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Morphology and gelation of thermosensitive chitosan hydrogels
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Abstract

The morphology of physical hydrogels is often difficult to examine due to the delicate nature of the system and therefore has not been

studied in detail. Chitosan/GP (glycerophosphate salt) is a significant hydrogel in the biomedical and cosmetic fields as it is thermosensitive

and contains less than 5% polysaccharide. The morphology of this system was examined with laser scanning confocal microscopy (LSCM) to

image the gel morphology. The images indicate that the gel is quite heterogeneous, and power spectra reveal a fractal-like morphology. A

study of composition found that increasing chitosan concentration increased the amount of polymer-rich phase present in the gel, and that the

smallest aggregates decreased in size.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogels are an ideal class of polymeric material for

biomedical applications. They contain only small amounts

of polymeric material (typically hydrogels are in the range

1–30 wt.% in aqueous solvent), have low interfacial

tension, high molecular and oxygen permeability and

mechanical properties that resemble physiological soft

tissue [1]. Hydrogels are used for cell encapsulation [2–

5], lubrication and cushioning of joints [6,7], drug

delivery [8–13] or tissue-engineered scaffolds [13–16].

Drug release profiles, the flow of nutrients to seeded cells

and enzymatic degradation are all diffusion-controlled,

which is determined by interconnected porosity and

volume of water phase present. The shape, size, and size

distribution of pores are also important parameters for the
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seeding of cells within the hydrogel. To fully exploit a

hydrogel, these morphological characteristics must be

known and controlled or tailored for the intended

application.

Many techniques are available for microstructural anal-

ysis of macro-porous hydrogels, however most raise issues

such as collapse of pore structure during dehydration [16–

18] and lack of contrast and resolution. Laser scanning

confocal microscopy (LSCM) bypasses these issues by

imaging hydrogel morphology in the native hydrated state

and has a resolution of 0.35 Am (for a more comprehensive

description see Srinivasarao [19]). Conjugation of a water-

soluble fluorochrome to the material to provide contrast is

important. The conjugated fluorophore is assumed to have

minimal effect on the behaviour of the hydrogel [20],

because the hydrogel molecules are thousands of times

larger and more concentrated than the fluorophore (e.g., in

this instance, the molar ratio of chitosan amine to

fluorescein isothiocyanate (FITC) is 66,000:1).

Chitosan is a polysaccharide hydrogel. It is composed

of (1,4)-linked 2-amino-2-deoxy-h-d-glucan (Fig. 1),
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Fig. 1. Chemical structure of chitosan.
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produced by deacetylating chitin, with applications rang-

ing from biomedical to cosmetic. The properties of

chitosan are primarily governed by the degree of

deacetylation (DD, determined from the relative amounts

of acetyl and amine groups at the C2 position, labelled R

in Fig. 1).

Chitosan is soluble in dilute acidic solutions, but phase-

separates at pH>6 to form a hydrogel. However, on addition

of glycerophosphate salt (GP) to a chitosan solution, the pH

can be raised to neutral without causing phase-separation

[21,22]. The system becomes thermally sensitive, forming a

gel above a certain temperature. To date, the only study of

chitosan/GP morphology known to the authors was con-

ducted after freeze-drying, by SEM [9]. This study aims to

examine the morphology of chitosan/GP, in its native,

hydrated state, and to gain a better understanding of the

gelation mechanism.
2. Methodology

2.1. Materials

Chitosan (Sigma) was purified by dissolving in 0.1 M

HCl (BDH), filtering through grade 3 filter paper (What-

man), heating, and then when cooled, stirring with

granulated carbon and refiltering. The chitosan was

precipitated by adding 100 mL chitosan solution drop

wise to 600 mL 0.1 M KOH (Aldrich). The precipitate was

collected, rinsed twice with distilled deionised water, and

freeze-dried for 48 h. h-Glycerophosphate disodium salt

(Sigma) was used as received, while the fluorophore FITC

(Aldrich) was dissolved to 100 AM before using for

LSCM.

