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a b s t r a c t

Towards the development of a thermosensitive drug-delivery vehicle for nasal delivery, a systematic ser-
ies of N-trimethyl chitosan chloride polymers, synthesised from chitosans of three different average
molecular weights, have been co-formulated into a hydrogel with poly(ethylene glycol) and glycerophos-
phate. Rheological evaluations have shown that hydrogels derived from N-trimethyl chitosan with a low
degree of quaternisation and high or medium average molecular weight exhibit relatively short sol–gel
transition times at physiologically relevant temperatures. Also, the same hydrogels display good
water-holding capacity and strong mucoadhesive potential, and their mixtures with mucus exhibit rhe-
ological synergy. An aqueous hydrogel formulation, derived from N-trimethyl chitosan of medium aver-
age molecular weight and low degree of quaternisation, appears particularly promising in that it exhibits
most favourable rheological and mucoadhesive behaviour and a sol–gel transition that occurs at 32.5 �C
within 7 min.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Since patient acceptability of nasal administration is high [1],
and owing to the avoidance of the first-pass effect, the nasal muco-
sal membrane presents a potentially useful site for the delivery of
proteins and peptides [2–6]. However, there are drug-delivery
challenges that need to be overcome if intranasal drug delivery is
to become the method of choice for the delivery of therapeutic
agents, namely: mucosal membranes pose a substantial barrier to
the absorption of macromolecules [7]; proteolytic enzymes in na-
sal secretions impact upon the bioavailability of proteins and pep-
tides [1]; and nasal residence, as determined by mucus turnover
time, is limited to approximately 15–20 min [1,8]. Drug-delivery
strategies that have been explored in efforts to overcome these
challenges are as diverse as the modification of the peptide struc-
ture [9], the inhibition of the ciliary beat frequency [1], the
employment of permeation or absorption enhancers, and the util-
isation of mucoadhesive polymers [10].

Research efforts into the employment of mucoadhesive visco-
elastic hydrogels in nasal drug delivery are rationalised in terms
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of their potential for prolonging the residence time of the active
on the mucosal surface. Such systems lend themselves to adminis-
tration as sprays or drops and may be designed such that they un-
dergo a sol–gel transition at the temperature of the site of
deposition (32–35 �C, see ESI) [11,12], with the implication that
the increased viscosity and rheological synergy of the resulting
mucus/mucoadhesive system effects prolonged residence at the
site of action [13–17].

Amongst the mucoadhesive viscoelastic hydrogels studied to
date, those structured around chitosan – a biocompatible and bio-
degradable natural polysaccharide – have shown particular prom-
ise since they facilitate the paracellular transport of large
molecules across the mucosal surface by opening tight junctions
[18–22]. In particular, the thermosensitive chitosan/glycerophos-
phate gels, developed by Chenite et al. [23], were shown to be suit-
able for the delivery of sensitive biological materials such as
proteins and gene-based therapeutics. However, despite promising
results, chitosan presents limitations in that it is only soluble and
active in acidic environments, when in its protonated form [24].
For this reason, and due to the fact that the chitosan-based thermo-
sensitive gels so far developed undergo only a slow sol–gel transi-
tion at physiological pH [25], chitosan has been substituted by its
positively charged derivative N-trimethyl chitosan chloride (TMC)
[26]; this retains the key qualities of the parent polymer but
presents improved solubility profile, enhanced mucoadhesive

http://dx.doi.org/10.1016/j.ejpb.2010.11.022
mailto:marta.roldo@port.ac.uk
http://dx.doi.org/10.1016/j.ejpb.2010.11.022
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb


