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In the  present  article,  the  atomic  force  microscopy  was  applied  to  investigate  macromolecular  structures
of  various  carrageenan  types  including  hybrid  polysaccharides  (�-, �/�-, �/�-, �-,  and  X-carrageenans)
depending  on  polysaccharide  concentration.  The  structures  dependence  on  a polysaccharide  concen-
tration  also  was  focused.  �-Carrageenan  forms  both  single  and  two stranded  structures  at a  low
concentration.  At  high  concentrations  �-, �/�-, and  �/�-carrageenans  form  fibrous  network-like  struc-
tures  by  a side-by-side  association  type  at the  same  time  for �/�-carrageenan  end-to-end  association  type
eywords:
arrageenan
tomic force microscopy
ssociation

also  was  found.  Comparably  to �-carrageenan,  �/�-carrageenan  network  was more  open  with  coarser
fibers  while  �/�-carrageenan  structure  is  characterized  with  a more  flexible  network.  Honeycombed
structures  due  to  end-to-end  and  side-by-side  association  types  were  observed  for  X-carrageenan,  while
�-carrageenan  formed  honeycombed  structures  only  at high  concentrations.  In  order  to  investigate  topo-
graphical  parameters  of  the  carrageenans  macromolecular  structure  a new  method  of  the  autocorrelation
function  analysis  was used  for the first time.
. Introduction

Carrageenan is one of the most important polysaccharides with
 wide range of food applications, for instance as a gelling, water
olding, stabilizing and thickening agent (Morris, 2007). The impor-
ance of carrageenans in pharmaceutical development in last years
as been shown. Carrageenans were used to reduce the amount
f polymorphic transformation in tabletting (Schmidt, Wartewig,

 Picker, 2003), to produce controlled release delivery system
Keppeler, Ellis, & Jacquier, 2009), and to achieve interactions with
rugs for modification release systems (Hugerth, 2001). That wide
pplication of these polysaccharides is caused by their physico-
hemical properties, which in turn depends on a polysaccharide
rimary structure. Some carrageenans have been found to exhibit
arious biological activities, including antitumor (Carlucci, Ciancia,
atulewicz, Cerezo, & Damonte, 1999; Yermak & Khotimchenko,

003) and anticoagulant activities (Pereira et al., 2005). It is difficult
o understand the biological properties of polysaccharides without
nformation on the supramolecular structures because polysaccha-

ides do not function as individual molecules in real systems. From
his perspective, the supramolecular structures of polysaccharides
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E-mail addresses: eka9739@yandex.ru, evsokolova@mail.com (E.V. Sokolova).
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should be investigated to improve their properties understanding
on the molecular level (Funami, 2010b).

Carrageenan is the generic name for a family of polysac-
charides, obtained by extraction from certain species of red
algae (Rhodophyta). They are the mixtures of water-soluble
linear sulfated galactans composed basically of an alternating
�-(1-3)-d-galactose (G-units) and �-(1-4)-d-galactose (D-units)
or �-(1-4)-3,6-anhydro-d-galactose (DA-units) repeating unit
(Craigie, 1990). Variation on this basic structure results from the
contents of 3,6-anhydrogalactose, location and number of sulfate
groups. There are about 20 structures recognized and referred to
Greek letters, they are grouped in gelling (�, �, �, etc.) and non-
gelling (�, �, �, etc.) carrageenans.

Native carrageenans always present complex hydrid struc-
tures, and they are generally a mixture of galactans composed
of different disaccharide chains (carrabiose), the proportions and
structures of which vary with species, ecophysiological and devel-
opment conditions. The hybrid nature at the molecular level is
responsible for the changes in both rheological and conforma-
tional properties of the carrageenans compared with those of their
homopolymeric types. Earlier with hybrid �/�-carrageenan from
Chondrus pinnulatus (Gigartinaceae) (Yermak et al., 2006), �/�-

carrageenan with hybrid block-like structure (Anastyuk et al., 2011;
Barabanova et al., 2005) and X-carrageenan from Tichocarpus crini-
tus (Tichocarpaceae) (Barabanova et al., 2008) and also �- and
�-carrageenans from Chondrus armatus (Yermak, Kim, Titlyanov,

dx.doi.org/10.1016/j.carbpol.2012.12.026
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:eka9739@yandex.ru
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sakov, & Solov’eva, 1999) were isolated from seaweeds harvested
t the Russian coast of the Sea of Japan, and their primary structures
ere described. However, their supramolecular structures have not

