at controlled temperatures with GP
solutions that were titrated with HCl to specific charge states
�. There are only two protonatable species (chitosan and GP)
in solution, such that eq 7 indicates that changes in � directly
reflect changes in R. Therefore R(T) may be calculated by
measuring � from 31P NMR at any temperature and using the
following equation that results from combining eq 7 with eq
11:

R(T)) 1- r�(T)) 1- r( δb(T)- δ(T)

δb(T)- δa(T)) (13)

Here again, eq 13 assumes a 1:1 ratio of total glucosamine
monomer:HCl as is the case for solutions tested in the current
study.

Experimental Methods

Reagents and Solutions. Ultrapure chitosans with fD of 0.72 and
0.98 were provided by BioSyntech (Table 1). HCl 1 N (Aldrich,
catalogue no. 31894-9) was used to dissolve chitosan. Chitosan solutions
with precise concentration were prepared from powders dried at 60 °C
for 2 days using a heated centrifugal vacuum concentrator (Savant
Speedvac, model SS11) prior to dissolution.

For all experiments, chitosan was dissolved to obtain 3 mM
concentration of its glucosamine monomer in a 500 mL volumetric
flask and HCl added to a molar ratio of HCl:glucosamine of 1:1,
resulting in a pH of about 4. To make these solutions, dried chitosan
was added to deionized water, stirred to disperse the powder prior to
adding HCl, and then stirred overnight to ensure complete dissolution.
Glycerol disodium salt (GP) (Sigma catalogue no. G9891) stock
solutions were prepared in volumetric flasks at concentrations varying
from 3.75 to 30 mM. Chitosan-GP mixtures used in temperature ramp
experiments were made by mixing equal volumes of chitosan and GP
stock solutions, such that the final concentration of chitosan was always
1.5 mM of total glucosamine monomer. Solutions with different molar
ratios of GP to total chitosan glucosamine (r ) cjGP/cg) ranging from
1.25 to 10 were achieved by varying the concentration of GP stock
solution. Salt concentration in these solutions was adjusted by adding
appropriate amount of NaCl 5 N. Chitosan-GP mixtures to be tested
in 31P NMR experiments were prepared as above with 10% v/v
deuterium oxide (Sigma catalogue no. 15188). Disodium phosphate

(Sigma catalogue no. S5136) or 4-morpholineethanesulfonic acid (MES)
(Sigma catalogue no. M5287) were also used as buffers to replace GP
in chitosan-GP mixtures and create thermosensitive solutions. Di-
sodium phosphate was prepared at 5 mM. MES was prepared at 15
mM with a molar ratio of MES:NaOH ) 1:1. They were mixed with
chitosan as described above for GP prior performing temperature ramp
experiments.

pKa Measurements and Temperature Ramp Experiments. A
custom apparatus described previously17 allowed simultaneous mea-
surement of pH and laser light relative transmittance (LT), the latter
used to detect precipitation of chitosan-GP solutions in ramp temper-
ature experiments. For all experiments, solutions were continuously
stirred inside a 50 mL reaction jacketed beaker (Kontes, catalogue no.
317000-0050) with the jacket coupled to a heating circulating bath
(Neslab, model RT-111) to control temperature via an automatic
temperature compensation (ATC) probe (Accumet, Fisher Scientific
catalogue no. 13-620-16) immersed in the tested solution. The pH
electrode (Orion, model no. 8115 connected to the Accumet, model
20 pH meter) was calibrated with NIST standards at room temperature
and the automatic ATC probe corrected for the temperature dependence
of the pH electrode. To detect chitosan precipitation, laser light relative
transmittance, LT, was measured throughout the experiment bypassing
a 635 nm diode laser beam (Coherent, 5 mW, 31-0128) through the
solution and walls of the beaker with detection by a photo detector
(Coherent, Laser-Q VIS, 33-0241 connected to a multimeter Fluke,
model 45 Dual display). The temperature of precipitation (Tp) was
determined as the intercept of the extrapolated transmittance (LT)
baseline and the extrapolation of the linearly decreasing section of the
transmittance (see Figure 1). The corresponding value of R at which
these LT decreased to indicate precipitation, called Rp, was calculated
as described in the Theory section. The computer controlled the titration
burette and bath temperature in addition to acquiring pH, temperature
and LT data.

We also used this apparatus to measure the pKa of GP and of
chitosan. pKa

GP at 25 °C was obtained by titrating 20 mL of GP at cGP

) 25 mM using an automatic burette (Schott, Titronic Universal 20
mL) to add 0.1 mL increments of 0.25 N HCl every 30 s. The measured
pH was then fit to eq 2 to determine pKa

GP (25 °C) after calculating �
from electroneutrality, cjCl + cjGP- + 2cjGP2- - cjNa ) 0, and total GP
cjGP ) cjGP- + cjGP2- for each data point during titration. The pKa

GP for
other conditions (different cGP or different cNaCl) was calculated from
pH measurements after dilution or addition of NaCl according to eq 5
and using the pKa value found at cGP ) 25 mM, cNaCl ) 0 mM, T )

Table 1. Chitosans

fD Mn
a (kDa) PDIb

0.72 553 2.3
0.98 103 1.6

a Number-average molecular weight (Mn) by triple detector gel perme-
ation chromatography23 (GPC). b Polydispersity index (PDI ) Mw/Mn) using
weight-average molecular weight (Mw) obtained by GPC, both provided
by the manufacturer.

Figure 1. Laser transmittance (LT) and pH during a temperature ramp
(1 °C/min) of a chitosan-GP solution (cg ) 1.5 mM, r ) cjGP/cg )
2.5). The temperature of chitosan precipitation (Tp) was found as the
intercept of the extrapolated transmittance (LT) baseline before
precipitation with the extrapolated transmittance (LT) after precipita-
tion. The pH showed a similar decrease at precipitation, likely due to
increased charge density local to chitosan aggregation that promoted
proton release to a greater extent than that predicted from the pKa

variation with temperature of soluble chitosan.
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25 °C as a reference. Chitosan pK0(T0) were previously measured17

and chitosan pKap was obtained from eq 1 and using the Poisson–Bolt-
zmann model described above. Variation of the pKa of chitosan and
GP with temperature was calculated from pH changes in temperature
ramps from 5 to 85 °C according to eq 5.

31P NMR. 31P NMR spectra were acquired on a Bruker BioSpin
Avance 500 MHz using a 5 mm broadband probe (BBO). The 31P NMR
experiment for measuring the chemical shift of GP was a single pulse
sequence of 30°. The delay before the application of the pulse was 2 s
and the acquisition time was 1.6 s. The spectral width was 20161 Hz,
the number of data points was 64k. The number of acquired transients
was 8 and 64 for GP and chitosan-GP mixtures, respectively. 31P
spectra of GP solutions (5 mM) containing 10% v/v of deuterium oxide
and titrated with HCl to a specific charge state � were acquired at
controlled temperatures ranging from 5 to 55 at 10 °C intervals. These
solutions were used to establish the values of δa and δb as a function
of temperature using eq 12. 31P spectra of chitosan-GP mixtures
prepared as described above were also acquired at controlled temper-
atures ranging from 5 to 55 at 10 °C intervals and chitosan degree of
ionization, R(T), was calculated using eq 13.

