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Gels were produced usingκ-, ι-, or hybrid-carrageenan at a low (0.2-0.25%) and a high (0.7-1.0%) dosage in
skim milk. The microstructure of carrageenan and protein was observed by confocal laser scanning microscopy
using direct immunostaining. Additionally, rheology was used to characterize the gels. The lowκ- andι-carrageenan
dosages resulted in gels with a fine stranded carrageenan-protein microstructure and emulsion-like inclusions,
while the high dosages resulted in strongly flocculated microstructures. Hybrid-carrageenan exhibited flocculation
at both dosages. When usingι- and hybrid-carrageenan at a high dosage andκ-carrageenan at both dosages, the
gel characteristics were dominated by carrageenan-carrageenan interactions. On the other hand, the gel with a
low dosage ofι-carrageenan in milk was barely fusible, indicating the presence of a true coupled network. We
suggest thatκ-, ι-, and hybrid-carrageenan all interact with casein micelles but that the impact of this interaction
on the total gel properties varied.

Introduction

Carrageenans are sulfated polysaccharides obtained from red
seaweed and are classified according to three typessλ-, ι-, and
κ-carrageenansdepending on the number of sulfate groups per
repeating disaccharide unit ofâ-1,3- andR-1,4-linked galactose
residues (three, two, and one, respectively). Hybrid-carrageenans
are mixed chains withι- andκ-carrageenan repeating units in
each molecule.1 The sulfate groups impose a negative charge
on the carrageenan, affecting its functionality.2 λ-Carrageenan
does not gel, andι-carrageenan forms soft, elastic gels, while
κ-carrageenan forms strong, brittle gels. Gel formation of
ι-carrageenan in aqueous solutions occurs by a coil-to-helix
transformation. Forκ-carrageenan, gel formation depends on a
further association of the double helices.3,4

Carrageenans are used extensively to gel dairy products as
they are able to stabilize and gel milk proteins at a low dosages
0.03% forκ-carrageenan5 and 0.05% forι-carrageenan.6 Inves-
tigations using scanning electron microscopy,7 electron micros-
copy,8 rheology,5 electrophoretic mobility, and diffusion
coefficients9 have indicated that this effect is caused by a direct
interaction between the casein micelle and theκ- or ι-carrag-
eenan. A similar low dosage of carrageenan is unable to gel
permeate from milk that has undergone ultra-filtration (i.e., a
solution of the exact same ionic composition but without casein
micelles). This phenomenon, called milk reactivity,10 has been
explained by the direct interaction between the negatively
charged carrageenan helices and theκ-casein situated on the
periphery of the casein micelle.9,11,12

In milk, behavioral differences exist betweenκ-carrageenan
andι-carrageenan: the gel setting temperature (Tgel) is ∼36 °C
for 0.2% κ-carrageenan13 as compared to∼47 °C for 0.1%
ι-carrageenan.6 Differences in the melting profiles have also been
reported: 0.2%κ-carrageenan-milk gel melted at 57°C,13 while

0.1%ι-carrageenan-milk gel melted above 70°C.6 Furthermore,
the presence of casein micelles does not seem to influence the
gelation temperature ofκ-carrageenan,13 whereas the gelation
temperature ofι-carrageenan increases by 8°C in the presence
of micellar casein as compared to milk permeate.6,14 Such
differences suggest that the mode and impact of interaction with
the casein micelle is not the same for the two types of
carrageenan.

Although the microstructure and mechanisms of carrag-
eenan-gel formation in milk systems has been thoroughly
discussed in existing publications, the lack of specific probes
has resulted in far more indirect5,6,9,11,14-16 than direct studies7,8,17

of the carrageenan microstructure. A few of the previous studies
have used covalently labeled carrageenan, and of these, none
investigated the texture of the carrageenan gels.18,19Furthermore,
no images of a hybrid-carrageenan-gel microstructure appear
to have been published.

Hence, the objective of this study was to investigate the
microstructural and rheological behavior ofκ-, ι-, and hybrid-
carrageenan at low and high dosages in skim milk. In doing so,
the aim was to increase the knowledge of carrageenan’s milk
reactivity.

