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Macroscopically homogeneous and inhomogeneous calcium alginate gels are formed via internal or

external addition of various amounts of calcium to an alginate solution. The externally formed gels

contain parallel aligned capillary structures. The mechanical and mass transport properties and the

microstructure of the differently set gels were characterized by rheological measurements, fluorescence

recovery after photobleaching (FRAP) and transmission electron microscopy (TEM). TEM images show a

zone of distorted anisotropic gel structure in the vicinity of the capillaries as well as indications of a

lower degree of void connectivity. The diffusion rates of dextran at large distances from the capillaries

were fast and capillary gels showed a plastic behaviour in comparison to the internally set gels. The

results presented show large functional differences between the internally and externally set gels, which

cannot be explained by the presence of capillaries alone.

Introduction

Alginate is used as a thickener and gelling agent in diverse elds

such as food,1 pharmaceutics2–4 and waste water treatment.5

Besides its use as a thickener and stabilizer in food products,

alginate gel is also particularly suitable for biomedical appli-

cations2,6 – such as tissue engineering7,8 and as a material for

cell immobilisation and cell signalling9–11 – due to its high

biocompatibility, low cost and a mild gelation process. Alginate

has a strong affinity for di- and trivalent cations, and forms

rapidly a gel in the presence of low concentrations of such ions

(Mg2+ being an exception) at a range of pH values and temper-

atures. Alginate is mostly derived from brown algae but is also

produced by bacteria. It is a charged and linear copolymer

consisting of (1–4) linked b-D-mannuronic acid (M) and a-L-

guluronic acid (G), whose ratio varies with the alginate source.

The physical properties of the alginate depend on the M/G ratio

as well as the distribution of the M and G units along the

alginate chain. The ability of alginate to form networks in the

presence of di-valent cations, where calcium has been speci-

cally studied, is attributed to chelation of calcium between G

units from different alginate chains via the so-called egg-box

model.12

The egg box model involves a two-step network formation

mechanism where the rst step is a dimerization process12

followed by dimer–dimer aggregation of G units and Ca2+,

where the degree of aggregation is partly determined by total

calcium concentration.13 It follows that the total amount of G

units, and its distribution along the chain, is an important

aspect for the ion induced gelation ability of alginate, where the

high amount of G units and GG blocks are favourable.2 Further,

it is believed that G-blocks of 6–10 residues are necessary in

order to form stable crosslinked junctions with divalent coun-

terions. Large deformation studies of calcium alginate gels have

shown that fracture occurs when enough stress is applied to

disrupt the junction zones. Generally, an increasing amount of

calcium at a xed alginate concentration leads to an increased

modulus14,15 while the fracture strain is independent of both

alginate and calcium concentration.15 Dependent on gel

composition, large deformation of calcium alginate gels has

shown strain hardening properties.16

Determination of the thickness of the network strands and

the network structure has been done using small angle X-ray

scattering (SAXS)13 and transmission electron microscopy

(TEM).17 In general, increasing the amount of calcium leads to

an increased modulus and strand thickness. However, SAXS

and rheological studies of calcium alginate networks showed

further that gels with a similar storage modulus for a given

polymer concentration can be obtained using different algi-

nates and calcium concentration combinations and that the

strand thickness, or the local structure of alginate gels, varies

considerably despite the similar gel modulus.13 Determination

of strand thickness and the overall network structure of a given

alginate concentration at increasing calcium concentrations did
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not reveal apparent network differences using TEM.17 Similar

observations have been made for calcium pectin, where the

network structures visualised using TEM were similarly

independent of the calcium concentration despite a clear

inuence of calcium on the rheological properties of the nal

gel.18 This implies that the concentration of calcium inuences

molecular interactions within the network strands rather than

the overall morphology of the network.19

The kinetics of calcium alginate chelation is fast, thus a slow

introduction of calcium ions is typically required in order to reduce

the risk of precipitation of calcium alginate particles upon addi-

tion of calcium or large inhomogeneities within the alginate gel.