een investigated yet.
Atomic force microscopy (AFM), a type of scanning probe

icroscopy, has served as a powerful tool for polysaccha-
ides visualization, not only dispersed or isolated molecules of
olysaccharides but also molecular assemblies or supramolecu-

ar structures (Funami, 2010b, 2010a).  The AFM method allows
he supramolecular structure of biopolymers including polysaccha-
ides to be investigated, escaping artifacts obtained as a result of
yeing and fixation accompanying other microscopy techniques. To
ate, AFM has visualized the supermolecular structures of �- and
-carrageenans (Funami et al., 2007; Gunning et al., 1998; Ikeda,

orris, & Nishinari, 2001; MacArtain, Jacquier, & Dawson, 2003;
cIntire & Brant, 1999). In the present article, the AFM method was

pplied to investigate macromolecular structures of various car-
ageenan types including hybrid polysaccharides. The structures
ependence on a polysaccharide concentration also was focused
n.

. Materials and methods

Carrageenan isolation procedure is described elsewhere
Barabanova et al., 2005, 2008; Yermak et al., 1999, 2006). In detail,
hey were extracted from red algae T. crinitus, C. pinnulatus,  C. arma-
us. Dried algae (10 g) were suspended in distilled water (300 ml)
nd the polysaccharides were extracted at 90 ◦C for 3 h in a boiling
ater bath. The suspensions were centrifuged (2500 × g, 20 min,

0 ◦C) and the algal residues were re-extracted twice with water for
 h in a boiling water bath. The supernatants were pooled and con-
entrated under vacuum to about 100 ml.  The polysaccharides were
eparated into the gelling – KCl-insoluble and non-gelling the KCl-
oluble fractions according to Yermak and Khotimchenko (2003).
he solutions were exhaustively dialyzed against distilled water,
yophilized, and then used without further treatment. Molecular

eights of the used samples were from 200,000 to 500,000 g/mol
Yermak et al., 2012).

The cationic composition was determined by atomic absorption
pectroscopy. Sodium and potassium ion contents were deter-
ined after mineralization of the carrageenan samples using a

icrowave digestor (MLS-1200 MEGA, Italy) and analyzed by ICP
AS System (Leeman Labs Inc., PS 100, USA) with the following
onditions: power – 10 kW,  coolant gas – 13 l/min, nebulizer gas
ressure – 40 Pa, and pump rate – 1.0 ml/min (Yermak et al., 2012).

able 1
he structures of the carrageenans from algae of Gigartinaceae and Tichocarpaceae fam
arsen, and Usov (1994).

Algal species Carrageenan type Idealized disaccharid

3-Linked 

C. armatus Lambda G2S 

C.  armatus Kappa G4S 

C.  pinnulatus Kappa/iota G4S/G4S 

T.  crinitus Kappa/beta G4S/G 

T.  crinitus iks G2S, 4S 
olymers 93 (2013) 458– 465 459

The carrageenan samples were dissolved in distilled de-ionized
water with mechanical strirring at 50 ◦C at a concentration of 0.1%
(w/v). Then the aqueous test solutions were diluted with distilled
de-ionized water at 23 ◦C to the following final concentration val-
ues: 10, 25, 50, and 100 �g/ml. Aliquots (10 �l) of each sample
in an aqueous solution were deposited onto freshly cleaved mica,
dried at 37 ◦C for 24 h. Carrageenan morphology was studied by
AFM (Solver P47) in tapping contact mode using a 10 nm radius
tip in air. During each carrageenan type measurement the AFM tip
was not changed. For the first time topographical parameters of
the carrageenans macromolecular structure had been calculated
by using a new method of the autocorrelation function analysis,
which was  realized in the program “Calculating of Average Param-
eters of Objects on Surface” (Author’s Certificate No. 2012614467)
(Appendix 1).

Of the parameters calculated by means of “Calculating of
Average Parametres of Objects on Surface”, we present two of
the most interesting with regard to carrageenan: lateral sizes
of network cells and normalized volumes (Appendix 2). Lateral
sizes of network cells were averaged, since network cells were
practically symmetric. A methodological error did not exceed ∼1%.
With respect to normalized volume was  suggested that at the low-
est polysaccharide concentration the entire volume of carrageenan
evenly spreading on the mica should be visible, we  can conclude
whether the entire volume of carrageenan is visible at a higher
concentration.