To characterize the microstructure of the carrageenans, direct
immunostaining was applied.20 The use of antibodies as markers
for specific structures traditionally involves a primary antibody
with affinity for the antigen of interest and a secondary antibody
conjugated with a fluorophore with affinity for the primary
antibody.21 This technique requires washing of the sample after
each antibody addition. The direct immunostaining method,
however, only employs a primary antibody conjugated with a
fluorophore. We are only aware of one study employing direct
immunostaining without subsequent washing. Here, the tech-
nique was successfully used for in vivo detection of colorectal
carcinoma with the aid of endoscopy.22 The direct immun-
ostaining technique requires no washing step, which makes it
possible to evaluate fully hydrated samples and to avoid artefacts
produced by fixation, drying, or slicing processes. However,
the signal-to-noise ratio can be an issue, and the technique also
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implies that the antibody must retain its functionality in the
environment present in the specimen. The polyclonal anti-
carrageenan antibody has previously been shown to retain its
affinity for carrageenan when tested in environments relevant
to dairy products.20

Materials and Methods

The carrageenans used in this study were all fully alkali-modified.
The κ-carrageenan was fromKappaphycus alVarezii and had a
molecular weight (MW) of 550 kDa, as determined by high-pressure
size exclusion chromatography (HPSEC). Theκ-carrageenan contained
about 5%ι-carrageenan (according to capillary electrophoresis,23 CE).
The ι-carrageenan was fromEucheuma denticulatum, had a MW
(HPSEC) of about 650 kDa, and contained about 5% hybrid-carrageenan
(CE). The hybrid-carrageenan was fromGigartina skottsbergii, with a
MW (HPSEC) of about 610 kDa containing∼75% κ-/ι-hybrid-
carrageenan (2κ/3 ι) (CE), ∼5% κ-carrageenan,∼5% λ-carrageenan,
and ∼15% unknown carrageenan types. The carrageenans were all
kindly provided by Danisco A/S (Brabrand, Denmark).

Carrageenan gels were made using fresh skim milk with 0.1% fat
(Arla Foods, Viby J., Denmark).

Gel Preparation. The gels were made by suspending carrageenan
at room temperature in 450 mL of milk. The solution was heated to 85
°C, followed by the addition and mixing of 2 mL of 12.5% NaN3 into
the solution to avoid microorganism growth. Subsequently, the solutions
were filled into 155 mL plastic beakers, cooled in a 4°C water bath
overnight, and stored at 4°C until use. The low carrageenan dosages
in the samples were selected to ensure a gel where the carrageenan-
protein actions, if present, would dominate. The high carrageenan
concentration was chosen to ensure a firm gel where carrageenan-
carrageenan interactions would dominate (Table 1). Each gel was
prepared in two true replicates (i.e., two separate solutions).

Large Deformation Characteristics.The gels’ texture parameters
were determined using a texture analyzer TA-XT2i (Stable Microsys-
tems, Surrey, UK) mounted with a 1/2 inch cylindrical probe, which
penetrated 20 mm into the product. A force-time curve was obtained
at a crosshead speed of 0.5 mm/s. Firmness was determined as the
maximum resistance to the probe (i.e., the height of the force peak at
initial fracture). Penetration depth at fracture was also assessed as a
measure of gel flexibility. Each true replicate was measured once.

Small Deformation Characteristics.Gel samples for small ampli-
tude oscillatory shear analyses were prepared by inverting the beakers
filled with gel into the aperture of a 2 mmhigh plastic mould. A metal
wire was used to cut 2 mm high gel slices along the surface of the
mold. The second slice from each gel was used for punching out the
discs of gel with a diameter of 25 mm used for analysis. A Stresstech
Rheometer (Reologica AB, Lund, Sweden) with a serrated plate-
serrated plate geometry was utilized. Prior to the analyses, a 5 min
equilibration time was included. All measurements were performed once
for each true replicate.

Stress sweeps were made at 5°C from 0.01 Pa until critical stress
was reached. To examine the presence of different gel types further
(carrageenan-carrageenan, carrageenan-protein), melting profiles were
assessed from 5 to 85°C at 1 °C/min at a constant strain of 0.005.
Stress sweeps were initially performed at 5 and 60°C to ensure that
the stress during melting profiles was, at all times, within the viscoelastic
region.