Results

Influence of Temperature on GP pKa
GP and Chitosan

pKap. The pKa of GP was found to increase slightly with
temperature from 5 to 85 °C (Figure 2), while the pKap of
chitosan was found to decrease significantly with temperature
(Figure 2) as previously reported.17 We demonstrated previ-
ously17 that this temperature dependence of chitosan pKap is
the result of its instrinsic pK0 changing with temperature because
the rightmost electrostatic term of eq 3 was found to be
temperature independent.

Influence of GP Concentration cGP and Salt Concentra-
tion cNaCl on pKa

GP. The pKa of GP was found to vary with its
own concentration and with the concentration of added salt
(Table 2). The pKa

GP of the solution with cGP ) 24 mM was
obtained by potentiometric titration, while additional pKa

GP

values were obtained by diluting this solution or by adding NaCl
and using the pKa

GP obtained with cGP ) 24 mM and cNaCl ) 0
mM as a reference in eq 5. We found that the pKa of GP
decreased when either its concentration cGP increased in the
absence of added salt or when salt concentration cNaCl increased
at constant cGP (Table 2) because augmented electrostatic

screening will more easily permit separation of protons from
the negatively charged GP2-.

Calculation of Chitosan pKap from PB Model. Theoretical
predictions of chitosan pKap(R) using eq 1 (the rightmost
version) and the PB model described in the Theory section were
obtained for all performed temperature ramp experiments (Figure
3). We used previously obtained values of pK0(25 °C) of 6.63
at cNaCl ) 0 and 6.73 at cNaCl ) 150 mM in eq 1, which were
independent of fD, and then calculated the electrostatic term
-eψ|r)a(T)/kT ln 10 using the PB model, as described previ-
ously.17 As expected, increasing cGP or cNaCl increased chitosan
pKap via electrostatic screening. Theoretical results predict that
the pKap varies with R in a linear fashion when R < 0.4 (Figure
3). Calculations performed at varying temperatures did not reveal
any significant temperature-dependent changes in the electro-
static contribution to pKap(R), namely the rightmost term in eq
1, -eψ|r)a(T)/kT ln 10 (data not shown). This latter result has
been previously observed17 and ascribed to the temperature
independence of the normalized potential, (eψ/kT), in eq 1,
which is itself due to the water permittivity linearly decreasing
with temperature and thereby linearly increasing ψ, which after
normalization as (eψ/kT) becomes temperature independent.

Temperature Dependence of pH of Chitosan-GP
Mixtures. To investigate the accuracy of the PB model, the
theoretically predicted pH of chitosan-GP mixtures was
compared to experimental measurements. We found the pH of
chitosan-GP solutions with 150 mM added salt to be lower
than that without added salt, consistent with the observed
decrease of pKa

GP (∼0.3 points in Table 2), dominating the
increase in chitosan pKap (∼0.1 points) due to the greater
concentration of GP versus glucosamine monomer in most of

Figure 2. Variation of the pKa’s of chitosan and GP with temperature
(mean ( min/max, n ) 2) in a ramp test (1 °C/min). The chitosan
solution had R ) 0.75 and the GP solution had � ) 0.5 with cNaCl )
150 mM for both. Polynomials of degree 2 (eqs 3 and 4) were fit to
the data and are shown as solid lines. The resulting best fit
parameters were Ag ) -2.32 × 10-2 and Bg ) 6.57 × 10-5 in eq 4
for chitosan and AGP ) 1.36 × 10-3 and BGP ) 3.04 × 10-5 in eq 5
for GP both with reference temperature T0 ) 25 °C.

Table 2. Variation of pKa
GP with Concentration cGP and Salt cNaCl

at T ) 25 °C

pKa
GP

cNaCl ) 0 mM cNaCl ) 150 mM

cGP(mM) 24 6.38 6.18
12 6.45 6.19
6 6.50 6.20
3 6.54 6.21
1.5 6.58 6.21

Figure 3. Theoretical dependence of chitosan pKap at constant
temperature (25 °C) on the degree of ionization, R, for certain
combinations of fD, cGP, and cNaCl. These PB model results were
obtained using cg ) 1.5 mM, a ) 1.3 nm (polyelectrolyte radius), and
l ) 0.52 nm (charged sites spacing on the chain).
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the tested chitosan-GP solutions. In general, the model and
experiments closely agreed, the theoretical pH being within (
0.07 units of the experimental pH for all conditions tested (see
Figure 4 for a few examples).

We found that measured pH during temperature ramps
decreased more slowly with temperature than the calculated
pKap, which was consistent with heat-induced progressive
neutralization of the macroion, according to eq 1. For example,
the difference, ∆ ) pH(T) - pKap(T), in a solution of chitosan
with fD ) 0.72 with cg ) 1.5 mM, cGP ) 10 mM, and cNaCl )
150 mM, was ∆ ) 0.21 at 10 °C, but ∆ ) 0.44 at 25 °C (Figure
5). The degree of ionization, R, can be calculated from eq 1 as
R ) 1/(1 + 10∆), resulting in R ) 0.38 at 10 °C, while a reduced
R ) 0.27 at 25 °C, corresponding to a decrease of about 30%
within heating by only 15 °C.

Proton Transfer from Chitosan to GP Monitored by
31P NMR. To experimentally investigate the theoretically
predicted change of the degree of ionization of chitosan upon
heating, we monitored the 31P chemical shift of GP as a function
of temperature in GP solutions and in chitosan-GP mixtures.
To establish the link between the 31P chemical shift (δ) of GP
and its degree of association �, we obtained δ vs pH for solutions
of GP 5 mM with cNaCl ) 150 mM titrated to specific � values.
δa(T), δb(T), and pKa

GP (T) were then determined by fitting the
eq 12 to 31P NMR data acquired at controlled temperatures
ranging from 5 to 55 °C (Figure 6A). We then performed ramp
temperature experiments on two chitosan-GP mixtures with
cNaCl ) 150 mM and found that, upon heating, the 31P chemical
shift of chitosan-GP mixtures approached the chemical shift
of the acidic form of GP, δa(T), for both solutions, indicating
that the ratio of monovalent GP- to divalent GP2- in these
solutions increased with temperature by abstracting protons from
chitosan and thereby progressively neutralizing chitosan (Figure
6B; note that R decreases when � increases according to eqs 7
or 13). Equation 13 was then used to calculate chitosan degree
of ionization R(T) from NMR data and compared to theoretical
predictions obtained by solving eqs 1, 2, 3, 4, and 7 (Figure
6C). The reasonable agreement between theory and experiment
confirms a significant transfer of protons from chitosan to GP
upon heating. For example, for the solution with fD ) 0.72, cg

) 1.5 mM, cGP ) 5 mM, and cNaCl ) 150 mM, R changes
from ∼0.6 to 0.2 upon heating from 5 to 55 °C, a reduction of
about 67%, while for the solution with fD ) 0.98, cg ) 1.5
mM, cGP ) 2 mM, and cNaCl ) 150 mM, R changes from ∼0.7
to 0.3 upon heating from 5 to 55 °C, a reduction of about 57%.