2.2. Sample preparation

Sample solutions were made by dissolving chitosan in

dilute aqueous HCl to a molar ratio of 0.9:1 with chitosan
Table 1

Sample compositions, prepared with the addition of GP to a molar ratio of 12:1

Chitosan concentration (wt.%/vol.%) 0.15 0.25 0.3

Acid concentration (M) 0.009 0.013 0.017
amine group, to a range of concentrations (given in Table 1).

While in an ice bath, 2.6 M GP was added drop wise to the

solutions, to a molar ratio of 12:1 with chitosan. The pH of

the solutions was monitored throughout GP addition. For

confocal microscopy, an addition of FITC to a final

concentration of 9 AM was used.

2.3. 13C Cross polarisation magic angle spinning nuclear

magnetic resonance (CP/MAS NMR) spectroscopy

In order to determine the degree of deacetylation, high-

resolution solid state 13C CP/MAS NMR was undertaken

on a Varian Unity Plus spectrometer at room temperature

using a chitosan sample previously dried in a vacuum

oven at room temperature. The resonance frequency used

was 75 MHz, contact time 1 ms (optimised by measuring

in the range of 10 As to 10 ms), while the relaxation delay

time was 2 or 5 s. The 90- pulse was of 4.5 As and the

spinning rate for MAS was 8–10 kHz. The degree of

deacetylation was 85T2% and was determined by inte-

grating the CH3 absorbance (24 ppm) and the C-1

absorbance (105 ppm).

2.4. Scanning electron microscopy

Samples were prepared as for LSCM, but once gelled on

the microscope slide the samples were frozen in liquid

nitrogen and lyophilised for 24 h. These were then sputter-

coated with gold (Bal-Tec SCD 005, Balzers) for 3 min and

imaged on a Hitachi S-570 SEM using an accelerating

voltage of 10 kV.

2.5. Laser scanning confocal microscopy

0.1 mL of sample solution was pipetted onto a micro-

scope slide with a 0.5 mm spacer, before a number 1.5 glass

cover slip (Lomb Scientific) was placed on top, sealing the

space and preventing syneresis (water loss was < 0.5%). The

sample was then heated at 37 -C for 2 min (a ramp rate of

approximately 10 -C/min). A Fluoview 1000 LSCM, with

an Olympus 60� water lens (numerical aperture 1.00) was

used. Three images from random locations within each

sample were taken, and two samples were used for each

composition.

A median filter was applied to each image to remove

isolated erroneous pixels without modifying edges, and the

contrast was then optimised by ignoring 3% of the brightest

and darkest pixels and spreading the intensity range of the

remaining pixels linearly to cover the maximum available

value range.
with chitosan
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Fig. 2. SEM images of lyophilised chitosan/GP. A) 0.5 wt.%/vol.%, showing the porous structure; B) fracture surface of 1.0 wt.%/vol.%, showing the majority

crushed structure; C) 0.5 wt.%/vol.% showing a skin layer around the revealed inner pores.
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2.6. Light scattering

Cloud point measurements (turbidity) were taken at a

wavelength of 500 nm, isothermally at 37 -C in a purpose-

made sample holder with metal sides and base, volume 2

mL, to promote thermal conduction. Each sample was

measured in triplicate.

2.7. Rheology

Rheological measurements of phase shift (tan d =G�/GV),
were taken on a Bohlin CS-50 rheometer in parallel plate

configuration, after ensuring that the linear viscoelastic

regime was used. Isothermal studies were conducted at 37

-C, angular frequency of 0.3, and under 3 Hz, to reveal the

induction time of gelation (taken to be the time at which tan

d is frequency independent).
A B

D E

Fig. 3. Microstructural images from LSCM, inset optically magnified 10X. Chito

vol.%, D) 1.0 wt.%/vol.%, E) 1.25 wt.%/vol.%, F) 1.5 wt.%/vol.%. White areas rep
3. Results and discussion

3.1. Scanning electron microscopy

The morphology of the dry chitosan/GP gels was initially

examined by SEM. Fig. 2 shows sample SEM images of

two concentrations, of which Fig. 2A is typical. It shows a

very fibrous microstructure, with large interconnected areas

between fibres.