Confocal Laser Scanning Microscopy (CLSM).An inverted Leica
TSP2 CLSM (Leica, Mannheim, Germany) with an argon/krypton and
a helium/neon laser with a HCX PL APO 40× NA 1.2 oil immersion
objective was used. Proteins were stained with 1µg of fluorescein
isothiocyanate (FITC) dissolved in acetone (0.1 mg/mL). FITC was
excited at 488 nm, and the emission was collected at 500-540 nm.
The carrageenan was stained with∼10µg of anti-carrageenan antibody
conjugated with Alexa Fluor 633 (∼1 mol Alexa Fluor 633/mol of
antibody) dissolved in 10 mM phosphate-buffered saline. The purifica-
tion, conjugation, separation, and validation procedures have been
described elsewhere.20 The anti-carrageenan antibody was excited at
633 nm, and the emission was collected at 665-800 nm. FITC dissolved
in acetone was applied to approximately 2 cm2 of the cover glass. When
the acetone had evaporated, the anti-carrageenan antibody was added
to the same area, and a slice of gel was gently removed with a sharpened
spatula (ca. 20 mm× 15 mm× 4 mm) and placed on the cover slip,
covering the stains. FITC-conjugated polyclonal rabbit antibody F9387
(Sigma, Brøndby, Denmark) was used as a negative control antibody,
as it binds to rat antibodies, which were not present in the gels. This
made it possible to evaluate how antibodies were distributed in the
sample when no specific binding was present and whether the structure
indicated by the anti-carrageenan antibody was caused by specific
binding. Following stain addition, the gels were left to incubate for at
least 30 min at 15°C. A temperature control stage was used at 15°C.
Ten images were recorded for each true replicate.

Statistical Analysis.Microsoft Excel software 2000 was employed
to perform t-test for the comparison of large deformation gel strengths.

Results

Large Deformation Characteristics. The gels spanned a
wide range of textures, ranging from the bland and flexible gel
with low ι-carrageenan dosage to the very firm gel obtained
with the highκ-carrageenan dosage (Figure 1). The increase in
gel firmness was similar to the increase in carrageenan dosage
for hybrid- andκ-carrageenan, whereas forι-carrageenan, the
increase was much smaller. A 4-fold increase inι-carrageenan
dosage resulted in a less than 2-fold increase in gel firmness.

The gels’ penetration depth at fracture is shown in Figure 2.
The ι-carrageenan gels exhibited generally the highest penetra-
tion depth at fracture. Forκ- andι-carrageenan, the increase in
dosage did not alter the penetration depth at fracture signifi-
cantly, whereas the high dosage of hybrid-carrageenan resulted
in a significantly higher penetration depth at fracture (P < 0.01)
as compared to the low dosage.

Small Amplitude Oscillatory Measurements. Stress Sweeps.
Figure 3 shows the stress sweeps of all gels. As expected, the
κ-carrageenan gels had a higher complex modulus in the linear
viscoelastic region (G* lin) thanι- and hybrid-carrageenan. With

Table 1. Gel Compositions

gel name carrageenan type dosage (%)

KM1 κ 0.2
KM2 κ 0.7
IM1 ι 0.25
IM2 ι 1.0
HM1 hybrid 0.25
HM2 hybrid 0.8

Figure 1. Large deformation firmness of gels measured with a texture
analyzer. Abbreviations as in Table 1. Bars indicate standard devia-
tion.
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the corresponding dosage,ι-carrageenan exhibited a lowerG* lin

than bothκ- and hybrid-carrageenan. The difference in G* lin

between low and high dosages ofι-carrageenan in milk was

only 2-fold, whereas, forκ- and hybrid-carrageenan, this
difference corresponded to the increase in concentration. This
is in agreement with the results from large deformation
measurements and indicated that the gels formed at high and
low ι-carrageenan dosages must be of a different nature.

Melting Profiles. The melting profiles of theκ-carrageenan
gels (Figure 4) showed a steep gradient, very different from
the low dosage ofι-carrageenan, which exhibited a melting
profile with a very slow, steady decrease inG* as a function of
increasing temperature (Figure 4).

The gels made with hybrid-carrageenan exhibited a combina-
tion of ι- andκ-characteristics. At a low dosage, the decrease
in G* was slow and gradual, as for the low dosageι-carrageenan,
while the high dosage exhibited a steep decrease from∼50 °C.
Above∼58 °C, theG* of the hybrid-carrageenan gels did not
decrease further, indicating a total breakdown of the gel

Figure 2. Penetration depth at fracture (mm) as determined by
texture analyzer. Abbreviations as in Table 1. Bars indicate standard
deviation.

Figure 3. Stress sweeps of gels at 5 °C in replicate. Abbreviations
as in Table 1.