Experimental Influence of GP Concentration cGP, Deacety-
lation fD, and Salt Concentration cNaCl on Precipitation
Temperature Tp. The amount of GP had a significant influence
on precipitation temperature (Tp) by reducing Tp as GP content
increased (Figure 7). For example, a solution of chitosan with
fD ) 0.72, cNaCl ) 0 mM, precipitated at 79 °C when r ) cGP/
cg )1.33 but at 25 °C when r ) 10. The decrease in Tp for
increasing GP (or r) was steeper at lower values of r (Figure
7). The level of chitosan deacetylation also had a significant
effect on precipitation temperature where chitosan with fD )
0.72 precipitated at higher temperatures than chitosan with fD
) 0.98 (Figure 7). The amount of added salt exerted yet another
influence on Tp. The precipitation temperature was found to be
higher in the presence of 150 mM NaCl for all solutions tested,
with one exception for chitosan with fD ) 0.98 at r ) 1.25
(Figure 7A). This increase in precipitation temperature with
added salt was initially surprising because added salt will
decrease double-layer repulsion and facilitate aggregation, which
we expected at lower temperatures rather than higher. We found,
however, that this salt effect on Tp could be explained by the
decrease of GP pKa with increased salt (Table 2), thus creating
an initially higher degree of ionization of chitosan and requiring
greater heating to reduce it to the level required for precipitation,
as described in more detail below.

PB Model Prediction of the Influence of GP Concentra-
tion cGP, Deacetylation fD, and Salt Concentration cNaCl on
Chitosan Ionization r versus Temperature. As described
above, chitosan-GP solutions with increasing GP, added in its
base form, were found to precipitate at lower temperature, a
result that is consistent with increasing GP lowering chitosan
ionization and raising the pH of the solution. The PB model of
chitosan-GP systems further predicted that heating would
reduce chitosan ionization state significantly at all molar ratios
of GP to chitosan glucosamine (r ) cGP/cg) (Figure 8). We

Figure 4. Experimental pH(T) (symbols) compared to theoretical pH
(lines) vs temperature for various chitosan-GP mixtures (cg ) 1.5
mM) where r ) cGP/cg, subjected to ramp tests at 1 °C/min. Open
symbols correspond to values obtained after chitosan precipitation.

Figure 5. Different slopes of experimentally measured pH of
chitosan-GP and theoretically calculated chitosan pKap vs temper-
ature indicate decreasing degree of ionization of chitosan during this
temperature ramp. The degree of chitosan ionization, R, can be
calculated from eq 1 as R ) 1/(1 + 10∆), where ∆ ) pH(T) - pKap(T)
is specifically indicated as ∆(10 °C) ) 0.21 and as ∆(25 °C) ) 0.44
to provide R ) 0.38 at 10 °C and a reduced R ) 0.27 at 25 °C. In this
case, precipitation occurs at 25 °C and is indicated by a change in
slope of measured pH vs T. This accelerated decrease of pH is not
reflected in the calculated pKap because the latter assumes a soluble
macroion in homogeneous equilibrium with respect to proton dis-
sociation. On the contrary, chitosan precipitation will condense
chitosan to increase local charge density, thus reducing pKap and
expelling protons from chitosan.
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hypothesized that precipitation occurred upon heating when
chitosan ionization state was reduced to a critical value thereby
reducing repulsive electrostatic interactions between chitosans
to a level that equaled attractive interactions which then induce
precipitation. We called this critical value of chitosan ionization
state for precipitation Rp, which was experimentally determined
by using the PB model to calculate the R at the experimentally

observed precipitation temperature Tp (Figure 7A) to result in
Rp as a function of Tp (Figure 7B). The largest variation of Rp

with temperature occurs for the case fD ) 0. 98 without added

Figure 6. Chitosan degree of ionization from 31P NMR. (A) Measured
31P chemical shift of GP vs pH (symbols) and best fits of eq 12 to
data resulting in (δa ) 0.017, δb ) 3.704, pKa ) 6.26) at 5 °C, (δa )
0.243, δb ) 4.074, pKa ) 6.21) at 25 °C and (δa ) 0.530, δb ) 4.551,
pKa ) 6.28) at 55 °C for cGP ) 5 mM and cNaCl ) 150 mM. (B)
Temperature dependence of 31P chemical shift of GP (symbols, mean
( min/max, n ) 2) for two chitosan-GP solutions both with cg ) 1.5
mM, cNaCl ) 150 mM compared to the chemical shifts of the pure
acid form δa(T) and base form δb(T). Upon heating, the 31P chemical
shift of the chitosan-GP mixtures approaches δa(T) for both solutions,
indicating that the proportion of GP- vs GP2- in the solution increases
with temperature by taking protons from chitosan that is progressively
neutralized (R decreases when � increases according to eqs 7 or
13). Open symbols correspond to values obtained after chitosan
precipitation. (C) Degree of ionization of chitosan calculated from eq
13 using 31P chemical shifts is in reasonable agreement with that
predicted by solving eqs 1, 2, 3, 4, and 7 as described in the Theory
section. Both NMR measurements and the theory indicate a reduction
in R of chitosan when heated on the order of 0.07 per 10 °C.

Figure 7. (A) Temperature of precipitation of chitosan-GP mixtures
from ramp tests at 1 °C/min as a function of the molar ratio of GP to
glucosamine (r ) cGP/cg) (mean ( SD, n ) 3 or ( min/max, n ) 2).
The continuous lines are added for clarity and do not represent any
model calculation. (B) Degree of ionization at precipitation Rp vs
temperature for all solutions tested. The value of Rp was calculated
from experimentally measured Tp using the PB model. The value of
Rp does not change significantly with temperature. The largest
variation with temperature occurs for the case fD ) 0. 98 without
added salt, where Rp decreases slightly with temperature (from 0.19
at 15 °C to 0.14 at 65 °C), possibly due to the reduced content of
mobile ions for these solutions with higher Tp.