226 H. Nazar et al. / European Journal of Pharmaceutics and Biopharmaceutics 77 (2011) 225–232
properties and a significant absorption enhancing effect over a
wide pH range [27] as well as enhancing the properties of the ther-
mosensitive formulations [14,23,28]. TMC/GP hydrogels have been
previously studied for parenteral drug delivery [25,29]; however,
there are scarce reports on their use for intranasal administration.
Therefore, the current work aims at investigating this specific
application, studying the effect of molecular weight (MW) and de-
gree of quaternisation (DQ) of TMC, as well as hydrogel composi-
tion on the thermosensitivity and rheological behaviour of nasal
formulations. The objective is to optimise a system able to undergo
a sol–gel transition in the temperature range 32–35 �C, thereby
allowing a stable liquid state to be maintained at storage temper-
ature and prior to usage, easing administration via nasal spray or
drops. This system should gel at 32–35 �C, representative of the na-
sal environment [12], and provide a synergic effect in contact with
the nasal mucus that can guarantee prolonged residence time and
show the required rheological characteristics. These have been
identified to be specific apparent viscosity (350 mPa s) and visco-
elasticity (200 Pa) values that significantly reduce the mucociliary
transport rate (MTR) [30].
Table 1
The composition of the TMC hydrogel formulations.

Component Final concentration (% w/v)

TMC (L1, L2, M1, M2, H1, H2) 3.6
PEG 4000 5.8
GP 1.25, 2.5, 5, 10
2. Materials and methods

2.1. Materials

Chitosans (low viscosity, 150 kDa, degree of deacetylation (DD)
95–98%; medium viscosity, 400 kDa, DD 84–89%; and high viscos-
ity, 600 kDa, DD 75–85%), poly(ethylene) glycol 4000 (PEG) and
poly(acrylic acid) (PAA) were obtained from Fluka, UK. Glycero-
phosphate (GP; equimolar mixture of a and b isomers), tristearin
(TRIS) and porcine-stomach mucin were purchased from Sigma–
Aldrich Inc., UK. Methyl iodide and 1-methyl-2-pyrrolidinone were
sourced from Acros Organics, Belgium. All other chemicals were
obtained from Fisher Scientific, UK, and used as received.

2.2. Synthesis and characterisation of N-trimethyl chitosan chloride

TMC was synthesised via the reductive methylation of chitosan
of three different average molecular weights (low, L; medium, M
and high, H) according to the method described by Sieval et al.
[26] (see ESI for detailed method). Different degrees of quaternisa-
tion were obtained by employing a one- and a two-step synthesis
method (e.g. L1 or L2) as described by Hamman and Kotze [31]. The
degree of quaternisation was calculated from corresponding 1H
NMR spectra (D2O; 80 �C; Jeol 400 MHz spectrometer, Bruker, Ja-
pan) using Eq. (1) [32]:

DQ% ¼ ð
R

3:4Þ
ð
R

4:7—5:4Þ �
1
9
� 100 ð1Þ

where DQ is the degree of quaternisation, and
R

3.4 and
R

4.7–5.4 are
the respective integrals of the trimethyl amino group absorption
(3.4 ppm) and of the collective 1H resonances in the range 4.7–
5.4 ppm [26]. Infrared spectra were recorded using a Varian 640-IR
FTIR (Varian Inc., Palo Alto, USA; 400–4000 cm�1, absorbance mode,
4 cm�1 resolution, 32 scans). Thermogravimetric analysis (TGA) was
performed using a TGA-Q50 (TA Instruments, New Castle DE, USA;
N2 atmosphere, 10–600 �C, 10 �C min�1). The crystalline order of
dry TMC polymers was examined using an X-ray diffractometer
(Bruker D8, Karlsruhe, Germany; Ni-filtered Cu Ka1, wavelength
(k) = 0.154059 nm at 40 kV, 40 mA, scan speed = 1 deg min�1, 2h
range 2–50�). Fourier Transform Raman (FT-Raman) spectra were
recorded using a Bruker EQUINOX 55 spectrometer (Karlsruhe,
Germany) equipped with a (D) FRA-106/S attachment: Raman exci-
tation was by means of a A R510 diode pumped Nd:YAG laser oper-
ating at 1064 nm (with a maximum output power of 500 mW);
optical filtering reduced the Rayleigh elastic scattering and, in com-
bination with a CaF2 beamsplitter and a high sensitivity liquid N2-
cooled Ge-detector, allowed the Raman intensities to be recorded
over the range 50–3300 cm�1 in the Stokes side.