Figure 4. Melting profiles of κ-, ι-, and hybrid-carrageenan gels from
5 to 85 °C at 1 °C/min. Each line represents the average of two
replicates. The mean coefficient of variation was 10% between
replicates.
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structure, similar to theκ-carrageenan gels. No melting profiles
of hybrid-carrageenan-milk gels appear to have been published
previously.

Microstructure. A low dosage ofκ- and ι-carrageenan
produced gels with a similar microstructure on the scale
visualized by CLSM (Figures 5 and 6: KM1 and IM1). The
continuous phase appeared to have a fine-stranded structure
(1-3 µm in length forκ-carrageenan and 2-4 µm for ι-carra-
geenan) with inclusions containing an increased concentration
of carrageenan and protein (Figure 7). The inclusions were up
to 40 and 20µm in diameter for κ- and ι-carrageenan,

respectively. We interpret these inclusions as the initiation of
bridging flocculation, arrested by gelation.

The microstructure of gels made using a low dosage of
hybrid-carrageenan was extensively flocculated with large
aggregates (>100 µm in diameter, Figure 5: HM1). The
continuous phase exhibited a fine-stranded structure of protein
and carrageenan as seen forκ- andι-carrageenan at low dosages.
The edges of the aggregates were irregular and composed of
smaller subunits.

High dosages ofι-, κ-, and hybrid-carrageenan resulted in
gels with protein flocculation (Figures 5 and 6: KM2, IM2,

Figure 5. Representative low magnification CLSM images of the microstructure of carrageenan-milk gels. Abbreviations as in Table 1. Scale
bar represents 50 µm. Green is protein stained with FITC. Red is carrageenan stained with Alexa Fluor 633 conjugated anti-carrageenan antibody.
All images have the same magnification as KM1. The arrow in HM1 shows the continuous phase, which resembles the structure of the continuous
phase in KM1 and IM1.
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and HM2), which was arrested by gelation of the carrageenan
phase. However, the carrageenan continuous phase showed a
low protein concentration, and carrageenan staining was also
present on the aggregates, as illustrated for the low dosage
κ-carrageenan gel in Figure 7. The aggregates occupied a major
part of the images and were evenly distributed. Differences in
the microstructure between the high dosage ofι- andκ-carra-
geenan were observed for the size, shape, and connectivity of
the subunits composing the aggregates. Whenκ-carrageenan was
applied in high dosage, each spherical subunit (∼8 µm in
diameter) appeared fluffy with a smooth edge and was distinctly
separated from the next subunit (Figure 6: KM2). Furthermore,

several of these subunits appeared to have protein concentrated
in the center with a higher concentration of carrageenan evident
in the periphery. In comparison, the subunits present in the
equivalent ι-carrageenan gels were smaller (∼1 µm) and
appeared denser, with an irregular edge and were interconnected
to a higher degree. The aggregates in the high dosage of hybrid-
carrageenan appeared as a mixture of theι- andκ-carrageenan
structures (Figure 6: HM2). The continuous phase ofκ-, ι-,
and hybrid-carrageenan high dosage gels was predominantly
composed of a pure carrageenan gel.

The negative control antibody was evenly distributed in the
samples wherever physically and chemically possible (results

Figure 6. Representative high magnification CLSM images of the microstructure of carrageenan-milk gels. Abbreviations as in Table 1. Scale
bar represents 20 µm. Green is protein stained with FITC. Red is carrageenan stained with Alexa Fluor 633 conjugated anti-carrageenan antibody.
All images have the same magnification as KM1. The arrow in KM2 indicates the subunit with protein concentrated in the center and more
carrageenan at the periphery.
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not shown). Thus, the structure imaged by use of the anti-
carrageenan antibody-Alexa Fluor 633 conjugate evidently stems
from specific binding.

Discussion

Theκ-, ι-, and hybrid-carrageenans all responded differently
to the dosage increase with respect to changes in firmness, depth
at fracture, melting profile, and microstructure, which indicates
differences in the mode and impact of the interaction between
the casein micelle and the three carrageenan types.

κ-Carrageenan. The κ-carrageenan gels showed a steeper
melting gradient and a higher gel strength as compared to the
other gels studied.