Figure 8. PB model predictions of chitosan ionization R vs T for
various GP-glucosamine molar ratios (r ) cGP/cg). The calculations
were performed for chitosan at cg ) 1.5 mM with fD ) 0.72 and cNaCl

) 150 mM. The shaded grey area indicates the zone of chitosan
precipitation where R e Rp ) 0.15, corresponding to the experimen-
tally determined Rp for fD ) 0.72 and cNaCl ) 150 mM (from Figure
7). The intersection between curves and the grey zone corresponds
to the precipitation temperature Tp. Chitosan-GP solutions with lower
r required higher temperatures to reach the grey zone and precipitate.
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salt, where Rp decreases slightly with temperature (from 0.19
at 15 °C to 0.14 at 65 °C), possibly due to the reduced content
of mobile ions for these solutions with higher Tp. However,
because Rp does not change significantly with temperature,
average values were calculated (Table 3). For example, the
precipitation temperatures of chitosan with fD ) 0.72 and
with added salt at cNaCl ) 150 mM for different amounts of
added GP can be visualized by shading the region of R < Rp

) 0.15, showing the intersection of R vs T for this chitosan,
with the shaded zone as the precipitated region (Figure 8).

Because Rp is reasonably independent of temperature, the
average values (Table 3) taken as constants permit a good
prediction of experimental Tp vs r (Figure 9). We also found
that Rp was higher with added salt, as expected, because
electrostatic screening will reduce repulsive chain-chain in-
teractions and allow precipitation at higher states of chitosan
ionization. Interestingly, although Rp was higher with added salt,
the corresponding Tp was also higher and, as mentioned above,
may appear contradictory by suggesting that greater chitosan
neutralization was required to reach precipitation. However, this
apparent contradiction was resolved by recognizing that the GP
pKa

GP decreased from 6.58 with no salt to 6.21 at 150 mM NaCl
(Table 2), which consequently raised the initial degree of
ionization of chitosan in the presence of salt compared to no
salt and thereby required greater heating to reduce the state of
ionization to Rp that initiates precipitation. As expected, Rp was
lower for chitosan with lower fD, consistent with the reported
increased solubility of chitosans with more acetyl groups.17,21

Critical Values of Chitosan Ionization at Precipitation
rp Depend on Heterogeneous versus Homogeneous Pro-
cesses and the Strength of the Basic Buffer. The values
obtained for Rp using temperature ramps and chitosan-GP
solutions in the present study are lower than those obtained
previously using potentiometric titration with NaOH17 (Table
4). The relatively large reduction in Rp for temperature ramps
and chitosan-GP versus potentiometric titration with NaOH is
most likely due to the strength of NaOH as base versus GP and
to the heterogeneity in the solution when titrating NaOH into a
localized volume compared to homogeneous heating of
chitosan-GP solutions where protons are uniformly transferred
from chitosan to GP throughout the solution. Evidence for this
explanation was obtained by titrating GP into chitosan and
comparing precipitation kinetics to that seen when titrating
NaOH into chitosan. We found the initially observed precipita-
tion when titrating with NaOH to be fast and abrupt as revealed
by the evolution of LT (see circle 1 in Figure 10A). This type
of fast and abrupt decrease in LT probably corresponds to the
formation of local precipitates of chitosan at the site of injection,
which do not redissolve and are not in equilibrium with the
rest of the solution, creating a heterogeneous mixture. Similar
abrupt decreases in LT are observed at each additional injection
of NaOH following the first observed decrease, with subsequent
injections resulting in the formation of additional local precipi-
tates. At a given point, however, the sharp decrease is followed
by a gradual and much slower decrease of LT (see circle 2 in
Figure 10A). This probably occurs when the average ionization

degree of chitosan throughout the solution and the precipitates
is sufficiently small to permit aggregation, which occurs slowly
throughout the whole solution volume. It is this type of
homogeneous aggregation that is expected in ramp temperature
experiments of chitosan-GP solutions but only occurs during
NaOH titration at R values that are lower than those corre-
sponding to the initial fast precipitation events. Note that the
two types of experiments (ramp vs titration) cannot be quan-
titatively compared because the solution titrated with NaOH is
a heterogeneous mixture of precipitates and soluble chitosan
once the initial precipitation events have occurred. Interestingly,

Table 3. Average Values of Rp (from Figure 7B)a

Rp (mean ( sd, n ) 7)

cNaCl ) 0 mM cNaCl ) 150 mM

fD ) 0.72 0.12 ( 0.01 0.15 ( 0.01
fD ) 0.98 0.18 ( 0.02 0.28 ( 0.02

a These average values were used to calculate Tp in Figure 9.

Figure 9. Comparison of experimental and calculated PB model
values of precipitation temperature Tp from ramp tests at 1 °C/min
with cg ) 1.5 mM as a function of the molar ratio of GP to chitosan
glucosamine (r ) cGP/cg) (mean ( SD, n ) 3 or ( min/max, n ) 2).
The PB model predictions are shown as long-dashed lines and
assume constant temperature independent Rp from Table 3. (A) cNaCl

) 150 mM. The dependence of Tp on fD was accounted for by setting
Rp ) 0.15 for fD ) 0.72 and Rp ) 0.28 for fD ) 0.98, consistent with
increased acetylation increasing solubility (B) cNaCl ) 0 mM. The
dependence of Tp on fD was accounted for by setting Rp ) 0.12 for
fD ) 0.72 and Rp ) 0.18 for fD ) 0.98 and are lower than the added
salt case due to reduced electrostatic screening. (C) Effect of the
salt on Tp for fD ) 0.72. Here again, Rp ) 0.12 for no added salt and
Rp ) 0.15 for cNaCl ) 150 mM. Interestingly Tp was higher in the
presence of salt although Rp was also higher. This salt effect was
mediated by a reduced GP pKa

GP in the presence of added salt (Table
3), thus increasing the initial state of ionization of chitosan prior to
heating.
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however, the kinetics of neutralization when GP was titrated
into chitosan were slow and continuous (Figure 10B), probably
because 2 mL of GP at pH 9 does not induce local precipitation
of chitosan to the extent of 0.3 mL of NaOH at pH 12. The
values of Rp obtained from direct titration of GP were also
similar to those obtained from temperature ramp experiments,
further confirming the above explanation for differing Rp values
in this study compared to the previous one (Table 4).

Temperature-Induced Chitosan Precipitation Can Be
Achieved Using Buffers Other than GP, As Long As
They Satisfy the Requirements for Proton Transfer. We
found that the temperature-induced precipitation of chitosan can
be observed with inorganic phosphate and MES in addition to
GP (Figure 11). These two buffers satisfy the criteria required
to accept protons from chitosan during heating because they

have pKa similar to the pKa of chitosan (∼6.2 and 7.2 for MES
and phosphate, respectively) and their variation in pKa with
temperature satisfies eq 8 dpK0/dT < dpKMES,Phosphate/dT because
dpKa/dT ∼ -0.009/°C for MES20 and ∼ -0.002/°C for
phosphate20 versus -0.023/°C for chitosan. The chitosan-buffer
mixtures were prepared by mixing equal volumes of chitosan
and phosphate or MES solutions as for chitosan-GP mixtures
preparation. Stock solutions of 5 mM (phosphate) and 15 mM
(MES) were used so that the final concentrations in chitosan-
buffer mixtures were 2.5 and 7.5 mM for phosphate and MES,
respectively. Note that the MES solution was prepared with a
molar ratio MES: NaOH of 1:1. Temperature ramp experiments
were performed and precipitation was observed for both buffers
(Figure 11), thus obviating the requirement for polyol groups
to attain a thermogelling chitosan solution.