2.3. Formulation and characterisation of hydrogels

For each synthesised TMC polymer, 4 TMC solutions with a con-
centration of 4.5% w/v and a total volume of 4 mL were prepared in
deionised water. To the TMC solutions, PEG 4000 (270 mg) was
added with stirring until a clear solution was obtained. In parallel,
a series of aqueous GP solutions of specified concentrations (6.25,
12.5, 25 and 50% w/v) were also prepared. All solutions were
placed in an ice bath for 10 min. Hydrogels were prepared by the
dropwise addition (under stirring) of 1 mL aliquots of the cold GP
solution to each of the cold TMC/PEG solutions, and gel composi-
tions are given in Table 1.

2.3.1. Visual determination of sol–gel transition time
The sol–gel transition time was determined by visual inspec-

tion, using the inversion method [33]: TMC/PEG/GP solutions
(5 mL) were incubated in a water bath at 35 �C or left at room tem-
perature for the duration of the test, and at 30 s intervals, the vials
were inverted to assess the flowage of the sample; the sol and gel
phases were respectively characterised by the sample exhibiting li-
quid-like flow or becoming immobile. All experiments were carried
out in quadruplicate.

2.3.2. Rheological investigations
Rheological analysis (cone and plate geometry; cone dimen-

sions 2� and 60 mm diameter) was performed using an AR2000
controlled-stress rheometer (TA Instruments, Leatherhead, Surrey,
UK) interfaced to TA Rheology Data Analysis software (V.5.1.42, TA
Instruments, Leatherhead, Surrey, UK). Aliquots of test samples
were loaded onto the rheometer platform and allowed to equili-
brate (5 min) at the temperature of the experiment. Strain sweep
measurements at 1 Hz (n = 1) allowed the determination of the lin-
ear viscoelastic region (LVR); where appropriate, further rheologi-
cal investigations were performed within this region.

2.3.3. Assessment of in vitro sol–gel transition time and temperature
To assess the physiological relevance of the sol–gel transition

time of TMC hydrogels, rheological evaluation tests were per-
formed at 15 �C and at 35 �C; temperatures that respectively corre-
spond to that of cool storage and that of the surface of the nasal
mucosa [12]. For formulation M1-2.5GP, the experiment was also
carried out at 25, 27, 29, 31 and 33 �C, to study the effect of tem-
perature on gelation time. A multiwave frequency test allowed
the determination of the frequency-independent gelation time
from the intersecting curves tan d versus time. A time sweep
(1 �C min�1) was performed over the 10–40 �C temperature range,
at a fixed frequency (0.01 Hz) and a fixed amplitude of applied
stress (0.02 Pa). The gelation temperature was determined by
monitoring the variations in the elastic (G0) and viscous (G00) mod-
uli: gelation temperature was identified by the transition from a
prevalently viscous state (G00 > G0) to one that is prevalently elastic
(G0 > G00). All experiments were carried out in quadruplicate.
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2.4. Preparation of mucus/hydrogel systems

Since the capability of hydrogels to form true blends with mucus
is a property of some importance to the in vivo mucoadhesion behav-
iour of the system and also its influence upon the mucociliary trans-
port rate (MTR), hydrogel/mucus mixtures for rheological and other
investigations were prepared by mixing the hydrogel formulations
with simulated nasal electrolyte solution (SNES: 7.45 mg mL�1

NaCl; 1.29 mg mL�1 KCl and 0.32 mg mL�1 CaCl2�2H2O; adjusted to
pH 5.5 with 1 M aqueous HCl and mixed with 1 mg mL�1 aqueous
mucin in the 5:1 (w/w) ratio). Controls were provided by similar,
5:1 (w/w), mixtures of hydrogel and water and also of water and
mucin.