One common way to introduce calcium ions into the alginate

solution is to disperse an insoluble calcium source in the alginate

solution, followed by the addition of a slowly hydrolysed acid.13 As

the acid gets deprotonated over time the calcium salt is solubilised

forming a relatively homogeneous network.20 Such calcium algi-

nate gels are known to be of isotropic character and the gelation

methodology is typically referred to as the internal method.1,21

Alginate gelation has also been studied where the alginate solution

is e.g. inserted in a dialysis membrane, allowing for diffusion of

small molecules into themembrane but not of polymers out of the

membrane. Ion-induced gelation performed in such a way

revealed an increased concentration of both polymer and cross-

linking ions towards the gel surface and a less concentrated

polymer and ion concentration towards the center of the gel.22

A third gelation methodology involves the anchoring of algi-

nate to the container surface and the creation of a top gelled

alginate layer, over which an ion solution composed of ions

enabling crosslinks is added. The ions in this way diffuse into the

alginate solution, across the gelled membrane, creating highly

inhomogeneous and anisotropic alginate gels. Gels formed via

this external mechanism were found to form capillaries, from the

top of the gel to the bottom. Thiele and co-workers,23 who rst

reported the tendency of alginate to form anisotropic and highly

inhomogeneous structures with open capillaries, were intrigued

by its resemblance to structures of the biological origin.7 The

interest for these structures has been enduring due to its

potential application in the area of tissue engineering.7,24,25

However, the mechanism of capillary formation is still not

fully understood. The most developed approach in modelling

the behaviour is by Kohler and co-workers,26,27 where a Ray-

leigh–Benard like instability is used to explain the existence and

propagation of the capillaries as gel formation progresses. A

recent magnetic resonance (MR) microscopy study provided

further insights on the dynamics of gel formation and front

propagation in the alginate capillary systems.28 MR allowed us

to conrm that the gel front has a denite structure22 and that

the reaction front position zF (t) can be described by a diffusion

driven term plus a pseudo-advective velocity component: zF (t)

z (Dt)1/2 + vt.29,30 The ‘pseudoadvective’ component arises from

stress relaxation due to polymer swelling in models of solvent

diffusion into polymer. Further, Maneval et al.28 show that

microscale ow processes near a gel front, where capillaries

form, are complex and vary with time, and do not seem to

support the details of a proposed front propagation and capil-

lary formation model based on dissipative ow structures and

Rayleigh–Benard instabilities. Rather, an alternative theoretical

approach based on spinodal decomposition in the presence of

anisotropic stress distribution in gels is suggested as a possible

mechanism governing the capillary formation.31,32

While several studies have been conducted on the theory of

the capillary formation and the effect of various crosslinking ions

on the capillary formation (diameter and density), as well as the

viability of live cells within the capillary alginate gels, no studies

have actually investigated the microstructure of such gels and its

potential impact on the functionality of the gel: e.g. diffusivity of

certain compounds and mechanical strength – compared to the

functionality of internally set (isotropic) calcium alginate gels.

For internally set gels both diffusion and mechanical prop-

erties have been studied to some extent. The diffusivity of

proteins in isotropic alginate gels depends on the guluronic acid

content, which is explained in terms of the difference in exi-

bility of the polymer backbone.33 Further techniques utilized in

order to study solute diffusion in isotropic alginate gels are NMR

diffusometry,17 and uorescence correlation spectroscopy.34

Another complementary method for local diffusion measure-

ments is uorescence recovery aer photobleaching (FRAP). In

FRAP, the uorescent molecules are rst irreversibly bleached in

a limited volume with a short high intensity pulse of light, which

results in a local decrease of the uorescence intensity. Aer

bleaching, unbleached uorescent molecules from the

surroundings gradually diffuse into the bleached region while

bleached uorescent molecules diffuse out. The uorescence

intensity in the bleached region will recover at a rate that

depends on the mobility of the molecules. With an appropriate

mathematical model one can then extract quantitative infor-

mation on the molecular dynamics by analyzing the uores-

cence recovery. FRAP has established itself in the last decade as a

powerful method of measuring the diffusion of uorescently

tagged microspheres, dendrimers, proteins, polysaccharides in

so matter systems,35–37 and is reviewed elsewhere.38

The aim of the study was to compare the functionality of

alginate gels of same composition, but formed via the internal

gelation method (leading to isotropic structure) or external

addition of calcium. Gels formed via the external methodology

form macroscopic pores or capillaries, hence these gels are

addressed in due course as capillary gels. The mechanical

strength of the gels was compared via stress relaxation and large

deformation rupture measurements. The mass transport prop-

erties were evaluated via probe diffusion measurements on

different molecular weight FITC-dextrans. Further, trans-

mission electron microscopy (TEM) and image analysis were

utilized to characterize the microstructure at the nanometre

level. The measured mechanical and mass transport properties

were related to the microstructure of the gels.

Experimental
Materials

The alginate, Protanal RF6650, was kindly provided by FMC

Biopolymers, UK. The alginate contains 70% guluronate

according to the supplier. CaCO3 with an average particle

size of 10 mm 39was obtained from Provencale SA, France.
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Glucono-d-lactone (GDL) was obtained from Sigma – Aldrich, as

was NaCl, CaCl2, HCl and NaOH. The uorescent probes used

were FITC-dextran with molecular weights (MWs) of 10 kDa, 70

kDa and 500 kDa (Invitrogen Molecular Probes, U.S.A.).

Ruthenium Red was obtained from Sigma-Aldrich Nordic. The

secure-seal spacers used were 120 mm thick and 9 mm in

diameter (Invitrogen, U.S.A.).