Discussion

The primary objective of the current study was to examine
the thermally induced precipitation behavior of chitosan-GP
mixtures in order to investigate a proposed precipitation/gelation
mechanism whereby heating induces transfer of protons from
chitosan to glycerol phosphate thereby neutralizing chitosan and
allowing attractive chitosan-chitosan forces to dominate and
form a physical gel or precipitate. To theoretically predict
chitosan neutralization under heating in the presence of GP, we
also developed a model to calculate the degree of ionization of
chitosan (R ) the ratio of protonated glucosamine monomer to
total glucosamine monomer) and its dependence on temperature
in the presence of GP. The model used solution electroneutrality,
acid–base equilibria of chitosan and GP, including their tem-
perature dependent pKas, and a Poisson–Boltzmann cylindrical
cell model to calculate the electrostatic component of chitosan
pKa. We found that the model was able to accurately predict
the pH of chitosan-GP mixtures (Figure 4). The model also
predicted a significant proton transfer from chitosan to GP upon
heating (Figure 8). This transfer of protons is due to the large
difference between dpKa/dT of chitosan (-0.023 pK units/°C)
versus dpKa/dT of GP (∼0.000 pK units/°C). This theoretically
predicted proton transfer was confirmed by monitoring the 31P
chemical shift of GP as a function of temperature in chitosan-GP
mixtures where the model predicted reasonably well the NMR
monitored degree of association of GP and thereby the degree
of ionization of chitosan (Figure 6). Furthermore, we found that

Table 4. Comparison of Chitosan Degree of Ionization at
Precipitation from Temperature Ramps on Chitosan-GP Solutions
vs Potentiometric Titration with NaOH

Rp
a Rp

b

fD ) 0.72, cNaCl ) 0 mM 0.12 0.25
fD ) 0.72, cNaCl ) 150 mM 0.15 0.30
fD ) 0.98, cNaCl ) 0 mM 0.18 0.5
fD ) 0.98, cNaCl ) 150 mM 0.28 0.55

a Temperature ramps on chitosan-GP from the present study.
b Potentiometric titration with NaOH from.17

Figure 10. Comparison of light transmittance (LT) in titration experi-
ments of chitosan with NaOH (A) vs with GP (B). (A) Titration with
10 mM NaOH of a chitosan solution with cg ) 3 mM, cHCl ) 3 mM
(initial volume of 20 mL), where 0.3 mL of NaOH (pH 12) was added
every 2 min. The intensity LT profile reveals an initial fast creation of
local chitosan precipitates at the 20 min injection (circle 1), followed
by a slower decrease at 36 min (circle 2). The latter probably occurs
when chitosan throughout the solution has an average ionization
degree that is low enough to precipitate throughout the solution rather
than just locally at the point of titrant injection. (B) Titration with 30
mM GP of a chitosan solution with cg ) 3 mM, cHCl ) 3 mM (initial
volume of 20 mL), where 2 mL of GP (pH 9) was added every 2 min.
In the case of GP addition, the LT profile does not show any evidence
of local precipitation but only a slow and continuous precipitation
(circle in B), consistent with lower pH and larger injection volume of
GP vs NaOH, resulting in a more homogeneous process.

Figure 11. LT profile of chitosan-phosphate and chitosan-MES
mixtures with cg ) 1.5 mM as a function of temperature. A solution
of MES 15 mM prepared at a molar ratio MES:NaOH of 1:1 was mixed
with chitosan (fD ) 0.98), and a solution of phosphate disodium salt
5 mM was mixed with chitosan (fD ) 0.72). Both of these solutions
satisfy the requirements for protons transfer and resulting chitosan
precipitation upon heating.
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for a given fD and ionic strength, the value of the degree of
ionization of chitosan at precipitation, Rp, did not change with
temperature (Figure 7B and Table 3), suggesting no significant
increase of hydrophobicity or strengthening of hydrophobic
interactions with temperature, contrary to previously proposed
mechanisms of gelation in chitosan-GP systems.2,10,12,24

We found that by specifying Rp for a given fD and ionic
strength, that the model accurately predicted the temperature
of precipitation of chitosan-GP mixtures with various composi-
tions (Figure 9). Increasing salt (cNaCl ) 150 mM) increased
the value of Rp (Figure 7B) but did not decrease the value of
Tp (Figure 7A), the latter due to the decrease of GP pKa with
increased salt (Table 2), thus creating an initially higher degree
of ionization of chitosan and requiring greater heating to reduce
it to the level required for precipitation. Rp also increased with
fD (Figure 7B and Table 3) due to the lower solubility of
chitosans with high fD, as it appears that increasing the fraction
of monomers bearing acetyl groups is effective at blocking
interchain associations, possibly due to steric hindrance via these
side groups and/or to a more difficult alignment of the polymer
chains with increasing amount of acetyl groups, as suggested
previously.17,21 For this same reason, Tp was found to decrease
with fD (Figure 7A). The values obtained for Rp using temper-
ature ramps and chitosan-GP solutions in the present study
were found to be lower than those obtained previously using
potentiometric titration with NaOH17 (Table 4). The relatively
large reduction in Rp for temperature ramps and chitosan-GP
versus potentiometric titration with NaOH is most likely due
to the heterogeneity in the solution when titrating NaOH into a
localized volume compared to homogeneous heating of
chitosan-GP solutions. Evidence for this explanation was
obtained by titrating GP into chitosan and comparing precipita-
tion kinetics to that seen when titrating NaOH into chitosan
(Figure 10).

We also identified alternatives to GP that produce thermogel-
ling chitosan systems. In particular, chitosan in the presence of
inorganic phosphate or MES were thermosensitive, suggesting
that the glycerol moiety of GP is nonessential. Rather, the key
essential feature of the buffer added to chitosan is its ability to
absorb heat-stimulated release of chitosan protons. A theoretical
expression (eq 8) for determining the variation of the ionization
degree of chitosan with temperature in these systems was
derived, and it was shown that the sufficient condition for
heating to induce neutralization of the polyion is dpK0/dT <
dpKa/dT, where pK0 is the intrinsic dissociation constant of
chitosan and pKa is the dissociation constant of the buffer
coupled to chitosan. This relation is particularly useful to identify
potential buffers in order to obtain thermosensitive chitosan gels
or for other polyelectrolytes (cationic or anionic) that precipitate
upon neutralization. Taken together, our results suggest that the
aggregation/gelation in the chitosan-GP system induced by
heating is the result of a progressive and homogeneous reduction
of the degree of ionization of chitosan. This reduction of the
surface charge density of the polyelectrolyte results in reduced
forces of repulsion between double layers and permits attractive
interchain forces to dominate. To our knowledge, this is the
first report identifying a thermogelation mechanism as the
neutralization of a polyelectrolyte.

