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Abstract Controlled porosity alginate hydrogel

monoliths were synthesised by simultaneous micelle

templating (MT) and an internal gelation reaction. In

water, the self assembling surfactant, cetyltrimethy-

lammonium bromide (CTAB) formed non-spherical

micelles that were used as a template for pore forma-

tion. The porous microstructure was assessed by mer-

cury intrusion porosimetry (MIP), helium pycnometry,

X-ray microtomography (XMT) and scanning electron

microscopy (SEM), respectively. The MT hydrogels

displayed relatively monodisperse pore size distribu-

tions (with pore sizes ranging from 32.5 lm to

164.0 lm), high total pore volumes (4.5–20.3 cm3/g)

and high degrees of porosity (83–97%). Some control

over pore size distributions was achieved by varying

the surfactant concentration; higher surfactant con-

centrations, led to smaller pores with lower total pore

volumes. Uniaxial compression testing revealed that

hydrogels made via MT are stable in cell culture media

for 28 days. Fourier transform infrared (FTIR) spec-

troscopy data, suggested that all surfactant could be

removed from the final product by washing with eth-

anol and water, making these hydrogels potentially

suitable for tissue engineering (TE) applications.

Introduction

Tissue engineering (TE) requires the formation of

highly porous materials with open and interconnected

pore networks, ideally with controllable pore size dis-

tributions to allow for cell migration, nutrient delivery

and waste elimination [1–3]. Hydrogels are especially

appealing for TE applications as they are analogous to

the natural extracellular matrix of soft tissues. They are

three dimensional polymeric networks capable of

absorbing large quantities of water [4], and are widely

used in the biomedical field as drug delivery devices,

wound dressings, contact lenses and scaffolds for TE

[1, 4–6].

Alginate is a particularly attractive natural bioma-

terial [7, 8]; being well-known for its good biocompat-

ibility, low toxicity and mild gelation chemistry with

Group 2 metal cations (usually Ca2+ ions). Freeze-

drying [9, 10], particulate leaching [11], gas foaming

methods (e.g. using supercritical fluids) [12, 13] and the

use of gas forming agents [14, 15] (amongst others) are

used to synthesise porous polymers or hydrogels.

However, these methods often yield hydrogels with

broad macropore size distributions with a mixture of

open and closed pores [16], whilst, emulsion templating

methods can give polymers with well defined and con-

trolled pore structures [17–21]. Surfactant or micelle

templating is another type of templating reaction which
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is based on the self assembly of surfactants to form

micelles. Cetyltrimethylammonium bromide (CTAB)

is one such surfactant that is known to self assemble

into micelles in water [22, 23], and has been widely used

to synthesise mesoporous materials with narrow pore

size distributions for use as catalysts and molecular

sieves [24, 25].

In this work, self assembled CTAB micelles in water

were used as templates around which gelation of algi-

nate (crosslinking) occurred, for the generation of

controlled porosity hydrogels. The surfactant could

subsequently be removed to give hydrogels which are

potentially suitable for tissue engineering applications.

A general reaction scheme for the synthesis of porous

alginate hydrogel monoliths is shown in Fig. 1. In all

reactions, complexed calcium ions were dispersed in a

sodium alginate solution, to which an aqueous CTAB

mixture was added. Subsequently, an acid was added to

release the calcium ions and crosslink the sodium

alginate using the carboxylate anions on the alginate

backbone (albeit in the presence of the templating

micelles) to yield a porous alginate hydrogel.

Materials

All chemicals were purchased from Aldrich Chemical

Company (Dorset, UK) unless otherwise specified.

Adipic acid (high purity, 99 %), sodium citrate dihy-

drate (99+ %), cetyltrimethylammonium bromide

(CTAB) (99 %), Protanal LF 10/60 sodium alginate,

(Mw of 120,000–180,000, G content 65–75%, pharma-

ceutical grade, Honeywill & Stein Ltd. UK), calcium

carbonate (min 99% AnalaR grade, BDH, UK), eth-

anol (99.7% BDH, UK).

Methods

About 0.50 g calcium carbonate and 0.98 g trisodium

citrate were added to 50 mL distilled water (to form a

0.1 M calcium solution) by stirring on a heated mag-

netic stirrer for 15 min at 50 �C. 4.0 g sodium alginate

was added very slowly to the stirred solution to give an

8% w/v solution (mixed with an overhead stirrer).