2.4.1. Viscosity, viscoelasticity and rheological synergy
Frequency sweeps (10–0.01 Hz, 20 readings) on hydrogel/mu-

cus mixtures allowed the determination of the complex modulus,
G�; evaluation studies confirmed there was no significant differ-
ence between the 20 readings of G�. Measurements of G0 and G00

were also averaged over 20 readings. The synergistic effect of
hydrogel and mucin mixtures was evaluated using Eq. (2) [34]:

Relative G0 ¼
G0mix � ðG

0
Hyd þ G0MucÞ

G0Hyd þ G0Muc

ð2Þ

where G0mix;G
0
Hyd;G

0
Muc represent the respective elastic moduli of

hydrogel–mucin mixtures, hydrogel and mucin; relative G00 was cal-
culated similarly.

The apparent viscosities (g) of the hydrogel and of the hydro-
gel–mucin samples were monitored for 1 min under constant
shear rate (100 s�1); experiments were repeated four times, and
measurements are reported as the average of those taken during
the final 30 s of each measurement period. Oscillatory measure-
ments (40–0.01 Hz; constant applied stress, within the LVR) al-
lowed the investigation of the effects of frequency on the
dynamic moduli, G0 and G00, and provided the means for the assess-
ment of rheologically synergistic effects.

2.5. Water-holding capacity of hydrogel formulations

The capacity of the hydrogels to hold absorbed water was eval-
uated as a function of molecular weight and the degree of quater-
nisation. Discs were cut (diameter 15 mm, cross-sectional
thickness 5 mm) from freeze-dried hydrogel and dried at 60 �C
for 24 h. These were placed into dissolution baskets, which were
then immersed into pH 5.5 SNES-mucin (20 �C) for specified peri-
ods of time. The baskets were lifted out of the solution and each
weighed following the repetitive wiping of excess surface liquid
(filter paper) until three consecutive readings gave identical mass
readings. The water-holding capacity (WHC) was calculated from:

WHC ¼ MMax �M0

M0
ð3Þ

where MMax is the maximum mass of the hydrated gel, and M0 is the
mass of the dry gel at time 0.

2.6. Mucoadhesive behaviour

A TA-XT2 Texture Analyser (Stable Micro Systems, Surrey, UK)
in adhesion mode allowed the determination of the total work re-
quired to detach the lyophilised hydrogels from isolated rat intes-
tinal mucosal tissue [35]. Positive and negative controls were
provided by samples of poly(acrylic acid) and tristearin, respec-
tively. Test materials or controls were attached to the lower tip
of the texture-profile-analyser probe using double-sided adhesive
tape. The substrate was Wistar rat intestinal mucosa that had been
isolated surgically and kept in mucin solution (pH 5.5). For force
measurements, the tip was lowered onto the surface of the muco-
sa, a force of 0.02 N was applied for 2 min, to ensure intimate con-
tact between the mucosal surface and the hydrogel sample, and the
probe was raised at a constant speed of 5.00 mm s�1 to a return
distance of 300 mm. The total work-of-adhesion (TWA) was calcu-
lated from the area under the force versus distance curve and re-
ported as the average of four measurements. Data collection and
manipulation was by means of an interfaced XTRA Dimension soft-
ware package.

2.7. Statistical analysis

The statistical significance of the differences between rheologi-
cal and mucoadhesive parameters of the range of TMC/PEG/GP
hydrogel formulations was tested by one-way analysis of variance
(ANOVA) and further by the multiple comparison Tukey–Kramer
test. Differences were considered to be significant if p < 0.05.