The DLVO theory25,26 of colloidal stability can be used to
interpret our findings based on a balance between the double-
layer repulsion and attractive forces such as van der Waals
interactions. If the surface of a colloidal particle is sufficiently
charged, there is a significant energy potential barrier limiting
aggregation and the solution is termed kinetically stable.

However, when the charge density of the particle is reduced,
this potential barrier to aggregation, which is analogous to an
activation energy for a chemical reaction, is also reduced, and
when reduced to zero, rapid coagulation is observed. For
chitosan in solution, the electrostatic double-layer repulsion
appears to control solution stability and precipitation where the
balancing attractive components could include van der Waals,
hydrogen bonding, and hydrophobic interactions because these
interactions have been reported for chitosan.16,27,28 In the
presence of a proton acceptor such as GP, heat will drive the
system from a kinetically stable to an unstable solution when
attractive forces overcome the reduced electrostatic repulsion
force. We can therefore interpret the Rp values found for chitosan
as corresponding to the charge density at which the chitosan
presents a relatively rapid aggregation. In sufficiently concen-
trated solutions, this homogeneous neutralization leads to the
formation of a gel.2,10,12

We have identified electrostatic repulsion (via R) as the force
that varies most significantly with temperature in chitosan-GP
systems and is therefore responsible for temperature-induced
precipitation/gelation of chitosan-GP systems. NMR data and
theory show that, upon heating from 5 to 55 °C, R changes
from 0.55 to 0.17, for a chitosan solution with cg ) 1.5 mM, fD
) 0.72, cGP ) 5 mM and cNaCl ) 150 mM, considerably
decreasing the double-layer repulsion energy. For example, this
electrostatic energy is proportional to R2 for the simplified case
of two charged surfaces approaching each other at constant low
surface potentials where the PB equation can be linearized,29

i.e., for high cNaCl and/or low R. The electrostatic energy also
increases approximately linearly with temperature due to the
particular variation of the water permittivity with temperature.
Thus, the interchain electrostatic repulsion energy is ap-
proximately proportional to TR2 such that changing R from 0.55
to 0.17 corresponds to a very significant reduction of the energy
of electrostatic repulsion to about 1/10 of its initial value, again
identifying interchain electrostatic forces as dominating solubil-
ity vs precipitation of chitosan and its associated sensitivity to
temperature.

Cho et al.12 reported an increased ionic strength upon heating
solutions of chitosan-GP and stated that both this enhanced
screening of electrostatic repulsion and increased hydrophobic
interactions resulted in favorable conditions for gel formation.
However, our study does not support this hypothesis because
we found the proportion of GP2- to decrease with temperature
(Figures 6 and 8, i.e., when R decreases, GP2- decreases), and
so the ionic strength of chitosan-GP solutions actually decreases
slightly with increased temperature. The error made in this
previous study12 originates from an approximation used to
calculate the temperature dependence of the pKa’s in the system
where it was assumed that the pKa of GP would decrease
significantly with temperature while it actually increases only
slightly (Figure 2).

The analysis presented here relies on the evaluation of R (and
Rp) that are theoretically calculated. The ability of the model
to accurately predict R is limited by the uncertainty of chitosan
pK0 obtained from extrapolating titration curves as identified
previously.17 Although an imprecision in pK0 would shift the
calculated values of Rp, this would not alter the general
conclusion that Rp is temperature independent because the
derivative dpKa/dT is unaffected by a constant offset due to any
error in pK0. In spite of the influence of a possible imprecision
in chitosan pK0, we found measured and theoretically predicted
pH of chitosan-GP mixtures to agree well and additionally
found good agreement between the model and NMR results for
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the temperature dependence of chitosan ionization degree.
Notably, the presence of added salt facilitates interpretation
because mobile ion content in these solutions does not change
significantly with temperature and because the pKap of chitosan
with added salt is known with greater accuracy (smaller
electrostatic contribution) compared to salt-free slutions. Ad-
ditionally, a low Rp < 0.3 also facilitates agreement between
the model and experiments by avoiding any error in pKap at
high R values in the absence of salt where the electrostatic
contribution -eψ|r)a/kT ln 10 to pKap is dominant.

This study has highlighted the important role of proton
transfer in polyelectrolyte systems exposed to temperature
changes and the need to carefully evaluate its effects on solution
properties including solubility, precipitation, and gelation. This
understanding of the thermogelling mechanism in chitosan-GP
solutions can be used to specifically design thermosensitive
systems composed of a titratable polyelectrolyte and buffer with
temperature dependent pKa. As an example, a hydrophobic
polyanion with a small pKa variation with temperature could
be coupled to glucosamine. A specific advancement resulting
from our study for chitosan systems is that we provide a
systematic approach to prepare chitosan solutions with predict-
able gelation properties covering a wide range of gelation
temperatures, salt conditions, and chitosan fD.

Acknowledgements. . This work was supported by the
Natural Sciences and Engineering Research Council of Canada.
M.L. received a doctoral fellowship from the Canadian Institutes
of Health Research. D.F. received a doctoral fellowship from
Le Fonds de Recherche sur la Nature et Les Technologies
Québec. We would also like to thank Anne Danion for NMR
measurements.

Supporting Information Available. Cylindrical cell model
and solution of the Poisson–Boltzmann equation to calculate
the surface electrostatic potential of chitosan as well as the
derivation of the dependence of chitosan ionization state R on
temperature (eq 8). This material is available free of charge via
the Internet at http://pubs.acs.org.

References and Notes
(1) Hoppe-Seyler, F. Ber. Dtsch. Chem. Ges. 1894, 27, 3329–31.
(2) Chenite, A.; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M. D.;

Hoemann, C. D.; Leroux, J. C.; Atkinson, B. L.; Binette, F.; Selmani,
A. Biomaterials 2000, 21, 2155–61.

(3) Hirano, S.; Seino, H.; Akiyama, Y.; Nonaka, I. Prog. Biomed. Polym.
(Proc. Am. Chem. Soc. Symp.) 1990, 283–90.

(4) Knapczyk, J.; Krowczynski, L.; Pawlik, B.; Liber, Z. In Chitin and
Chitosan: Sources, Chemistry, Biochemistry, Physical Properties and
Applications; Skjak-Braek, G., Anthonsen, T., Sandford, P., Eds.;
Elsevier Applied Science: London, 1984, pp 665–669.

(5) Lavertu, M.; Methot, S.; Tran-Khanh, N.; Buschmann, M. D. Bioma-
terials 2006, 27, 4815–4824.

(6) Liu, W. G.; Yao, K. D. J. Controlled Release 2002, 83, 1–11.
(7) MacLaughlin, F. C.; Mumper, R. J.; Wang, J.; Tagliaferri, J. M.; Gill,

I.; Hinchcliffe, M.; Rolland, A. P. J. Controlled Release 1998, 56,
259–72.

(8) Muzzarelli, R. A. A.; Mattioli-Belmonte, M.; Pugnaloni, A.; Biagini,
G. EXS 1999, 87, 251–264.