Methods

Alginate solutions (2% w/w) were prepared by careful addition of

alginate powder to deionised water at room temperature under

vigorous stirring. The dispersion was thereaer heated to 353 K

in a water bath and kept at this temperature for 30 minutes or

until dissolution was obtained. The pH of the polymeric solution

was adjusted from pH 7.3 to pH 7 using 0.1 M HCl.

Gel preparation. Alginate gels using internal setting were

prepared by controlled release of calcium. CaCO3 and GDL were

rapidly dispersed in water and immediately added to the algi-

nate solution to yield a nal alginate concentration of 1.8% or

2% w/w, respectively. The dispersions were poured into cylin-

drical Teon moulds (h ¼ 12.5 mm; d ¼ 12.5 mm). The moulds

were sealed and the samples were allowed to equilibrate and set

at room temperature for 48 h prior to use. It is important to note

that the GDL was always used in stoichiometric equivalence to

CaCO3 (e.g. 15 mM CaCO3 and 30 mM GDL) to keep the pH

constant during network formation. The calcium alginate

networks formed via internal setting varied in the R-value from

0.5 to 2 where the R-value is dened according to

R ¼
2½Ca2þ�

½guluronate�
(1)

Externally set alginate gels were prepared by coating the

internal wall of a glass beaker (V ¼ 50 ml and d ¼ 40 mm) with

alginate by brushing the internal wall with alginate solution,

which then was allowed to dry in an oven set at 383 K for 30

minutes. The proceeding was repeated three times. A volume of

20 ml alginate solution (1.8% w/w) at 293 K was poured into the

glass beaker. The surface of the polymeric solution was sprayed

with 0.5 M CaCl2 solution until a gel membrane was formed on

top of the alginate solution. The gel membrane was le to set for

30 minutes aer which CaCl2 solution at 293 K was carefully

poured on top of the membrane. The CaCl2 solution was le to

diffuse through the membrane and into the alginate solution

for 48 h prior to the use of the gel. The R-value of the gels varied

between 1 and 8. The R-value was varied by the addition of

different volumes of CaCl2 solutions at a concentration of 0.5 M.

Large deformation rheology. Uniaxial compression tests

were performed on all gels using an Instron mechanical test

frame (model 5565A). At least three repeats were done for each

sample. In the case of the internally set alginate the gel cylin-

ders tested were carefully removed from the mould and aligned

in the centre of stainless steel compression plates, which were

lubricated with mineral oil to reduce friction. In the case of the

externally set gel, the gel was carefully removed from the beaker,

aer which the membrane was removed using a razor blade and

cylinders were stamped out from the top part of the gel (aer

removal of the membrane). Each gel was carefully examined for

cracks or deformation obtained from handling prior to testing.

The gels were aligned in the center of stainless steel compres-

sion plates as for the internally set alginate gels. A displacement

rate of 7 mm min�1 was used and the test was performed at

room temperature. True stress was calculated using eqn (2)

s ¼ FH/A0H0 (2)

and the true strain was calculated from eqn (3)

g ¼ ln(H/H0) (3)

with F, H, A0 and H0 being the force used to compress the

sample, the height of the sample, the initial area and initial

height of the sample. Creep tests were performed by com-

pressing the samples to 5, 10 and 20% strain using an initial

crosshead speed of 4% strain per second. The stress response

upon relaxation of the gel was studied for up to 300 seconds.

The tendency of the gels to return to their initial shape was

recorded immediately aer the compression force was released

as well as upon 2 minutes rest.

CLSM-FRAP Protocol. The confocal laser scanning micro-

scope (CLSM) system used consists of a Leica SP2 AOBS (Hei-

delberg, Germany) with a 20�, 0.5 NA water objective, with the

following settings: 256 � 256 pixels, a zoom factor of 4 (with a

zoom-in during bleaching), and 800 Hz, yielding a pixel size of

0.73 mmand an image acquisition rate of two images per second.

The FRAP images were stored as 12 bit tif-images. The 488 nm

line of an argon laser was utilized to excite the uorescent

probes. The beam expander was set to 1, which lowered the

effective NA to approximately 0.35 and yielded a slightly better

bleaching and a more cylindrical bleaching prole. The

bleached areas are called regions of interest (ROI) in due course

of the paper, and were 30 mm large discs (nominal radius rn ¼ 15

mm) at 50 mm into the sample. The measurement routine con-

sisted of 20 prebleach images, 1 bleach image – gaining an initial

bleaching depthz 35% of the prebleach intensity in the ROI –

and 50 postbleach frames, recording the recovery. The FRAP

data got normalized by the prebleach uorescence intensity. It is

known that uorescein does not follow rst order bleaching

kinetics and would need to be compensated with an actual

apparent bleaching intensity distribution, but it was shown that

for low enough spatial resolution and large enough ROI (>5 mm

with the objective used) those effects are negligible.40,41

The free diffusion coefficients D0 of the probes in the absence

of alginate were determined at 298 K. The probes were dissolved

in CaCl2/CaCO3 + GDL solutions corresponding to the respective

R-values. 7 ml of the probe solutions were placed into secure-seal

spacer grids between two cover glass slides, and the FRAP

measurements were carried out on such locked samples. Hydro-

dynamic radii (rH) – gained using Stokes–Einstein relation – of the

used FITC-dextran probes range between rHz 3.5 nm for 10 kDa,

rHz 8.5 nm for 70 kDa and rHz 14 nm for 500 kDa MW.