Most studies investigating the interaction between casein
micelles andκ-carrageenan have been performed at concentra-
tions below 0.03% carrageenan.5,7,15,16 A majority of studies
show interactions betweenκ-carrageenan and casein only when

κ-carrageenan is in the ordered helix form, indicating that the
higher charge density of the helix form is a prerequisite.5,7,15,16

κ-Carrageenan has a low coil-to-helix transformation temper-
ature (∼25 °C at 0.2% in 0.2 M NaCl), and the gelation point
coincides with the coil-to-helix temperature.2,24 This conver-
gence of the coil-to-helix and gelation temperature leaves little
time and mobility for bond formation withκ-casein. In addition,
it has also been shown that the interaction ofκ-carrageenan with
sodium caseinate has little effect on the carrageenan’s coil-to-
helix transition.25

We suggest that in theκ-carrageenan-milk gels, associated
κ-carrageenan helices interacted with the micelles. This interac-
tion can be assumed to strengthen the gel network, modify the
melting behavior and increase the compatibility between car-
rageenan and protein. However, when saturation of the micelle
surface is reached by bridging flocculation and additional
carrageenan is present, flocculation will occur.5,6,26,27We thus
propose that at the low dosage ofκ-carrageenan in milk, the
continuous phase was composed of micelle aggregates with
associatedκ-carrageenan helices at the surface. Even though
the carrageenan interacted with the micelle surface, it was
carrageenan-carrageenan interactions holding the gel together
(Figure 8A). This could explain the fine structure observed in
the continuous phase (Figures 5 and 6: KM1) and the only
slightly less steep melting profile of the low dosageκ-car-
rageenan gels as compared to the high dosageκ-carrageenan
(Figure 4). The inclusions were of the same composition, only
pushed more together due to flocculation. The structure proposed
in Figure 8A is supported by several studies.16,25,28A slightly
less steep melting profile ofκ-carrageenan in milk as compared
to κ-carrageenan in water was observed by Oakenfull et al.25

Moreover, a gel composed of more than 0.018%κ-carrageenan
in milk exhibits characteristics dominated by carrageenan-
carrageenan interactions.28 Last, in a 0.03-0.1%κ-carrageenan-
milk gel, the casein micelles can move over short distances and
diffuse at very short time scales,16 indicating that the micelles
are not firmly bound to theκ-carrageenan network.

In the high dosageκ-carrageenan-milk gel, associated
κ-carrageenan helices bridged the micelles, and the remaining
helices induced flocculation. Thus, a saturation layer ofκ-car-
rageenan can be assumed to be present on the surface of micelles
or micellar aggregates,5,14,26,27causing formation of a smooth
boundary layer toward the continuousκ-carrageenan phase
(Figure 6: KM2 and Figure 8B).

The observed difference in microstructure and melting
behavior betweenκ-carrageenan at high and low dosage can

Figure 7. Single channel CLSM images of milk based 0.2%
κ-carrageenan gel. Scale bar represents 50 µm. Green is the channel
showing protein stained with FITC. Red is the channel showing
carrageenan stained with Alexa Fluor 633 conjugated anti-car-
rageenan antibody. The figure illustrates how the staining intensity
of both protein and carrageenan increases in the inclusions.

Figure 8. Schematic presentation of the κ-carrageenan-milk gel
microstructures of (A) 0.2% κ-carrageenan. The associated κ-carra-
geenan helices interact with the micelles, but the interaction dominat-
ing the gel characteristics is the κ-carrageenan-κ-carrageenan
interaction between the associated helices. Additional gel strength is
imposed by the interaction between the associated helices and the
micelles (B) 0.7% κ-carrageenan. Flocculated micelles held together
by a saturation layer of κ-carrageenan associated helices. The gel
characteristics are dominated by κ-carrageenan interactions.
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be assumed to be the combined result of two factors: the
interaction of associatedκ-carrageenan helices with the micelles
and flocculation of the micelles. At the low dosage of carrag-
eenan where the micelles are least flocculated and the surface
area of the micelles is highest, the interaction between associated
double helices ofκ-carrageenan and micelles dominates the
microstructure and decreases the steepness of the melting profile.

ι-Carrageenan.The results indicated that usingι-carrageenan
in milk at low dosage resulted in a gel with different properties
from the other gels studied. The melting profile of low dosage
ι-carrageenan in milk was different from the other carrageenan
gel melting profiles. A much more gradual decrease inG* was
observed (Figure 4), concurrent with the findings of others.6,29,30

Furthermore, the gel strength increased less than 2-fold by
increasing theι-carrageenan dosage 4-fold, and penetration depth
did not significantly differ between the low dosage and the high
dosage (Figures 1-3), although the low dosage gel showed
decreased critical stress (Figure 3).