(9) Ueno, H.; Yamada, H.; Tanaka, I.; Kaba, N.; Matsuura, M.; Okumura,
M.; Kadosawa, T.; Fujinaga, T. Biomaterials 1999, 20, 1407–14.

(10) Chenite, A.; Buschmann, M.; Wang, D.; Chaput, C.; Kandani, N.
Carbohydr. Polym. 2001, 46, 39–47.

(11) Hoemann Caroline, D.; Hurtig, M.; Rossomacha, E.; Sun, J.; Chevrier,
A.; Shive Matthew, S.; Buschmann Michael, D. J. Bone Joint Surg.
Am. 2005, 87, 2671–86.

(12) Cho, J.; Heuzey, M.-C.; Begin, A.; Carreau, P. J. Biomacromolecules
2005, 6, 3267–3275.

(13) Desbrieres, J.; Martinez, C.; Rinaudo, M. Int. J. Biol. Macromol. 1996,
19, 21–28.

(14) Lum, K.; Chandler, D.; Weeks, J. D. J. Phys. Chem. B 1999, 103,
4570–4577.

(15) Huang, D. M.; Chandler, D. Proc. Natl. Acad. Sci. U.S.A. 2000, 97,
8324–8327.

(16) Philippova, O. E.; Volkov, E. V.; Sitnikova, N. L.; Khokhlov, A. R.;
Desbrieres, J.; Rinaudo, M. Biomacromolecules 2001, 2, 483–490.

(17) Filion, D.; Lavertu, M.; Buschmann, M. D. Biomacromolecules 2007,
8, 3224–3234.

(18) Filion, D. Ph.D. Thesis, Ecole Polytechnique of Montreal, 2006.
(19) Neuberger, A.; Fletcher, A. P. J. Chem. Soc. B 1969, 2, 178–81.
(20) Fukada, H.; Takahashi, K. Proteins: Struct., Funct., Genet. 1998, 33,

159–166.
(21) Varum, K. M.; Ottoy, M. H.; Smidsrod, O. Carbohydr. Polym. 1994,

25, 65–70.
(22) Marcus, R. A. J. Chem. Phys. 1955, 23, 1057–68.
(23) Brugnerotto, J.; Desbrieres, J.; Roberts, G.; Rinaudo, M. Polymer 2001,

42, 09921–09927.
(24) Cho, J.; Heuzey, M. C.; Begin, A.; Carreau, P. J. Carbohydr. Polym.

2006, 63, 507–518.
(25) Deryagin, B.; Landau, L. Acta Physicochimica URSS 1941, 14, 633–

62.
(26) Verwey, E. J. W.; Overbeek, J. T. G. Theory of the Stability of

Lyophobic Colloids; Elsevier: New York, 1948.
(27) Amiji, M. M. Carbohydr. Polym. 1995, 26, 211–213.
(28) Nystrom, B.; Kjoniksen, A. L.; Iversen, C. AdV. Colloid Interface Sci.

1999, 79, 81–103.
(29) Evans, D. F. The Colloidal Domain: Where Physics, Chemistry,

Biology, and Technology Meet, 2nd ed.; VCH Publishers: New York,
1999.

BM700745D

650 Biomacromolecules, Vol. 9, No. 2, 2008 Lavertu et al.



SUPPORTING INFORMATION 

APPENDIX 1: The cylindrical cell model and the Poisson-Boltzmann equation 

This model for chitosan in solution at finite concentration is an extension of a model described in a 

previous publication 1, by further including here the presence of a second weak electrolyte, namely GP, 

in addition to chitosan. As in the previous study, chitosan is represented as an infinitely long 

impermeable cylinder of radius a = 1.3 nm where discrete charge sites are smeared out to form a 

uniform surface charge density σ, 

 D

2
e f

la
ασ
π

=  (14) 

where e is the elementary charge and l is the length of the monomer that is set to l = 0.52 nm following 

structural data2,3. Each polymer chain is located at the center of a cylindrical cell whose radius b is 

determined from the monomer concentration cp (including both glucosamine and N-acetyl-glucosamine) 

and monomer length l, according to  

 

1
2

p A

1b
lc Nπ

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠  (15) 

where NA is Avogadro’s number. The polycation is surrounded by mobile ions in the region a < r < b 

that are assumed to follow a Boltzmann distribution at equilibrium, resulting in a concentration profile 

ci(r) for mobile ion i about the polyion that is a function of radial position r and electrostatic potential 

ψ(r),  

 ( )
( )

0
i

i i

z e r
kTc r c e
ψ

−
=  (16) 

where zi is the valence of the mobile ion i and k is Boltzmann’s constant. The value of ci
0 is related to 

the mean concentration of positive and negative electrolyte ions, ic , in the volume of the cylindrical cell 

according to: 
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where ic  is the mean concentration of mobile ion i, and 
( )

2 2
ib

i
a

z e r
kTb re dr
ψ

γ
−

= ∫  is the mobile ion activity 

coefficient in the cylindrical cell and 0
i i ic cγ =  is the ion activity ( 0

i i i ia c cγ= = ) as derived previously 4 

for this particular mean-field theory. 

The electrostatic potential,ψ (a < r < b), can be found from the solution to the Poisson–Boltzmann 

equation5-7 in cylindrical coordinates, 

 ( ) ( ) ( )
( )

0
2

2

1
ε ε

i

i i
i

z e r
kTz ec ed r d r r

dr r dr

ψ

ψ ψ ρ
−

+ = − = −
∑

 (18) 

subject to boundary conditions from Gauss’ law 

 ( ) ( )    and     0
2

D

r a r b

d r d re f
dr al dr

ψ ψασ
ε π ε

= =

= − = − =  (19) 

where ε is the permittivity of water, ρ(r) is the spatially varying charge density and 0
ic  is an arbitrary 

reference concentration for mobile ion i. The solution to Eq 18Error! Reference source not found. 

must also satisfy known average ion concentrations in Eq 17Error! Reference source not found.. In 

order to facilitate numerical solution of Eq 18Error! Reference source not found., we choose to 

equate total monovalent counter-ion and co-ion activities, 

 -
0 0 0 0
Cl NaGP

c c c c+ = =  (20) 

which simply implies a particular value of reference potential, as demonstrated in 1. Note that Cl- and 

GP- can be grouped together as they are both monovalent anions following the same Boltzmann 

distribution. Eq 18Error! Reference source not found. can then be rewritten using Eq 20Error! 

Reference source not found., to obtain  

 ( ) ( ) ( ) ( )
2-

02 0
GP

2

2221 sinh
e r
kT

ecd r d r e rec e
dr r dr kT

ψψ ψ ψ
ε ε

+⎛ ⎞
+ = +⎜ ⎟

⎝ ⎠
 (21) 

For a given α that defines the polyelectrolyte surface charge σ according to Eq 14Error! Reference 

source not found., and a given polyelectrolyte monomer concentration cp, that defines the outer cell 
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radius b according to Eq 15Error! Reference source not found., we numerically solved Eq 18Error! 