2.8. Physicochemical characterisation of hydrogels

The porosity and surface area of the lyophylised hydrogels were
determined using the Brunauer–Emmett–Teller (BET) method. The
specific surface area (SBET), the pore volume (VP) and the pore size
distribution of the samples were determined (Quantachrome Auto-
sorb-1 instrument; Boynton Beach, FL, USA) from the adsorption/
desorption isotherms of nitrogen at �196 �C. The surface area
was obtained following the BET procedure with six relative pres-
sures of nitrogen in the range 0.05–0.3p0. Pore size distribution
was estimated using the BJH (Barrett, Joyner and Halenda) method.
Total pore volume was determined (out-gassed samples; room
temperature, 10 h, vacuum) at P/P0 = 0.995. The surface morphol-
ogy and internal structure of hydrogels were visualised by scan-
ning electron microscopy (SEM; JEOL SEM JSM-6060LV, JEOL Ltd.,
Japan; working distance 12–14 mm at 10 kV, spotsize 35 lm): flat
surface cross-sections of dried samples were prepared using a
sharp blade and imaged under vacuum after 3 min of palladium/
gold sputtering; displayed images are at 3000� magnification.
3. Results and discussion

3.1. TMC synthesis and characterisation

Consequent to the quaternisation reaction, vibrational spectra
exhibited the features that differentiate TMC polymers from their
precursor chitosans. Indicative of the destruction of residual amidic
linkages during the quaternisation reaction, Raman spectra (Fig. 1)
showed that the intense CH3 absorption of acetamide groups
(1380 cm�1), the amidic carbonyl band (1657 cm�1) and the weak
amidic N–H stretch (3367 cm�1) all disappeared on quaternisation
[36,37]. Infrared spectra (Fig. 1) showed the characteristic band
(3300–3500 cm�1) that is consistent with the presence of hydro-
gen-bonded –NH2 and –OH functionalities. As expected, the inten-
sity of the amino group bend, at 1597 cm�1, weakened on
quaternisation. Indicative of the specificity of the reaction, primary
and secondary alcohol absorptions (1102–1082 cm�1) appear little
changed following quaternisation [28]. Consistent with the intro-
duction of methyl moieties, the C–H stretching bands (2900–
3000 cm�1) and bending deformations (1470–1500 cm�1) appeared
to become more intense with increasing degree of quaternisation.

The DQ of the synthesised TMC polymers, as calculated from 1H
NMR experiments [26], is presented in Table 2, along with T50% val-
ues from thermogravimetric investigations. In accord with expec-
tation [38], higher DQ polymers exhibited increased thermal
stability relative to their respective congeners; a similar trend of



Fig. 1. Left: FT-Raman spectra of chitosan (CH) and TMC polymers (L, low; M, medium and H, high molecular weight; 1, one step synthesis and 2, two-step synthesis). Right:
FTIR spectra of (a) low molecular weight chitosan, (b) L1 and (c) L2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Degree of quaternisation of N-trimethyl chitosan chloride polymers synthesised and
the temperature required to reduce the respective weight by 50%, T50%, as derived via
thermogravimetric analysis. The indexes 1 and 2 refer to the number of steps
employed in the synthesis of chitosan.

TMC Chitosan average molecular weight DQ (%) T50% (�C)

H1 High 25.6 356
H2 53.9 380

M1 Medium 32.8 323
M2 61.3 383

L1 Low 37.0 308
L2 54.6 322
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increasing thermal stability was observed with increasing average
molecular weight. Consistent with the thermal stability effects,
XRD experiments showed the increased crystalline order in TMC
samples relative to that of their precursor chitosans, as is indicated
by the appearance of pronounced bands at 2# 19.4�, 23.4� and
32.0�, Fig. 2, and the corresponding disappearance of the character-
istic chitosan peak at 2# = 11� [39,40].
3.2. Characterisation of hydrogel formulations