To conduct FRAP measurements in the internally set gels

corresponding amounts of FITC-dextran were introduced in the

alginate solution before the addition of calcium to yield a probe

This journal is © The Royal Society of Chemistry 2014 Soft Matter, 2014, 10, 357–366 | 359
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concentration of 100 ppm in the gelled system. For the exter-

nally set gels the FITC-dextrans were introduced in two ways: (a)

as described above by mixing it into the polymer solution; (b)

FITC-dextrans were dispersed into the CaCl2 solution above the

membrane and diffused into the alginate sol together with the

cross-linking ions. The probe concentration was chosen to be in

the linear regime of the uorescence dependence on the

concentration.41

As described above, the capillary gels were set during 2 days.

The membrane above the formed capillary gel got removed, and

a ca. 2 cm � 2 cm � 2 cm sized sample got cut out – centrally

and directly under the membrane – to perform the FRAP

measurement. The surface of the cube, cut perpendicular to the

direction of capillary growth, got absorbed on a cover glass

slide; then loaded on the microscope stage and FRAP

measurements were carried out in the upright mode of the

microscope at constant 298 K. At least 6 FRAP measurements

have been performed on different spatial coordinates per

sample. The ROIs' spatial locations have been chosen, such that

in the whole eld of view (z200 mm � 200 mm) no capillary was

present. This means that the diffusion in the bulk phase

between the capillaries got tested. To test the reproducibility

every sample has been remade at least once. All of the recorded

recoveries were quick enough to yield Gaussian intensity

distributions in the initial recovery images within the bleached

area/ROI. Therefore the FRAP model called “most likelihood

estimation for FRAP data with a Gaussian starting prole”41 is

valid for evaluation of the data. A script provided by Jonasson

et al.41 was utilized to analyze the data within this framework in

Matlab, Mathworks, U.S.A.

Embedding and transmission electron microscopy. Small gel

cubes, 1 mm � 1 mm � 1 mm, were cut out of the gel and xed

in 2% glutaraldehyde containing 0.1% Ruthenium Red CaCl2.

The CaCl2 concentration corresponded to the concentration in

the gel. Dehydration was performed in a graded ethanol series

ending with propylene oxide prior to the TLV resin inltration.

The exchange of water during the dehydration step is performed

gradually in order to minimize shrinkage; any occurring

shrinkage is assumed to be isotropic and not to change the

characteristics of the microstructure. The samples were

embedded in epoxy resin TLV and polymerized for 20 hours at

333 K. Ultrathin sections around 60 nmwere cut with a diamond

knife using an ultramicrotome (Powertome XL, RMC products,

Boeckeler Instruments Inc, Tucson, Arizona). The ultrathin

sections were placed on 400 mesh gold grids and stained with

periodic acid, thiosemicarbazide and silver proteinate. Images of

the alginate gel were recorded with a transmission electron

microscope (TEM) LEO 706E (LEO Electron Microscopy Ltd.,

Oberkochen, Germany) at a 80 kV accelerating voltage.

Image analysis of gel strands and voids. Gel strands and

voids must be segmented to measure different relevant features

of the images. Here, voids are dened as the spaces in-between

the gel strands in the gel network that are available for the

dextran diffusion. To process the TEM images and yield a binary

representation of the network strands, the rst steps were to

remove uneven illumination using low-pass ltering and image

multiplication, and to perform Wiener ltering to reduce the

amount of noise and to enhance the gel strands. Subsequently,

morphological Top-Hat transformation was used to increase

contrast and manual thresholding was performed to segment

gel strands and voids. Finally, small objects were removed and a

morphological close operation was applied to connect adjacent

objects. The image analysis was performed in Matlab, Math-

works, USA. We analyzed TEM images of the externally and

internally set gels; for the externally set gels only the structures

characterizing the bulk network were recorded in between the

capillary zones. As both gels have the same effective polymer

concentration the manual thresholding was applied in such a

manner, that the area fraction of the gel strands was constant

for all analysed images. The resulting binarized images were

then used for image analysis. We calculated the volume, weight,

and mean volume for pores and interfacial area applying the

algorithm by Gundersen and co-workers42 on the binary images.