Once a homogeneous dispersion of alginate was ob-

tained, 30 mL of an aqueous solution (0.29, 1.10, 5.47

or 8.75 g CTAB dissolved in 30 mL distilled water) was

added very slowly to the alginate solution under stir-

ring to give a final CTAB concentration of 0.01 M,

0.04 M, 0.2 M or 0.3 M, respectively. For hydrogels

made at 35 �C (samples 2, 4, 6, and 8 in Table 1), the

sodium alginate solution was first prepared at 50 �C

and then cooled, prior to the addition of the aqueous

CTAB solution. Finally, adipic acid solution (0.73 g

adipic acid dissolved in 10 mL distilled water at 70 �C)

was added whilst being stirred. The solution was left to

stir until it became viscous, after which time it was left

to stand for 24 h.

Hydrogels made with potassium bromide (KBr)

were made at 50 �C; 0.95, 0.48 or 0.10 g of KBr (sam-

ples 9, 10 and 11, respectively; see Table 1) was added

to a 0.01 M aqueous CTAB solution to make up 0.01,

0.05 and 0.1 M KBr concentrations, respectively. This

mixed solution was then added to the sodium alginate

solution and the reaction proceeded from there on as

stated for the earlier reactions. Finally, the hydrogels

were soaked in 100% ethanol for 1 h at 40 �C and then

soaked in distilled water for an additional 24 h, where

the water was exchanged twice, approximately every

12 h. The hydrogel was then frozen at –50 �C and

freeze dried for 18 h at 12 · 10–3 Torr.

Characterisation

For scanning electron microscopy (SEM) analyses,

freeze dried samples were immersed in liquid nitrogen

for five minutes, fractured into smaller pieces with a

sharp razor blade and then mounted on aluminium

stubs with carbon black paste. Samples were coated

with gold (Agar Auto Sputter Coater 103A) before

analysis using the JEOL 6300F SEM with an acceler-

ating voltage of 10 KeV.

Prior to X-ray microtomography (XMT) 5 mm3

foam samples were placed in plastic vials with a dess-

icant. The samples were glued onto a piece of card-

board that was used to separate the sample from the

  H2O Dispersed Calcium
+ 

Sodium Alginate 

 (i), (ii)  (iii), (vi) Porous  
Polymer   CTAB  

Key: (i) premix alginate solution with complexed calcium; (ii) add an aqueous 
cetyltrimethylammonium bromide (CTAB) solution, and in selected cases add KBr; 
(iii) add an acid and leave for 24 hrs; (vi) wash and freeze-dry.

Fig. 1 Reaction scheme for
the synthesis of porous
alginate hydrogels made using
simultaneous micelle
templating (MT) and internal
gelation
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dessicant (and to keep them from moving whilst being

imaged). The samples were imaged with a XMT unit

constructed by Davis [27] using a X-Tek (UK) 160 kV

Ultrafocus X-ray source system. A voxel size of

14.89 lm was used with an exposure time of 10 s.

Precisely 701 projections were collected and the re-

constructed volumes consisted of 460 · 490 · 212

voxels. The samples were rotated 360� with the image

acquisition times ranging from 9.5 h to 10 h for each

sample. Data collection and volume reconstruction was

performed on software written by Davis. VGStudio-

Max was used to render the images to produce three

dimensional images.

Mercury intrusion porosimetry (MIP) was per-

formed using the Autopore 9510 porosimeter

(Micromeritics). Low-pressure intrusion porosimetry

(0–45 psi) was employed to obtain interconnected

macropore diameter distributions in the range of

1–360 lm. The skeletal density was determined by

automated helium displacement pycnometry using the

Accupyc 1330 (Micromeritics) using a known mass of

foam.

To monitor the degradation properties, gel disks

(12 mm diameter and 6 mm thicknesses) were incu-

bated in Dulbeccos’s modified eagles medium

(DMEM) at 37 �C for 4 weeks. At specified time

points (days 0, 1, 4, 7, 14 and 28) six specimens of each

sample type were removed for testing; uniaxial com-

pression tests were performed on an Instron 5564

mechanical tester (Instron Corporation) with a 100 N

load cell. The compressive strain was set to a maximum

of 50% and testing was carried out at a speed of

3.6 mm/min (initial strain rate of 0.01 s–1). Extension

(mm) and load (N) were recorded using MerlinTM

materials testing software (Instron Corporation). The

compressive elastic moduli of the gels were calculated

from the stress-strain curves limited to the first 10% of

strain [28–30]. The cell culture media was exchanged

once a week throughout the study.