The coil-to-helix temperature for 0.5%ι-carrageenan in milk
permeate is∼47 °C,14 which most probably occurs prior to
gelation, as the gel setting temperature has been reported to be
38.5°C for 0.56%ι-carrageenan in milk permeate.6 Additionally,
ι-carrageenan helices do not aggregate during gelation.3,4 Hence,
before the solution gels, theι-carrageenan helix is rigid enough
to possess sufficiently low entropy to approach and interact with
the casein micelle. This concurs with the finding thatι-carra-
geenan only interacts with the casein micelle when in the helix
form,6,9 due to its high charge density.4 The fine-stranded
microstructure of the low dosageι-carrageenan-milk gel
indicated interaction. We propose that a true coupled network
between casein micelles andι-carrageenan was formed as a
consequence ofι-carrageenan helices interacting with the casein
micelles (Figure 9A).

A pure ι-carrageenan gel must be weaker than a coupled
network of casein andι-carrageenan, as a 4-fold increase in
ι-carrageenan dosage resulted in a less than 2-fold increase in
gel strength (Figures 1 and 3). Indications of different interac-
tions dominating the milk gel properties ofκ- andι-carrageenan
at low dosage are that the low dosageι-carrageenan-milk gel
hardly melted, whereas low dosageκ-carrageenan did melt.
These observations have been made previously.6,25,30Further-
more, other studies have shown that forι-carrageenan, the
gelation temperature is increased in milk as compared to milk
permeate, whereas the gelation temperature forκ-carrageenan
does not change.6,14,25 The ι-carrageenan helices do not ag-
gregate,4 which in combination with their higher charge density,
may explain why ι-carrageenan gels are more prone for
formation of a true coupled network with the casein micelles
(Figures 1 and 3).31 Thus, we suggest that at the low dosage of

ι-carrageenan in milk, the interaction that dominated the gel
characteristics was the interaction between theι-carrageenan
helix and the micelle, whereas forκ-carrageenan at low and
high dosage in milk, the interaction that dominated the gel
characteristics was the binding between the associatedκ-car-
rageenan helices and not the interaction between the associated
κ-carrageenan helices and the micelle. The interaction between
carrageenan and the micelles could be caused by specific
electrostatic interactions between carrageenan and the positively
charged patch onκ-casein,9,11,12or it could be mediated by the
calcium present in milk,32,33 but it could also be mediated by
hydrogen bonding or hydrophobic interactions. Whether the
interaction of theι- and κ-carrageenan helices to the micelle
occurs by the same mechanism seems unlikely but remains to
be investigated.

At the high dosage ofι-carrageenan flocculation occurred,
when a saturation layer ofι-carrageenan had formed, and a
ι-carrageenan-ι-carrageenan gel constituted the continuous
phase (Figures 5 and 6: IM2 and Figure 9B), as when using
κ-carrageenan.

Hybrid-Carrageenan. Hybrid-carrageenan has a broad coil-
to-helix transition temperature,34 which indicates that the
transition is more difficult due to the uneven charge distribution.1

Since no interaction with the casein micelles occurs with either
κ- or ι-carrageenan on the coil form,5,7,15,16only the limited areas
of the hybrid-carrageenan molecules on helix form will interact
with the micelles. The melting profiles of the hybrid-carrageenan
gels were gradual, in keeping with melting profiles assessed in
aqueous solutions where hybrid-carrageenan exhibited a less
steep melting gradient thanκ-carrageenan.34