For each gel type six images acquired randomly at different

locations in the gel were analyzed. Micrographs got analysed at

one constant magnication of 10 000�.

Image analysis of the pore diameter. The gels were died by

soaking them a few minutes in a solution containing 0.75 mg

ruthenium red/ml water (milliQ). The capillaries were visualized

using a light microscope, Aigo Digital Viewer GE-5, and pore

diameter and number were analysed using the program ImageJ.

Results and discussion
Macrostructure of calcium induced capillary gels

Several studies have been performed on the effect of the type of

(heavy divalent) ions, ion concentration and M/G ratio of the

alginate used on the diameter size of the capillary as well as on

the capillary density.23,43 In general, an alginate with high G

content gives rise to smaller capillaries and a higher capillary

density compared to an alginate high in M units.7 Furthermore,

while the capillary diameter and density will vary with the type

of (heavy metal) ion added, increasing the concentration of ions

leads to reduced capillary diameter and a higher capillary

density.23 Fewer studies have been performed on capillary

formation in alginate gels using calcium. However, the results

obtained in this study show relatively well dened capillaries

which are homogeneously distributed over the crosssection of

the gel surface, as displayed in Fig. 1(a). Image analysis of such

gels results in an initially reducing capillary diameter with

increasing total amount of Ca2+, and thus increasing R-value,

aer which the capillary diameter appears to be less dependent

on R. However, the capillary density increases consistently with

the R value, at least for the values studied here (Fig. 1(b)). The

R-value of the nal gel is varied by adding different volumes of a

xed electrolyte solution (0.5 M CaCl2). The capillary diameter

obtained varies between 60 and 110 mm depending on the nal

R-value. The capillary diameter of 60 to 70 mm that are obtained

for the higher R-values of 4–8 is in relative agreement with the

ndings of Despang and co-workers of a capillary diameter of

43 mm using a high G alginate and 1 M CaCl2 as an electrolyte.7

It is worthwhile to note that no capillaries were formed below a

R-value of 2, thus indicating that the capillary formation takes
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place only once excess Ca2+ is available – above crosslinking

saturation of the alginate (R ¼ 1).

Rheological differences between isotropic and capillary gels

Stress relaxation tests have been performed on capillary and

internally set calcium alginate gels of R ¼ 2 and at room

temperature. A xed strain of 5, 10 and 20%was applied and the

stress required to maintain the strain at the specic value was

recorded over time, as depicted in Fig. 2. Both types of the gel

show viscoelastic behaviour as the stress required to maintain a

strain of 5, 10 and 20% respectively varies initially, while

levelling out to a close to constant nonzero value14 at times >200

seconds. It is observed that less pressure is required in order to

maintain the capillary gel at a given strain compared to the

internally set gels. The modulus G of the material (G(t) ¼

stress(t)/strain) indicates that the linear region for the modulus

as a function of strain ends somewhere between 10 and 20%

strain. This is in agreement with literature data reporting line-

arity up to at least 17% strain for internally set calcium alginate

gels.14 Comparing the moduli, depicted in Fig. 2(c), of 38 � 4

kPa obtained at 5 and 10% strain for the internally set gel of R¼

2 shows reasonable agreement with previously reported values

for high guluronate alginate in excess of calcium.14 The results

show further that the moduli for the capillary gels of 6.2 � 0.7

kPa at 5 and 10% strain are considerably lower compared to the

internally set gels despite similar composition (calcium and

alginate concentration) of the two types of gels. It should further

be stated that additional stress relaxation tests at different

strains should be done in order to specify the linear region for

the capillary gels. Observing the tendency for the gels to recover

their initial height, aer the external load has been withdrawn,

is displayed in Table 1. These data indicate a higher degree of

plasticity for the capillary gels.

Rupture strength is additionally used to characterise the

mechanical properties of the two differently set gels at varying

R-values. Fig. 3(a) depicts the results obtained for the internally

set gels. The isotropic calcium alginate gels show an increase in

rupture strength as the R-value is increased to R ¼ 1, above

which the rupture strength levels out as R is increased to R ¼ 2.

It has been suggested that increasing calcium concentration for

a xed alginate concentration initially increases the length of

the junction zones (up to R ¼ 1), leading to an increase in

rupture strength.14,15 Above the stoichiometric value of R¼ 1, no

further junctions are formed, which could explain the apparent

levelling out of rupture strength as R goes from 1 to 2 for the

internally set gels. A similar explanation could be given for the

capillary gels where no increase in rupture strength is observed

as R is increased from 2 to 8.