3. Results

This paper is devoted to the AFM study on a variety of car-
rageenan types (including hydrids with block-like structure) with
a view to relating the primary structure to macromolecular orga-
nization observed when the samples are drop deposited onto mica
substrates at different bulk concentrations. According to the lit-
erature data carrageenans with DA units form three-dimensional
networks, which require cross-linking different helices through
water molecules or cations (Stortz, 2005). As shown in Table 1
cations contents of the samples is not enough to result in signifi-
cant gelation process, as their relative values are negligible (e.g. for
gelation of 1% solution of �-carrageenan potassium ions contents
should be about 4%).
The following carrageenan structural types were used dur-
ing the study: �-, �/�-, �/�-, �-, and X-types of carrageenans
(Table 1). The carrageenan primary structures used were described
elsewhere (Barabanova et al., 2005, 2008; Yermak et al., 1999,

ilies. The letter code nomenclature was used according to Knutsen, Myslabodski,

e repeat unit Content per sample dry weight (%)

4-Linked K Na Ca

D2S, 6S 0.2 0.5 1.5
DA 0.4 0.6 2.9
DA/DA2S 0.6 0.8 2.6
DA/DA 0.6 0.5 2.2
DA 0.5 0.7 1.0
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ig. 1. Average heights of carrageenan structures on the AFM images at various
oncentrations.

006). Carrageenans referred to Greek letters differ by number
nd position of sulfated group and by presence or absence of the
,6-anhydrogalactose unit (DA).

Fig. 1 illustrates height values at different carrageenan con-
entrations. According to the diagram (Fig. 1), significant height
hanges are characteristic only for �-, �/�-, and �/�-carrageenans
nd for X-type at 100 �g/ml. The height of �-carrageenan struc-
ure imaged with AFM does not undergo any changes during all the
oncentration range.

Carrageenans with concentrations of 10, 25, 50, and 100 �g/ml
ere used to be subjected to the AFM observations.

�-Carrageenan at the lowest concentration value (10 �g/ml)
Fig. 2a) forms two types of flexible separated strands that can
e visualized on a scale increment (Fig. 2b–d) (gel precursors).
ome strands with the height of about 0.4 nm consist of two closely
ocated ones oriented across according to the topography and phase
ontrast images (Fig. 2b and c). Another type of fibers with the
eight of about 1 nm is also visualized (Fig. 2d). Branching process

s characteristic for both fiber types but with various nature of it.
The increase in a polymer concentration up to 25 �g/ml (Fig. 2e)

esults in the formation of the network with elongated inter-
weaved fibers forming cells with the average lateral size of 226 nm.
he average fiber height is 1.22 ± 0.28 nm suggesting that fibers are
ikely to be carrageenan double helices. At a high concentration
50 �g/ml) �-carrageenan forms the multilayer netlike structure
onsisting of some macromolecular associates the height of which
eaches up to 3.87 ± 0.79 nm (Fig. 2f). On the AFM image obtained
t a concentration of 100 �g/ml one can see at least two �-
arrageenan layers fully cover the mica (substrate) surface (Fig. 2g).
ence, it is difficult to distinguish whether this structure is a super-
elical level of association or only a lamination of multihelical
ggregates, but the average lateral size of cell compared to the scan
t 25 �g/ml increases significantly up to 324 nm.

In the case of hybrid carrageenan, namely �/�-type, obtained
y AFM data differ. When a �/�-carrageenan concentration of
bout 10 �g/ml is used, it forms an unordered polymorph struc-
ure of gel precursors. Formation of the gel network structure of
ranching polymer fibers is observed for �/�-carrageenan under

ncrease a polysaccharide concentration up to 25 �g/ml (Fig. 3a).
or high concentration values (Fig. 3b and c) of �/�-polysaccharide
ppear to be networks with the cells lateral sizes 242 and 270 nm
t 50 and 100 �g/ml, respectively. But the fibers, in the case
f 100 �g/ml, form a multilayer supramolecular structure con-
isting of more prominent fibers of the network compared to
-carrageenan (Fig. 3c).

�/�-Carrageenan containing a 3,6-anhydrogalactose and three

ulfate ester groups per two disaccharide units forms a distinct net-
ork structure at a low concentration value of 10 �g/ml average

ateral size of which are about 338 nm (Fig. 4a). The fiber heights
re about 1.03 ± 0.16 nm suggesting that the fibers are likely to be
olymers 93 (2013) 458– 465

carrageenan double helices (Fig. 4a). The increase in a concentration
results in the formation of a dense network-like structure, which
appears to be a gel network formed in an aqueous film (Fig. 4b).