3.2.1. Determination of gelation time and temperature
The performance criteria of the nasal-delivery formulations

are imposed by the physiological temperature of the nasal cavity
Fig. 2. XRD patterns of TMC polymers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
(32–35 �C [12]) and by the mucociliary clearance time (half life
ca. 21 min [41]), which correspondingly specify the temperature
range and time limits for the sol–gel transition. The application
of the inverted-tube test coupled with rheology investigations al-
lowed the determination of the influence of GP concentration on
gelation temperature and gelation time (Fig. 3). The data relative
to TMC formulations from low MW chitosan are not shown as they
do not exhibit gel-like behaviour over the investigated range of GP
concentrations, due to the short polymeric chain which offers
limited chances of physical entanglement and hydrophobic inter-
actions. The co-formulation of PEG molecules imparted consider-
able improvement on the capacity of networks to form gels.
Amongst the formulations tested, only hydrogel M1 (2.5% w/v
GP) exhibited its sol–gel transition at a physiologically relevant
temperature (32.5 ± 0.4 �C; Fig. 3). The gelation time of the same
formulation has been determined at 6.3 ± 0.6 min, which is well
below the time for mucociliary clearance. The gelation time of this
formulation was tested in the 25–35 �C range to ascertain that it
would be effective even if the temperature of the nasal cavity
was different (Table 3). The formulation underwent sol–gel
transition in a time shorter than the half life of the mucociliary
clearance at all temperatures above 29 �C. The polyol, GP, provides
protective hydration of TMC, maintaining the polymer chains
stretched in solution, as the inter- and intra-molecular crosslinking
within the system is reduced [14]. Upon raising the temperature to
35 �C, the increased kinetic energy favours the formation of
hydrophobic interactions between chains. The addition of PEG
Fig. 3. Rheological (black) and observational (white) gelation time, and rheological
gelation temperature of TMC hydrogel formulations (e.g. M1-2.5GP, hydrogel
formulated with medium molecular weight TMC, synthesised by one-step proce-
dure and containing 2.5% GP). Results are given as mean ± SD (n = 4).



Table 3
Effect of temperature on the gelation time of M1-2.5GP
formulation.

Temperature (�C) Gelation time (min)

29 49.6 ± 3.4
31 16.5 ± 1.9
33 9.3 ± 1.6
35 6.3 ± 0.6

Fig. 5. (a) Complex modulus (G�) and (b) apparent viscosity at 15 �C (white) and
35 �C (black) of hydrogel–mucin mixtures. All formulations were prepared with
2.5% GP. Values are given as mean ± SD (n = 4). Data above the red line indicate (a)
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allows the formation of an even more extensive gel network by
providing extra sites for hydrogen bonding [14]. Gelation was
accompanied by a significant change in viscoelasticity, G�

(Fig. 4a). Apparent viscosity increased with increasing tempera-
ture; this increase was not statistically significant for formulation
H2 (5% w/v GP) (Fig. 4b). The effect of temperature was most
pronounced for formulation M1 (2.5% w/v GP), which displayed
the most significant differences, p < 0.0001, in both viscosity and
viscoelasticity. Hydrogel H1 (2.5% w/v GP) exhibited the lowest
gelation temperature and the fastest gelation time (19.6 ± 0.6 �C,
13 ± 4 s), since the long polymer chains formed extensive
hydrophobic interactions. Formulation H2 (5% w/v GP) did not
show significant thermoresponsive behaviour with respect to the
apparent viscosity (Fig. 4b); the higher degree of quaternisation
increased solubility and enhanced electrical repulsion between
TMC chains to prevent a substantial change in viscosity. These data
are in agreement with the literature, demonstrating that the
components concentration and polymer characteristics all have
an effect over the gelation time and temperature of the formulation
[42–44].
Fig. 4. (a) Complex modulus (G�) and (b) apparent viscosity values for TMC
hydrogel formulations at 15 �C (white) and at 35 �C (black). Results are given as
mean ± SD (n = 4): ���p < 0.001, ��p < 0.01, �p < 0.05; Tukey–Kramer post hoc com-
parison test.