The results show that the rupture strength of the internally

set gel of R $ 2 is considerably higher compared to the rupture

strength of the capillary gels (see Fig. 3(b)) at equal R and

alginate concentration. It is further noticeable that accounting

for only the actual gel area (thus subtracting the area of the

capillary pores from the total area of the crosssection) only

increases the rupture strength to a small extent. The capillary

gel still has a low rupture strength compared to the internally

set alginate gel. The rupture strength data follow the results

from the stress relaxation test that the mechanical properties of

the differently set gels vary considerably despite same compo-

sition. The large difference observed between the internally set

gel and the capillary gel suggests that the gelation process as

such introduces differences also within the microstructure of

the gel, i.e. it is not only the macroscopic difference (presence of

capillaries) that inuences the mechanical properties of the two

differently set gels. However, this needs to be conrmed further.

Fig. 1 (a) Cross-section of a capillary gel dyed with ruthenium red at
R ¼ 2. (b) Pore diameter (solid symbols) and density (open symbols) as
a function of the R-value; formed at 293 K.

Fig. 2 Stress relaxation of calcium alginate gels with a R-value of 2 prepared via internal gelation and external gelation when compressed (a) to
5% strain and (b) to 10% with an initial crosshead speed of 4%/second, (c) stress relaxation for the modulus G: 5% strain (solid line) & 10% strain
(dashed line) for the internal external gelation method.
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Probe-diffusion in isotropic and capillary gels

To study the diffusivity of different molecular weight FITC-

dextrans in the bulk phase of internally and externally set

alginate gels we performed a series of FRAP measurements. All

studied networks have, as described above, the same effective

polymer concentration (yielded by the subtraction of the pore

areas) of 2% w/w. Fig. 4 displays a typical FRAP recovery,

showing the time evolution of the uorescent intensity. A

microscopy image during a typical FRAP measurement on an

externally set gel is shown in Fig. 4(b), and visualizes a homo-

geneous uorescent distribution over the whole eld of view of

around 200 � 200 mm; that means that the capillaries are well

separated from the spatial region of the measurement, and with

probes sized >5 nm (and a self diffusion coefficient <70 mm2

s�1), will not inuence the recovery curves recorded during the

experiments in the time period of 25 s. In comparison, Fig. 4(c)

illustrates how a typical capillary would be visualized during a

FRAP measurement.

Effect of available calcium

As seen above, varying the R-value results in gels of different

strength and elasticity at values up to R ¼ 1, and constant

mechanical properties at R-values above 1. However, it appears

that not only the R-value itself determines the rheology, but also

the method of gelation – internal or external ion addition –

inuences the functionality strongly. Here, we investigate the

inuence of the R-value on the probe diffusion of 70 kDa FITC-

dextran, a probe sizedz17 nm (recalculated diameter from the

hydrodynamic radius). Fig. 5 displays R-value sweeps and the

corresponding normalized diffusion coefficients, for the

calcium ranges in which gelation was possible. In internally set

gels the diffusivity of the probes is reduced by 80% compared to

the free diffusion coefficients D0 of the probes in the absence of

alginate. Variations in the R-value between 0.4 and 2 did not

cause signicant changes in the probe diffusion. The bundle

size of the network strands is known to be increasing for

increasing R-values up to R ¼ 1, when enough junction zone

forming Ca2+ is available to incorporate all G units into aggre-

gates via the egg-box mechanism.13 Our results indicate that

although the network bundle size is increasing, the pore sizes

being tested by FITC-dextran diffusion are not inuenced by the

strand thickness. However, the effect of polymer concentration

seems to be the dominating factor for the diffusion. Similarly

are the ndings depicted in Fig. 5(b) for the externally set gels.

No signicant differences regarding the diffusivity of 70 kDa

Table 1 Recovery in percentage of initial height of random and capillary gels at different degrees of compression and times. The gels had an
initial height of 10 mm, a diameter 10 mm and a R-value of 2

Compression/%

5 10 20

Time Random Capillary Random Capillary Random Capillary

Immediately aer removal of force 100 91 96 92 91 84

2 Minutes aer removal of force 100 91 98 92 98 84

Fig. 3 True stress at rupture for uniaxial compression (solid symbols)
as a function of the R-value for (a) internally set and (b) externally set
alginate gels at a polymer concentration of 1.8% and 293 K; open
symbols correspond to the cylinder area corrected for pore capillary
surface of the cross-section.

Fig. 4 (a) Example of the time evolution of a FRAP recovery for 10 kDa
FITC-dextran in an externally set gel. CLSM images: (b) image of a
typical postbleach during a FRAP recovery measurement. Before
recording the FRAP recovery, in the middle of the image in a region of
30 micron diameter ca. 30% of the probes got photobleached;
resulting in a drop of the recorded intensity. (c) Image of a capillary
zone, recorded with the same imaging settings as utilized for a FRAP
measurement, to visualize that capillaries could be identified under the
CLSM. FRAP measurements were NOT carried out at such spatial
locations.
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FITC-dextran could be found over the whole R-value range. We

nd a reduction of the diffusivity by 40% for 70 kDa FITC-

dextran in externally set gels. Interestingly, testing the micro-

structure of alginate gels of the same effective polymer

concentration with z17 nm sized probes a highly signicant

difference between the two gel setting methods is found. The

externally set gels exhibit a diffusivity more than twice as big as

for the internal set gels. These results suggest a different

network microstructure and/or connectivity for the two respec-

tive gel setting methods.