�-Carrageenan differs from the rest investigated carrageenan
types with a high sulfation degree and the absence of 3,6-
anhydrogalactose. The conformation of both the galactose residues
of a disaccharide unit corresponds to the 4C1-chair conforma-
tion, and ordered helices are not formed by this structure (Liners,
Helbert, & Van Cutsem, 2005; Piculell, 1995; van de Velde, 2008). All
the AFM images of �-carrageenan demonstrate formation honey-
combed structures, a concentration of which per unit of area rises
(the lateral size has already reached up to 145 nm at 50 �g/ml),
while the height of the �-carrageenan structure image with increas-
ing in an polysaccharide concentration changes insignificantly
compared to the other carrageenan types containing DA units
(Fig. 5). The height of the �-carrageenan structure at 50 �g/ml con-
stitutes 1.03 ± 0.26 nm not varying with further the polysaccharide
concentration increase (1.01 ± 0.11 nm). This fact is likely to testify
the absence of the fiber formation representative for carrageenans
with ordered conformations (Fig. 5a and b).

Of the investigated polysaccharides, the primary struc-
ture of X-carragenan built with alternatively linked 1,3-linked
�-d-galactopyranosyl-2,4-disulfates and 1,4-linked 3,6-anhydro-
�-d-galactopyranosyl residues combines both elements of �-
carrageenan (3,6-anhydrogalactose) and �-one (a high contents
of sulfated groups). X-carrageenan forms honeycombed struc-
tures at a low concentration (10 �g/ml) similarly to �-carrageenan.
However, average height of the scan (0.95 ± 0.20 nm at 10 �g/ml)
indicates to the double helical structure formation. The X-
carrageenan structure with ordered morphology arises when
the concentration reaches up to 50 �g/ml (Fig. 6). In this case,
X-carrageenan structure changes to honeycombed structures
(1.04 ± 0.13 nm)  with large cell-like structures (average sizes is
of 309 nm)  and complex honeycombed sides (average sizes is
of 215 nm)  (Fig. 6c). Further increase in the fibers height of
X-carrageenan continues with concentration (an image is not
included).

As known carrageenans possess water retention properties so
it was of interest to estimate the alteration of a carrageenan vol-
ume  detected on a mica surface and normalized by a concentration
(Fig. 7). By means of program “Average Parametres of Objects on
Surface” (Author’s Certificate No. 2012614467) (Appendix 1) devel-
oped at the Institute of Automation and Control Processes of the Far
Eastern Branch of the Russian Academy of Sciences “visible vol-
umes” of carrageenans and normalized volumes on the basic of
visible volumes were estimated.

The normalized visible volume was  estimated for some diverse
carrageenan concentrations. A curve of normalized volumes of a
concentration values gives some additive information on a polysac-
charide supramolecular structure. These indices of �-, �/�-, �-, and
X-carrageenans are illustrated in Fig. 7. As shown in the plot, nor-
malized volumes of �- and �/�-carrageenans at a concentration of
50 �g/ml increase significantly that appear to be explained with
a formation of some cavity in the carrageenans macromolecular
structures.

4. Discussion

Height on the AFM images is known to provide information
about the degree of molecular associations in quantitative or
qualitative (end-to-end and side-by-side types of intermolecular

associations for food polysaccharides) manner (Funami, 2010a).
The degree of molecular associations, particularly through the side-
by-side intermolecular association mode, is partially deducible
from the height change information (Funami, 2010a). Hence, at
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Fig. 2. AFM topography images of �-carrageenan. (a) 10 �g/ml (arrow points out fibrous branching without a significant height change), (b) 10 �g/ml with an increased
scale, (d) �-carrageenan three dimension image at 10 �g/ml, (e) 25 �g/ml, (f) 50 �g/ml, and (g) 100 �g/ml. AFM phase contrast images of �-carrageenan: (c) 10 �g/ml with
an  increased scale.