G� values required to decrease MTR by at least 80% and (b) g values required to
decrease MTR by at least 60% [30]: ###p < 0.001, comparing 15–35 �C, ���p < 0.001
with respect to water; Tukey–Kramer post hoc comparison test. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
3.2.2. Rheological properties of the hydrogels
Fig. 5 summarises G� and g data – the rheological properties of

polymer–mucus mixtures that have a most significant impact on
MTR [30] – for hydrogel–mucin mixtures at 15 and at 35 �C. The
very significant (p < 0.001) increase in G� seen for M1 and for H1
is consistent with mixtures that are capable of exhibiting pro-
longed residence in the nasal cavity [30]. The complex modulus
(G�), which describes the rigidity and overall strength of the gel,
is used as a parameter to monitor the effect on MTR. Gels of
increasing G� were found to increasingly reduce MTR, due to the
inability of the cilia to penetrate effectively into the gel (elastic
properties), decreasing the efficiency of energy transfer to the mu-
cus/polymer layer (viscous properties) [30]. At 35 �C, the same
hydrogel–mucin mixtures displayed apparent viscosity values
>350 mPa s, but at 15 �C only M1 mixtures had viscosities
<350 mPa s, identifying M1 as the material of choice for the formu-
lation of thermosensitive nasal sprays or drops. Hydrogels L1 and
L2 appeared to be of little value to nasal delivery since their rheo-
logical properties were not significantly different to those of water
(p > 0.05) at either temperature. Similarly, hydrogels M2 and H2
did not meet the requirements (G� > 200 Pa; g > 350 mPa s) for
use as thermosensitive nasal-delivery systems [30].
3.2.3. Hydrogels–mucin interactions
Oscillation profiles of L1, M1 and H1 and of their mixtures with

mucin are presented in Fig. 6, along with those of mucin alone.
The storage and loss moduli of mucin show some frequency depen-
dency, with a crossover at ca. 2 Hz, as is typical of the behaviour of
weakly entangled polymeric systems [45]. The observed behaviour



Fig. 6. Dynamic oscillation spectra of TMC hydrogels and of their mixtures with
mucin: (a) L1; (b) M1; and (c) H1 – G0 hydrogel–mucin ( ); G00 hydrogel–mucin
( ); G0 hydrogel ( ); G00 hydrogel ( ); G0 mucin ( ), G00 mucin ( ). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 7. The synergistic effect of TMC hydrogels–mucin mixtures evaluated using
relative G0 and G00 values at 35 �C.
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of mucin is different to that of physiological mucus, for which G0 > G00

over the entire frequency range [46]. The oscillation spectra of M1–
mucin mixtures (Fig. 6b) show that G0 > G00 over the entire frequency
range, which is consistent with the behaviour of a strongly cross-
linked gel [46], consequently indicating that there is substantial
interaction between the hydrogel and the mucin. By contrast, L1–
mucin mixtures (Fig. 6a) behave as a physically entangled system,
exhibiting G00 > G0 over a broad spectral range along with a substan-
tial decline in G0, and to a lesser extent G00, at low frequencies [46],
therefore showing a lower degree of interaction between the two
systems upon mixing. The oscillation spectra of the H1–mucin mix-
ture, Fig. 6c, show a predominance of elastic behaviour (G0 > G00) with
some degree of physical entanglement (G00 > G0) at lower frequen-
cies. The mixing of H1 with mucin results in a more pronounced in-
crease in G00 than in G0, which is interpreted as an increase in the
fluidity of the system, since there is a low degree of entanglement
between the longer coiled TMC chains and mucin, decreasing muco-
adhesive potential. Comparison of the rheology profiles of L2, M2
and H2 with those of their mixtures with mucin reveals no signifi-
cant differences in dynamic moduli. For these materials, the increase
in aqueous solubility following the quaternisation of TMC is accom-
panied by a predominance of viscous properties and a suppression
of the elasticity of the hydrogel. Since all materials share the chem-
ical features of chitosan, their capacity to enter into rheologically
synergistic relationship with mucin must be a direct consequence
of the combined effects of their average molecular weight and de-
gree of quaternisation [17,47–49].

The addition of mucin to the H1 hydrogel, Fig. 7, effects an in-
crease in G0, indicative of the homogeneity of the mixture, and a
more pronounced increase in G00, which shows that mucin/H1 mix-
tures are less elastic and more viscous than the parent hydrogel.
The relative G0 of the mucin/M1 mix, Fig. 7, is consistent with the
high compatibility of the constituent materials in their forming
of homogeneous mixtures.