Effect of probe size

To elucidate the difference in diffusivity for the two types of

gelation in more detail, we studied the diffusion of FITC-dextran

of increasing molecular weight in externally and internally set

gels at R ¼ 2, a R-value at which both gelation methods coexist.

This approach allows testing the obstruction properties and

connectivity of the alginate networks, when penetrated by slightly

smaller and larger probes than 70 kDa FITC-dextran. Fig. 6 shows

the results of FRAP measurements on a molecular weight series

in both types of alginate gels. For both gels same general trends

are observed: increasing the molecular weight decreases the

diffusivity, as probes of higher hydrodynamic radius do feel a

stronger hindrance of theirmolecularmotion.We nd for 10 kDa

FITC-dextran a reduction of the diffusivity by 25% and 35% for

the external and internal methods, respectively. This means that

7 nm sized probes are not freely diffusing anymore and are partly

hindered by the network strands. This statement is true for both

gelation methods, yet the internally set gel has a slightly higher

sieving effect. For the largest probe, 500 kDa FITC-dextran, a

strong retardation of the diffusivity of >80% is observed for both

gel types. Also, the FRAP recovery was found not to reach the

initial uorescent intensity; and a corresponding immobile

fraction of 50% is observed. This means that only 50% of the

probes are mobile and contribute to the recovery, whereas the

other probes are physically locked in and do not move in the time

scale of the measurement (for 10 and 70 kDa FITC-dextran no

immobile fraction is observed). For 500 kDa dextrans we do

observe the same retardation and immobile fraction irrespective

of the gelation method. This indicates that the probes are

clogging upmany pores of the network and the probe size ofz28

nm is the dominating factor in 2% w/w alginate gels, irrespective

of the gel settingmethod. The diffusivity for 70 kDa FITC-dextran

yields the biggest difference for the two gelation methods.

Utilizing this probe reduces the diffusivity by 80% for the internal

gelation method, compared to reduction of only 55% via the

external method. Thus, the differences in porosity and connec-

tivity of the network structures are the strongest as examined by

tracers sizedz17 nm.

Effect of probe introduction

Also, comparing the results for 70 kDa FITC-dextran in the exter-

nally set gel, depicted in Fig. 5 and 6, a deviation is found. This

arises from the fact that for the set of experiments in Fig. 5 the

uorescent probes were added via the external method, together

with the Ca2+-ions. In contrast, the measurements in Fig. 6 show

the case in which probes were mixed in the alginate solution.

Comparing the diffusivity of 70 kDa FITC-dextran in externally set

gels at R ¼ 2 a 15% stronger reduction is found compared to the

case when the probes are added in the alginate solution. Dextrans

mixed into the polymeric solution are homogeneously distributed

throughout the sol, thus suggesting, as the gelation sets in and

forms heterogeneous network structures, that probes will be

equally likely located in tighter network structures as well as in

more porous regions. Adding the probes via a diffusivemechanism

during the gelation yields an overall faster diffusion in the set gels

and indicates that the probes were not able to penetrate the whole

network structure equally, and thereby weighted the diffusion in

the opennetwork structures excessively. However, bothmethods of

probe introduction resulted in a signicant difference in the

diffusivity between the externally and internally set gels. The

addition of the probes in the alginate solution should be preferred

in future studies to gain well distributed tracers throughout all

hierarchies of network structures.

Microstructures of the bulk vs. capillary wall

Interesting information about differences and similarities

between polysaccharide gels can be obtained via transmission

Fig. 5 Normalized diffusion coefficient depending on the R-value for
70 kDa FITC-dextran (a) in 2% w/w internally set gels and (b) in 2% w/w
externally set gels. The probes were added via the external-diffusive
mechanism, by mixing the probes in the CaCl2 solution above the gel-
membrane.

Fig. 6 Normalized diffusion coefficient for 10 kDa (FD10), 70 kDa
(FD70) and 500 kDa (FD500) FITC-dextrans at R ¼ 2. (Diamond)
externally set gel and (square) internally set gel. Probes were mixed in
the alginate solution before gelation.
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electron microscopy (TEM).19,44 TEM micrographs of the bulk

network structures of alginate gels at R ¼ 2 are shown in Fig. 7.