Fig. 2B, taken at a fracture surface to reveal the bulk

microstructure, shows that during water loss much of

the pore structure is compacted. At the surface,

however, a different effect is seen. While the fibrous

structure exists, a skin layer has formed (Fig. 2C). This

confirms reports in the literature that hydrogels form

skin layers due to dehydration at the surface during

gelation [23–25].
C

F

san compositions: A) 0.25 wt.%/vol.%, B) 0. 5 wt.%/vol.%, C) 0.75 wt.%/

resent the polymer-rich phase; scale bars represent 50 Am, and 5 Am in inset.
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Fig. 5. Phase analysis of LSCM images (number of samples=6 for each

composition).
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3.2. Laser scanning confocal microscopy

Chitosan/GP of a range of concentrations was examined

by LSCM. Chitosan/GP was found to have a beaded, open

structure (Figs. 3 and 4), forming a network by linking

polymeric aggregates in agglomerates and chains. The

overall appearance of the gel structure observed with LSCM

was quite different to the images provided by SEM. SEM

failed to detect the fine aggregate structure, although images

such as in Fig. 2 are at higher magnification than those in

Fig. 3. Upon dehydration, the polymeric aggregates seen

with LSCM have collapsed into the network structure,

leaving a microstructure that is very different to the

hydrogel.

Most physical gels are formed by spinodal decomposi-

tion, a non-equilibrium phase-separation mechanism [26–

29]. During spinodal decomposition, temperature change

causes the single-phase solution to become unstable and

concentration fluctuations to form, which over time become

distinct phases as the difference in composition in neigh-

bouring areas increases. Recently, it was found that

nucleation and growth is an alternative mechanism for

phase separation of physical gels [26,30], although it is

more common for crystalline materials. Nucleation and

growth occurs when the temperature change causes the

single-phase solution to move into a metastable, rather than

unstable, region. At this point, a second phase develops

which over time grows in size but does not change in

composition. During nucleation, the polymeric phase is

composed of many small regions, which during the growth

phase will expand (Ostwald ripening) and possibly connect.

The microstructure of a material can be indicative of the

phase-separation mechanism, and the microstructure that

develops from spinodal decomposition is well known from

simulation studies [31,32]. The morphology of the chitosan/

GP gels is quite different from typical spinodal decom-

position microstructure. It more closely resembles a

structure expected during nucleation and growth [33],

although further studies are necessary to make a definitive

assignment.

The confocal images in Fig. 3 show that the polymer-rich

phase increased with increasing chitosan composition.
5

BA

5 µm 

Fig. 4. Three-dimensional visualisations of chitosan/GP gels, using stacked LS
Phase analysis revealed a linear trend in the amount of

polymer-rich phase in each field of view (Fig. 5). The

composition of chitosan ranges from 0.25 to 1.5 wt.%/

vol.%, however the phase analysis shows that the amount of

polymer-rich phase ranges from 7% to 33%. Therefore, the

chitosan is still highly hydrated within this phase, and the

polymer chains are loosely packed.

The LSCM images show that the size of the aggregate

was of the order of 1–5 Am, and decreased with

increasing chitosan concentration. The size of the aggre-

gates was incorporated into a distribution of all length

scales (frequencies) present. A power spectrum is an

example of this distribution, which can be determined by

taking the 2D Fourier transform (FT) of each image. A

similar technique was used to analyse distances in

pNIPAAm, and fibrin gels [34,35]. The FT was taken of

unfiltered and unoptimised images. The power spectrum is

a function of wavenumber, q, where q =2p/d, d is the

associated length scale, in this case equal to NL/i. Here, i

is the distance in pixels from the central pixel in the

Fourier-transformed array, N is the size of the array in

pixels (512), and L is the length of each pixel (0.414 Am,

or 0.0414 Am for the 10� optically magnified images).