Fourier transform infra red (FTIR) spectra were

recorded on a Nicolet 800 spectrometer in conjunction

with a diffuse reflectance infrared Fourier transform

sampling (DRIFTS) cell. Spectra were collected be-

tween 400 cm–1 and 4,000 cm–1 with 32 scans and a

spectral resolution of 4 cm–1. Samples were ground

into a fine powder and diluted with approximately 20%

potassium bromide.

Results and discussion

SEM, MIP, helium pycnometry and XMT were used to

assess the microstructure of the templated foams.

Results showed that the micelle templating (MT)

technique coupled to internal gelation, produced por-

ous hydrogels with open and interconnected pore

networks. SEM and XMT show that pores in the MT

samples are fairly uniform in both shape and size and

are arranged in an ordered manner. The SEM images

also show that the MT samples display signs of a

‘‘tubular’’ or elongated pore structure, especially seen

in Fig. 2a. In addition, the images suggest that as the

surfactant concentration increases, the pores appear to

get smaller and more closed. MIP and helium pyc-

nometry showed that hydrogels made via MT produced

highly porous (83–97%) hydrogels with high total pore

volumes (4.5–20.3 cm3/g), and very uniform and

monodisperse pore size distributions (Figs. 3, 4), with

pore sizes for all samples in the range of 32.5–

164.0 lm. The degree of control over the pore size

distributions seen by using the MT technique was not

always evident in our previously reported work [21],

where an ‘‘oil-in-water’’ (o/w) emulsion template was

used to synthesise porous alginate hydrogels. Such

Table 1 Mercury intrusion porosimetry (MIP) and helium pycnometry data for porous alginate hydrogels made using simultaneous
micelle templating and internal gelation at 50 �C

Concentration of
CTAB/M

Concentration of
KBr/M

Modal pore
diameter (lm)

Total pore volume
(cm3/g)

Total
porosity [26]

1 0.3 0 45.4 5.1 90
2a 0.3 0 32.5 4.5 83
3 0.2 0 40.6 5.7 83
4a 0.2 0 52.8 8.1 86
5 0.04 0 77.0 9.9 89
6a 0.04 0 80.7 12.2 91
7 0.01 0 119.4 16.2 95
8a 0.01 0 102.9 20.3 89
9 0.01 0.01 164.0 5.8 97
10 0.01 0.05 120.1 10.4 95
11 0.01 0.1 126.6 13.0 94

a Samples made at 35 �C
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hydrogels were 79–97% porous (range) with total pore

volumes in the range of 1.7–5.9 cm3/g, with fairly broad

pore size distributions. Furthermore, when we previ-

ously reported the replacement of the organic solvent

in the o/w emulsion with carbon dioxide, some control

over the pore size distributions was observed by vary-

ing the surfactant concentration. Those hydrogels were

78–95% porous, with total pore volumes in the range

2.7–9.4 cm3/g [21].

Pore size distributions were also controlled in the

MT hydrogels by varying the surfactant concentration.

At low concentrations (0.01 M CTAB), open, inter-

connected and slightly elongated pores with higher

total pore volumes and larger pore sizes were observed

(Fig. 4d, e). At higher surfactant concentrations (e.g.

0.3 M CTAB), the pore network appeared to become

more closed with smaller pores; in addition, narrower

pore size distributions with reduced pore volumes were

observed (Fig. 4a). It has been observed elsewhere that

at high surfactant concentrations it can become more

favourable for micelles to grow axially into tubular

micelles [31]. Experiments were also performed here

where it was expected that the addition of a salt

(potassium bromide) would encourage the ‘‘sphere to

rod’’ transition at low surfactant concentrations

(0.01 M). The addition of potassium bromide reduced

the total pore volumes of the samples, but did not

appear to affect the pore size distributions significantly

(Fig. 4e and Table 1). The added salt may have altered

the surface charge density of the micelles to reduce the

head group repulsions, which decreased the separation

between micelles, encouraging the elongation of the

spherical micelles [32–34]. However, under the condi-

tions employed herein, it was not conclusive as to

whether the ‘‘sphere to rod’’ transition actually

occurred.

Two different temperatures (35 and 50 �C) were

investigated to see the influence upon the resulting

pore morphology; at higher temperatures, wormlike

micelles are known to ‘‘melt’’ and not form properly

[35]. Therefore, a lower temperature of 35 �C was used

for selected reactions, as the micelles would be

expected to be more stable under these conditions. No

significant effect of temperature was observed with

regards to the pore size distributions (Table 1 and

Fig. 4).