In contrast to bothι- andκ-carrageenan, very large aggregates
(>100µm) were observed in the gels made from the low dosage
hybrid-carrageenan. We suggest that for hybrid-carrageenan,
initial bridging flocculation occurred, prior to a build-up of
sufficient micelle-carrageenan interactions able to arrest further
flocculation. On the basis of the microstructure of the continuous
phase at low dosage (Figure 5: HM1 arrow) and the melting
behavior (Figure 4), we propose that both interaction of theκ-
and interaction of theι-carrageenan parts of the hybrid-
carrageenan molecules with the casein micelles occurred. But,
a limited number of helices was available, and the hybrid-
carrageenan on the coil form may have interfered with the gel
formation. We further suggest that a gradual melting profile
may have two causes: (i) a true coupled network between the
ι-helices and casein creating a gel that is barely fusible and (ii)
the various types of helices in hybrid-carrageenan present
involved in a number of different interactions (i.e.,ι-carrag-
eenan-ι-carrageenan,κ-carrageenan-κ-carrageenan, orκ-car-
rageenan-protein) and hence melt at different temperatures. The
gradual melting profiles for the hybrid-carrageenan in milk at
high and low dosage occurred as a combined result of i and ii.
Most likely, i was more important at the low dosage hybrid-
carrageenan in milk. A highly schematic presentation of the
microstructure of low dosage hybrid-carrageenan in milk is
shown in Figure 10. The proposed microstructure is in agree-
ment with the textural profiles of hybrid-carrageenan milk gels
showing a strongly decreased gel strength as compared to
physical blends ofι- andκ-carrageenan of the same composi-
tion,35 probably due to the mixed parts of the hybrid-carrageenan
molecules that cannot do the coil-to-helix transformation.

The high dosage of hybrid-carrageenan displayed an abrupt
decrease inG* between 50 and 60°C (Figure 4), emulating the
melting profile of low dosageκ-carrageenan. This melting
behavior was probably due to the 5% contamination of

Figure 9. Schematic presentation of the ι-carrageenan-milk gel
microstructure at (A) 0.25% ι-carrageenan. The gel is dominated by
ι-carrageenan-micelle interactions and (B) 1.0% ι-carrageenan.
Above the saturation layer of ι-carrageenan helices, the micelles are
flocculated by the remaining ι-carrageenan helices. The gel properties
are dominated by ι-carrageenan-ι-carrageenan interactions.
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κ-carrageenan present in the hybrid-carrageenan. A comparable
dominant influence of a small amount ofκ-carrageenan con-
tamination has been shown.35 In addition, at the high dosage of
hybrid-carrageenan, proportionally more helices can be assumed
to be present, arresting the developing microstructure at a less
flocculated stage. The microstructure observed at high dosage
of hybrid-carrageenan in milk appeared to be a mixture of
characteristics from both the high dosage ofι-carrageenan and
the high dosage ofκ-carrageenan milk gels. Also, at the high
dosage of hybrid-carrageenan in milk, bridging flocculation was
induced by a number ofι-carrageenan helices and associated
κ-carrageenan helices bridging the micelles. The continuous
phase was thus predominantly a carrageenan gel, and the
aggregates were micellar casein aggregates held together by
ι-carrageenan helices and/or associatedκ-carrageenan helices.

Staining of the proteinaceous aggregates with the anti-
carrageenan antibody, as seen in Figure 7, indicated that bridging
flocculation induced the flocculation, so an initial adsorbed layer
of carrageenan can be assumed to be present on the surface of
the micelle.5,14,26,27

Conclusion
In conclusion,κ- and ι- and hybrid-carrageenan interacted

with casein micelles, but they did so with different impacts that
determined the resulting microstructures and textures. At low
dosages ofι-carrageenan, the interaction dominant for the gel
characteristics was the interaction between theι-carrageenan
helices and the micelles creating a coupled network stronger
than a pureι-carrageenan gel. Forκ-carrageenan at low dosages,
theκ-carrageenan-κ-carrageenan interactions dominated the gel
characteristics, probably because these interactions melt and
break before theκ-carrageenan-micelle interactions. Still, the
κ-carrageenan micelle interactions strengthened the gel network.
In the case of hybrid-carrageenan, the coil-to-helix transition is
difficult due to the mixed molecules. Thus, as only a limited
number of helices was present, large aggregates appeared as a
consequence of extensive bridging flocculation, occurring before
the formation of a continuous network, which arrested the
flocculation. These mechanisms can explain the differences
found in concentration dependence, thermal behavior, rheology,
and microstructure between gels made using the three types of
carrageenan in milk. At high dosageι-, κ-, and hybrid-
carrageenan, bridging flocculation of the micelles occurred and

induced flocculation of the milk protein, so the gels were
dominated by carrageenan-carrageenan interactions.
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Figure 10. Schematic presentation of 0.25% hybrid-carrageenan-
milk gel microstructure. Bridging flocculation induced phase separa-
tion. The continuous phase is composed of κ-carrageenan areas of
the hybrid-carrageenan forming associated helices and ι-carrageenan
areas of the hybrid-carrageenan forming a gel.
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