The 2D FT has q =0 at its centre, i.e. when i =N/2. If the
 µµm

 

CM images. A) 0.25 wt.%/vol.% chitosan, B) 1.0 wt.%/vol.% chitosan.
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Fig. 6. Power spectra of LSCM images of a range of chitosan concentrations (in wt.%/vol.%), A) 60� images, B) 600� images. The dotted line calls attention

to shifting peaks. The curves have been vertically shifted for easy comparison.
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microstructure was randomly oriented in each dimension

throughout the bulk, the squared modulus of the 2D FT

could be circularly averaged — for this reason images

were taken at 0.4 Am intervals to a depth of 10 Am and

visualised in 3D (see Fig. 4) to ensure completely random

microstructure in all dimensions. The power spectrum is

related to the structure factor of the material, S( q), which

is the Fourier transform of length scales (frequencies)

between areas of different density within the sample (the

density correlation function), and is important in network

structures. Sample power spectra for each composition can

be found in Fig. 6.

The two most important features of a power spectrum

are the presence of any peaks, indicating that the length

scale in question occurs often; and the slope of the curve at

high q, which describes the boundary between phases. The

power spectra of chitosan/GP LSCM images do not have

any well-defined peaks to describe distance between

aggregates, which would be found at the 60� magnifica-
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

1.5

2.0

2.5

3.0

D
is

ta
nc

e 
(µ

m
)

Chitosan concentration (w/v%)

Fig. 7. The lengths calculated from peaks in the power spectra of 600�
LSCM images as a function of chitosan composition correspond to

aggregate diameter and larger agglomerates.
tion. Many small, ill-defined peaks are found in the power

spectra, indicating that there are many common length-

scales within the sample, rather than either a mono-disperse

or wide distribution. The gels are therefore quite heteroge-

neous. The power spectra from the 600� magnification

images also show a heterogeneous structure, expected on

this length scale as the aggregates have agglomerated into

randomly-sized regions, but at the q-values that corre-

sponds to the aggregate diameter there are distinct, although

small peaks, which move to higher q with increasing

chitosan composition. The peak is therefore a good measure

of change in aggregate size with composition — an increase

in q corresponds to an overall decrease in aggregate size

(Fig. 7).

The slopes of the power spectra are uniform, at �
2.5T0.8, which indicates a weakly segregated, fractal-like

structure [36]. This is not uncommon in hydrogel formation

[26,34,37–39]. Small and ultra-small angle neutron studies

(SANS and USANS) are currently underway to evaluate the

fractal dimension of the gel.
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scattering and rheology. The period of induction of gelation is clearly

shown, also the length of time for gelation to go to completion.



K.E. Crompton et al. / Biophysical Chemistry 117 (2005) 47–5352
3.3. Light scattering and rheology

The time until phase separation and complete gelation

were examined by two different techniques, light scattering

and rheology respectively (Fig. 8). The turbidity measure-

ments taken by light scattering showed that phase separation

for all samples ranged from 4 to 9 min, whereas rheological

measurements of tan d revealed a much longer time to

gelation of 18–25 min (the time at which the tan d becomes

frequency independent). The difference in these values

reflects the measurement taking place — the time to phase

separation taken from light scattering measures the time

until the phase-regions are large enough to deflect or block

light through the sample. Rheology measures the mechan-

ical properties of the forming gel, related to the bulk

macrostructure. In this case, the time to gelation takes into

account aggregation on all length scales, when the gel is

solid rather than liquid-like. Thus, physical cross-links form

some time after phase separation has begun.
4. Conclusion

Chitosan/GP is a low composition thermosensitive hydro-

gel, and hence examination of its morphology is difficult.

This study shows that LSCM is a valuable technique for

imaging hydrogel microstructure, giving both qualitative and

quantitative data. The microstructure of dehydrated chitosan/

GP is very different from the gel, and composition was found

to play a role in determining the microstructure. The images

of chitosan/GP by LSCM show a heterogeneous micro-

structure and suggest that the kinetic gelation mechanism of

this system may be nucleation and growth.
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