Fig. 3. AFM topography images of �/�-carrageenan. (a) 25 �g/ml, (b) 50 �g/ml, and (c) 100 �g/ml.
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Fig. 4. AFM topography images of �/�-carrageenan. (a) 10 �g/ml and (b) 25

he least concentration value (10 �g/ml) each type of investigated
arrageenans forms structures possessing some unique features.

 distinct network structure is represented only by the �/�-type
hile the other carrageenans form incomplete unordered struc-

ures. However, �-carrageenan peculiarities is of especial interest,
s the nature of the �-carrageenan ordered conformation is still a
atter of debate, either being a single or double helical state (van de

elde et al., 2005). The current study elucidates that the measured
verage height of it at 10 �g/ml is of 0.73 ± 0.15 nm,  indicating
he presence of both single and double stranded helical structures

ig. 5. AFM topography images of �-carrageenan. (a) 50 �g/ml and (b) 100 �g/ml.
l. The arrow points out fiber branching without a significant height change.

for this carrageenan type in line with the literature data (Funami
et al., 2007; McIntire & Brant, 1999). Existence of single stranded
structures confirmed with a height value of some fibers (0.4 nm)
arranged parallel as dimmer by side-by-side association (Fig. 2b and
c), which hypothetically according to Piculell (1995) issues under
association of single helical structures. Those strands result in a
branching network formation because of a “side-by-side” interheli-
cal association, which can be seen enough quite on the topography
and phase contrast images (Fig. 2b and c). At the same time, the
fibers with a height about 1 nm – because of linear polysaccharide
double helices formation (Fig. 2d). The formation of single stranded
structures by �-carrageenan visualized with AFM (0.66 ± 0.16 nm)
was detected earlier by McIntire and Brant (1999).  On the other
hand, Funami et al. (2007) observed a scan of �-carrageenan with
double helices (0.84 ± 0.24 nm)  in the absence of added salts at
the same concentration (10 �g/ml). Moreover, branching process
of fibers with a height of about 1 nm without increasing in height
at the branch points (arrowed in Fig. 2a and c) supports the pres-
ence of double helices. The last statement arises from the literature
data according to which it considered to be a result of association
of polymer polydispersity chains during double helix (Ikeda et al.,
2001). The type of branching process when fibers height composes
up to double helices is also observed during the current investi-
gation (Fig. 2d). The gel precursors of �/�-carrageenan (Fig. 3a)
appear to be more flexible than those visible for �-carrageenan. The
observed differences are possible to be due to differences in primary
structure, as the relative counterions contents for both samples are
practically equal (Table 1). At high concentrations �/�-carrageenan
represented as fibrous structures similar to �-one but with some
attributes (Figs. 2 and 3). Its image (Fig. 3b and c) allows formation
of a side-by-side interhelical association to be suggested (average
height is of 4.65 ± 1.26 nm)  at a concentration of 100 �g/ml. Distinc-
tion of the both carrageenan macromolecular structures, especially
at the low concentrations, is possibly because of a hybrid structure
of the latter. It is worth noting that furcellaran of the Furcellaria
lumbricalis red alga with a similar to the �/�-carrageenan structure
forms cell-like structures (Tuvikene et al., 2010). With concen-
tration the lateral sizes of �- and �/�-types enhances negligible
testifying to the absence of a significant end-to-end association
type. It is of interest that �/�-carrageenan forms coarser strands

with a more open network than for �-type. Analogies changes
in supramolecular structure were obtained for �-carrageenan by
the addition of calcium (MacArtain et al., 2003), moreover, those
changes in �-carrageenan network are important to formulate
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Fig. 6. AFM topography images of X-carrage

arrageenan beads for drug delivery (Thrimawithana, Young, &
lany, 2011). However, the current study shows that microscopic
etwork corresponds to hybrid �/�-carrageenan without the addi-
ion of any salts. In the case of the �/�-carrageenan network at the
igh concentration is more fine (average lateral sizes increases)
ue to end-to-end association (Fig. 4b). The network structure
ppears to be more flexible than for the �- and �/�-types networks
hich could be attributed to the presence of � repeating units in
ybrid �/�-carrageenan structure. It is worth noting that according
o Ridout, Garza, Brownsey, and Morris (1996) mixed gels of �- and
-carrageenans was not detected and independent conformational
hanges and gelling of separate each product took place. Mean-
hile the hybrid �/�-carrageenan aggregates quite impressively.
ccording to Funami et al. (2007) AFM imaging has elucidated the
ifference in the network structures between �- and �-carrageenan,
nd the molecular bundles of �-carrageenan but �-type appears to
e more flexible with higher homogeneity in the vertical height on
he image. The same AFM image as for �/�-carrageenan at 10 �g/ml
Fig. 4a) was obtained for pure �-carrageenan but in the presence
f CaCl2 (Funami et al., 2007). The similar supramoleclar struc-
ures of �/�-carrageenan and �-type with calcium salt might be
xplained with the predominant presence of �-carrageenan units
n the hybrid �/�-carrageenan sample (Yermak et al., 2006) and/or