Reference source not found. such that the boundary conditions of Eq 17Error! Reference source not 

found. were satisfied. Initial guess’s for 0c  and 2-
0
GP

c were taken and the solution was then iterated until 

the right-hand side of Eq 17Error! Reference source not found. converged to the experimentally 

known average ion concentrations of Clc , Nac , and total GP - 2-GP GP GP
c c c= +  In this way the Poisson-

Boltzmann equation was solved for a closed volume of polyelectrolyte solution at finite concentration 

that is not in equilibrium with an external bath1. In all tested solutions, HCl and glucosamine monomer 

were present in equal amounts so that α was varied from 0 to 1 by varying -GP
c from 0 to HClc  according 

to Eq 7. The numerically obtained solution for ψ (r) was finally adjusted by subtracting ψ (b) from it in 

order to redefine the reference potential as ψ (b) = 0 which has no physical consequence, but conforms 

to the reference potential used to derive Eq 1 (see Appendix I of Supporting Information in 1). Once 

ψ (r=a) is known then the electrostatic contribution to the pKap (rightmost term of Eq 1) was calculated 

at 25ºC and this value was used for all temperatures due to the temperature independence of the 

normalized potential in the PB model as shown previously 1. 
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APPENDIX 2 : Derivation of the Dependence of Chitosan Ionisation State α on Temperature 

The degree of ionization of polyelectrolytes in solution varies with temperature in a manner predicted 

by the temperature-dependence of their dissociation constants. The following demonstration applies to 

an aqueous solution containing chitosan and the disodium salt of GP, however, it can be generalized to 

any system composed of two weak electrolytes where each has a single dissociation equilibrium (as for 

GP in the range of pH of this study where the other dissociation equilibrium can be neglected). The 

theoretical expression of the apparent pKa of a polyelectrolyte is given in the mean field approximation 

by4,8:  

 
( ) ( ) ( )ap 10 0

1p pH log p
ln10

r a
e

K T T K T
kT

ψα
α

=−
= − = −

 (1) 

Previous titration experiments on chitosan combined with a mean field molecular unit cell model have 

shown 1 that the right most term in Eq 1 is approximately linear with α  (especially with added salt 

and/or at low ionization degree of the macroion) such that the pKap of chitosan can be expressed as  

 ( ) ( ) ( ) ( )ap 0p p   where  
ln10

r a
e

K T K T m T m T
kT

ψ
α α =≈ − ≈  (22) 

This previous study also demonstrated that m(T) does not vary significantly with temperature1. Eq 19 

can then be rewritten by taking m as depending only on ionic strength, and not on temperature:  

 ( ) ( )ap 0p pK T K T mα≈ −  (23) 

For chitosan that is a cationic polyelectrolyte, m is positive since >0
r a

ψ
=

, and pKap decreases as the 

charge state α increases. The dissociation equations for chitosan and GP are written as (note that the 

dependence on temperature of dissociation constants in the following equations is implicit since K(T) is 

written as K): 

 
( ) ( ) ( ) ( )H

ap 0 H

1
ln 10 ln 10 ln 1 ln lnappK mc

K K cαα
α α

α
+

+

−−
= ⇒ = − − +  (24) 
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χ
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+

−
= ⇒ = − − +  (25) 
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The macroscopic electroneutrality condition for the system is given by Eq 6 (H+ and OH- are neglected):  

 - 2-Cl Na gGP GP
2 0c c c c c++ + − − =  (6) 

Knowing that Clc and Nac do not change with temperature and that 2- -GP GP
dc dc= − , differentiating of Eqs 

24, 25 and 6 provides 

 H
0

H

ln ln10
1

dcd dd K m d
c

α α α
α α

+

+

− = + + −
−

 (26) 

 H
GP

H

ln
1

dcd dd K
c

χ χ
χ χ

+

+

− = + −
−

 (27) 

 -
g

gGP
GP

1c
dc dc d d d

c r
χ α α+= − ⇒ = − = −  (28) 

where r is again the ratio of total GP to total glucosamine ( GP gc c ). Eq 28 simply represents the fact 

that an increase of the acidic form of chitosan must be balanced with an equivalent decrease of the 

acidic form of GP. 

By subtracting Eq 27 from Eq 26, we obtain: 

 0 GPln ln ln10
1 1
d d d dd K d K m dα α χ χα

α α χ χ
− + = + + − −

− −
 (29) 

Using Eq 28 in Eq 29, we have: 

 
( )0 GP

1 1 1 1ln ln ln10
1 1

d K d K m d
r r

α
α α χ χ

⎛ ⎞
− − = + + + +⎜ ⎟⎜ ⎟− −⎝ ⎠

 (30) 

such that 

 

( ) ( )

0 GPp pln10

1 1 1 ln10
1 1

d K d K
dT dTd

dT
m

r

α

α α χ χ
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−⎜ ⎟
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⎛ ⎞
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 (8) 

Note that if we used Eq 1 directly rather than the approximation of Eq 23 m would simply be replaced 

by 
ln10

r a
de

kT d
ψ

α
= . Thus, since α and χ range from 0 to 1 and m and r are positive, 0d

dT
α

<  if 
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0 GPp pd K d K
dT dT

< . Note that m is positive for a cationic polyelectrolyte and that for simple acid/base 

electrolytes, the variation of α with temperature is obtained from Eq 8 by taking 0m = . Eq 8 predicts a 

significant change in the charge state when 0 GPp pd K d K
dT dT

− and GP

g

c
r

c
=  have high values and when m 

is small (i.e. for amounts of added salt sufficient to reduce electrostatic contribution to chitosan pKap). 

Another condition that is required to induce significant change in charge state upon heating is that α and 

χ are not too close to 0 or 1, meaning that the pKa of the two buffers must be similar.  

We can rearrange Eq 8 by expressing χ as a function of the Ka and α in order to show more clearly that 

the pKa’s must be of the same order. First, we obtain an expression for 
H

c + and χ from Eqs 24 and 25: 

 GPH

GP GPH H

,    1
c K

K c K c
χ χ+

+ +

= − =
+ +

 (31) 

and  

 
( )apH 1

c K α
α+ =

−
 (32) 

Inserting Eq 32 into Eq 31, we obtain 

 ( )
( )

( )

( )

( )
( )( )

ap GP
GP ap GPH

2 2 2

GP apGP H
GP ap

1
1 1

1
1

K K
c K K K

K KK c
K K

α
α

χ χ α α
α αα

α

+

+

−
− = = = −

⎛ ⎞ − ++
+⎜ ⎟⎜ ⎟−⎝ ⎠

 (33) 

Finally, by substituting this last equation in Eq 8, we find: 
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ap GP
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11 11 ln10
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 (34)  

which shows clearly that if the Ka’s differ significantly (i.e. GP GP

ap ap

1  or  1
K K
K K

), then d
dT
α  will be 

small. 
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