The stability of the hydrogels was monitored in cell

culture media over four weeks. All samples were stable

throughout the four week time period without any

significant degradation (Fig. 5). Gels made with lower

concentrations of surfactant (0.04 and 0.2 M) showed

a general increase in compressive modulus with

Fig. 3 (a) Two dimensional and (b) three dimensional X-ray microtomography (XMT) images of hydrogels made at 50 �C via
simultaneous micelle templating and internal gelation, using a 0.01 M CTAB concentration

Fig. 2 Scanning electron microscopy (SEM) images of hydrogels made via simultaneous micelle templating and internal gelation at
50 �C, using CTAB concentrations of (a) 0.04 M, (b) 0.2 M and (c) 0.3 M (samples 5, 3 and 1, respectively)
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degradation time. This could possibly be due to the

free calcium ions (in cell culture media) that were able

to increase the extent of crosslinking. However, gels

made at high concentrations of surfactant (0.3 M) were

more fragile to handle and were whiter in appearance

than those at 0.01 M CTAB; this indicates that a high

concentration of surfactant possibly interfered with the

gelling mechanism. In addition, the 0.3 M CTAB

samples deformed plastically when subjected to a small

compressive load, whereas, those made at low con-

centrations of surfactant, recovered somewhat after the

load was removed.
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Fig. 5 (a) Compressive modulus as a function of degradation
time for porous hydrogels (made using 0.04, 0.2 and 0.3 M CTAB
concentrations for samples 5, 3 and 1, respectively) incubated in
Dulbeccos’s modified eagles medium (DMEM) at 37 �C and, (b)
Fourier transform infrared (FTIR) spectra of a porous alginate

hydrogels made at 50 �C; (i) unwashed sample after micelle
templating (0.3 M CTAB) and internal gelation, (ii) washed
sample after micelle templating (0.3 M CTAB) and internal
gelation, and (iii) a control sample, where internal gelation was
carried out in the absence of surfactant
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Fig. 4 Mercury intrusion
porosimetry (MIP) data for
hydrogels made via
simultaneous micelle
templating and internal
gelation, using CTAB
concentrations of (a) 0.3 M
(sample 1 and 2), (b) 0.2 M
(sample 3 and 4), (c) 0.04 M
(sample 5 and 6) and (d)
0.01 M (sample 7 and 8). (a)–
(d) Show plots of hydrogels
made at 35 and 50 �C,
respectively. (e) Shows MIP
plots for porous hydrogels
made at 50 �C, using 0.01 M
CTAB with 0.01 (sample 9),
0.1 (sample 10) and 0.5 M
(sample 11) potassium
bromide solutions,
respectively. For comparison,
(e) also shows the MIP plot
for sample 8
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FTIR spectroscopy was used to confirm that residual

surfactant could be washed out. The hydrogels were

soaked in 100% ethanol for 1 h at 40 �C, and then

soaked in distilled water for 24 h, where the water was

exchanged twice a day (every 12 h). In all spectra, the

peaks were assigned as follows; the broad peak at

3,303 cm–1 is characteristic of O–H stretching, the peak

at 2,900 cm–1 is characteristic of C–H stretching, the

asymmetric and symmetric stretches of the COO–

group of alginate are located at 1,620 cm–1 and

1,433 cm–1, respectively [36–38]. The peaks at 1,146,

1,086 and 1,045 cm–1, respectively correspond to C–C

stretching, C–O stretching and O–H bending [37, 39,

40]. In Fig. 5b(i), a doublet at 2,923 and 2,854 cm–1

(designated by an asterisk) is assigned to the C–H

stretching bands of CH3 and CH2, respectively of the

CTAB surfactant [41–43]. These peaks disappear after

the hydrogels were washed with ethanol/water, show-

ing that all residual surfactant could be washed out

[Fig. 5b(ii)].

In conclusion, highly porous alginate hydrogels were

made using a simultaneous micelle templating and

internal gelation technique. The porous alginate

hydrogels had monodisperse pore sizes with high total

pore volumes. The pore structure could be controlled

by varying the surfactant concentration; low surfactant

concentrations lead to larger pores and higher total

pore volumes. Future work will concentrate on the

biological assessment of these hydrogels, in terms of

assessing their biocompatibility and suitability for tis-

sue engineering applications. This will be reported in

due course.
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