3.3. Mucoadhesive behaviour

As is prerequisite to good mucoadhesive behaviour, all hydro-
gels displayed their capacity to hydrate readily and hold high
quantities of water (Fig. 8a) [49–54]. The water-holding capacities
of the low degree of quaternisation hydrogels M1 and H1 are com-
parable with those of poly(acrylic acid), the archetypal mucoadhe-
sive polymer. Complementary work-of-adhesion measurements
identify M1 as the hydrogel of choice for employment in mucoad-
hesive formulations: M1 is the only material that yielded work-of-
adhesion values (252 ± 14 lJ) that are comparable with those of
poly(acrylic acid) (p > 0.05). The work-of-adhesion values deter-
mined for hydrogels L1, L2, M2 and H2 were similar (p > 0.05) to
that obtained for tristearin, the negative control (Fig. 8b). The re-
sults correlate with those from rheological investigations and high-
light the complementarity of the techniques in the evaluation of
the mucoadhesive potential of a material.

3.4. Physicochemical characterisation of hydrogels

As is exemplified by infrared spectroscopy of M1 (see ESI),
hydrogels exhibit the vibrational features of all constituents of
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the formulation: features associated with PEG are evident at the
aliphatic C–H stretch region (ca. 2700 cm�1) and also in the skele-
tal fingerprint region, whereas TMC manifests itself in the hydro-
gen-bonded region (>3000 cm�1). In M1, the broad absorption
arising from hydrogen-bonded interactions due to the –NH and –
OH functionalities of the TMC constituent of the hydrogel is shifted
to higher frequencies relative to those of pure TMC. This shift is
consistent with the predominance of intermolecular hydrogen
bonding over corresponding intra-molecular interactions [55]
and confirms the homogeneous nature of the formulation.

Surface area analysis, Fig. 9, shows that in a direct relationship
with the average molecular weight of each material, SBET (Fig. 9b)
adopts values that are as low as 0.08 m2 g�1 or as high as
4.88 m2 g�1. This trend corresponds with SEM images of pore size,
Fig. 9 a, and with determinations of pore volume, Fig. 9c: hydrogels
that had been dried for SEM imaging exhibited pore diameters
varying from ca. 4 nm to 1 lm. As expected [56], trends in porosity
and SBET data follow those for water-holding capacity; hydrogels
that hold more water present higher porosity values. With the
Fig. 8. (a) Water-holding capacity (WHC; mean ± SD, n = 5) of hydrogel formulations in S
post hoc comparison test. (b) Total work-of-adhesion (TWA; mean ± SD, n = 5) of TMC
���p < 0.001 and �p < 0.05 with respect to the positive control; Tukey–Kramer post hoc c

Fig. 9. (a) SEM micrographs, (b) surface area (SBET), and
exception of H1, the mucoadhesive behaviour of the materials also
correlated well with trends in internal surface area and porosity.
Furthermore, porosity data can help predict the diffusion of drug
molecules within the gel [15,57,58].
4. Conclusion

Co-formulation of poly(ethylene glycol) and glycerophosphate
with N-trimethyl chitosan of medium average molecular weight
and low degree of quaternisation yields an aqueous formulation
that exhibits a sol–gel transition at 32.5 �C and within 7 min. The
same hydrogel forms rheologically synergistic mixtures with mu-
cus and also exhibits good affinity for mucosal surfaces. The prop-
erties of this hydrogel appear to be consistent with its potential use
as an in situ thermogelling drug–carrier system for intranasal drug
delivery. Further studies are underway to investigate its absorption
enhancing properties and biocompatibility. Positive preliminary
results indicate this is a promising formulation.
NES-mucin solutions: ��p < 0.001, ���p < 0.0001 with reference to M1; Tukey–Kramer
hydrogels, poly(acrylic acid) (positive control) and tristearin (negative control):

omparison test.

(c) total pore volume (VP) of hydrogel formulations.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ejpb.2010.11.022.
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