Similarly to the FRAP section, care is taken to image the gel

phase in between the capillaries and not in their vicinity. For

both gelation methodologies, we observe gel networks consist-

ing of polymer strands (dark threads) and voids (light grey

space), the latter being in the range of 50 nm and above. These

structures are similar in character to other physical gels such as

pectins and carrageenans.18,19 The micrographs for the exter-

nally and internally set gels have a heterogeneous network with

a wide range of pore sizes, with largest pores in the range of 200

nm as well as dense network clusters. However, the gel network

in the vicinity to the capillary walls is strongly affected by

capillary formation and it could be hypothesised that such

structures are formed due to a hydrodynamic ow eld as

suggested in the model by Treml and Kohler.45

Fig. 9 displays the microstructure in proximity to the capil-

lary zones of an externally set gel at different magnications.

Here, some interesting features can be observed. The boundary

area between the capillaries and the network is not sharp, thus

there is no distinct interfacial layer. The interface between the

network and the capillary consists of porous structures, and

micron sized aggregates of dangling network chains reach into

the capillary region. Further, the network in proximity of the

capillary exhibits an anisotropic structure and chains seem to

be elongated in the tangential direction of the macro-pore. This

structure is distorted with a lower connectivity than the interior

of the network as observed in Fig. 7. It reaches 5–10 microme-

ters into the structure and takes up considerable volume. This

part of the structure will most likely contribute to the rheolog-

ical properties of the gels and could be one of the reasons for

the higher plasticity of the capillary gels.

Image analysis was performed to determine the pore sizes of

the alginate gels on binarized TEM micrographs. Following the

routine described in the materials and methods section,

examples of such gained binary images are illustrated in Fig. 8.

Analysing the volume weight mean volume of the pores in the

bulk network structures of externally and internally set gels, we

nd pore volume values corresponding to spheres of diameter d

for the externally set gel: dexternal ¼ 59.5 � 8.5 nm, and respec-

tively dinternal ¼ 56.8 � 3.9 nm for internally set gel. Thus, the

pore volumes gained via the image analysis of roughly 60 nm

thin sections do not signicantly differ for the two gelation

methods. However, as pointed out the overall network

morphology of many physical gels are similar even if the gela-

tion mechanism and properties may differ.18,19 Here other

features contribute to the properties such as the order and

strength of the gel strands, interactions between strands as well

as the connectivity and heterogeneity of the network.

The results presented show that the way alginate gels are

prepared (via internal or external addition of calcium) do not

only give rise to the intriguing differences in macroscopic

appearance of the gels, by introducing open capillaries, but also

changes the gel network structure between the capillaries.

These changes give rise to a network structure that oppose less

hindrance to FITC – dextrans of sizes 10 and 70 kDa compared

to internally set gel. It is worthwhile to note that the differences

introduced via the route of calcium addition is larger than what

could be obtained by variation of the available amount of

Fig. 7 TEMmicrographs of alginate gels at R¼ 2; (a) micrograph of the
bulk network in an externally set gel and (b) internally set gel.

Fig. 9 TEM micrograph of an externally set alginate gel at R ¼ 2 in
proximity to the capillary zones at different magnifications.

Fig. 8 Binarized images of the TEM micrographs displayed in Fig. 7.
(Left) externally set and (right) internally set. The images were cropped
to not contain the scale bars during the image analysis.
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calcium below and above the stoichiometric amount, thus

varying the number and length of junction zones as well as their

degree of aggregation. The plasticity and lower moduli of the

externally set alginate gels further suggest the presence of a

network where the external force is suboptimally distributed

and breakage or irreversible aggregation of the network occurs

at lower strain. The distorted and anisotropic zone in the

vicinity of the capillaries will certainly contribute to the rheo-

logical behaviour of the capillary gels but further studies will

focus on other differences in the ne structures of the gel

networks.

Conclusions

Starting with identical compounds – quantity of alginate and

calcium – we are able to tune the elasticity/plasticity and the

rupture strength of formed gels in one order of magnitude

between 10s and 100s of Pa. Additionally we can tailor the mass

transport of nanometre sized diffusants by the choice of the

gelation methodology. The diffusivity for dextrans sized smaller

than 20 nm, determined in the gel phase where the inuence of

capillaries is negligible, is higher in alginate gels formed via the

external gel method compared to the internal methodology.

Both gel types do hinder larger diffusants. The results indicate

that the gelation methodology will not only inuence the

macroscopic structure, via the formation of parallel aligned

capillaries as is the case of externally set alginate gels, but also

the microstructure. The TEM images showed a 5–10micrometer

wide zone close to the capillary wall that had an anisotropic and

distorted structure with a lower connectivity. This weaker

structure can contribute to the higher plasticity and lower

moduli of the capillary gels. The mean pore sizes found on the

inner parts of the gels did not depend on external or internal

addition of crosslinking ions. To explain the difference of

diffusivity further studies of the ne structure and the connec-

tivity of the gels in three dimensions will be needed.
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