ith negligible amounts of calcium and potassium ions in the car-
ageenan sample (Table 1). Since a tendency to decrease in a cell
ize and increase in their relative amount is observed (Fig. 4), so
he value of the image mean height (0.76 ± 0.25 nm)  must testify to

he presence of end-to-end interhelical association preferentially.
t high concentrations (50 and 100 �g/ml, AFM images not pre-
ented) this carrageenan type forms dense molecular structures,

ig. 7. Normalized volumes. The volume normalized by a concentration of
upramolecular structures of �-, �/�-, �-, and X-carrageenans.
(a) 10 �g/ml, (b) 25 �g/ml, and (c) 50 �g/ml.

which could be owing to side-by-side superhelical aggregation. The
resolution of AFM images was  not enough to their correct inter-
pretation. Insignificant height change of the X-carrageenan fibers
(0.95 ± 0.20 nm at 10 �g/ml and 0.73 ± 0.09 nm at 25 �g/ml) testi-
fies of aggregates formation owing to an “end-to-end” association
type (Fig. 6b). Hence, supramolecular structure of X-carrageenan
at high concentrations forms honeycombed structures by means
of end-to-end and side-by-side association types. According to
the diagram (Fig. 1), significant height changes are characteris-
tic only for carrageenans containing 3,6-anhydrogalactose. Hence,
“side-by-side” association type is proper for carrageenans contain-
ing 3,6-anhydrogalactose while “end-to-end” type of interhelical
association occurs for X-carrageenan as its height change is less
remarkable than for �, �/�, and �/�. Since �-carrageenan does not
form gel/helices in aqueous solutions, its macromolecular struc-
tures at high concentrations differ from the other carrageenans
with honeycombed arrangement, fibrous organization is not char-
acteristic for it at all. It should not be overlooked that these
structures could also be artifacts formed under high concentration
of �-carrageenan on drying. During air drying, condensation, and
displacement of the molecules may  occur through so called “molec-
ular combing”, resulting in associations and aggregations forming
in situ on mica that are not originally present in test solutions
(Funami, 2010a).

Changes of normalized volumes of the polysaccharides con-
taining DA units (Fig. 7) shows presence of some cavities in their
macromolecular structures. In the case of �/�-carrageenan, those
cavities are more massive. Further reduction of the normalized vol-
ume  suggests that the supramolecular structure is formed with
a few layers. The normalized volume of �-carrageenan does not
change at the concentration range that could be connected with
absence of any cavities in its supramolecular structures. The curve
of X-carrageenan normalized volume as its macromolecular struc-
ture has an intermediate character (Fig. 7).

5. Conclusion

The AFM method application results in indicating particulari-
ties of the primary structure affecting supramolecular structures
of these carrageenans. At a low concentration (10 �g/ml) �/�-
carrageenans is shown to form double helical structures, while
�-carrageenan is characterized both with single and dou-
ble stranded structures. At high concentrations �-, �/�-, and

�/�-carrageenans form fibrous network-like structures by a side-
by-side association type. �-Carrageenan possessing a random coil
conformation in solutions forms honeycombed structures at high
concentrations.
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ppendix 1.

Suggesting that we have an image of some separate objects on a
urface, which shape can be well described with a convex polygons,
o that we should be able to replace the original image with a mask
ithout significant error in the lateral sizes of the objects.

Autocorrelation function (ACF) is often used for an image anal-
sis and it can be calculated as follows:

(rp, rq) = 1
nxny

nx−1∑

n=0

ny−1∑

m=0

U(xn, ym) · U(xn + rp, ym + rq) (1)

here nx, ny are the sizes of an image along Ox and Oy axes,
espectively, pixels; U(xn, ym) are the discrete functions; xn = �x  · n;
m = �y  · m; rp = �x  · p; rq = �y  · q; and �x,  �y  are the scanning
teps, nm.

Subsequent autocorrelation function evaluation from the mask
sing Eq. (1) at the central pixel (0; 0) of the ACF and another two
ixels with coordinates (0; 1) and (1; 0) relatively to the central
oint. ACF values for those points will be �00, �01, and �10, respec-
ively. The differences �00 − �01 and �00 − �10 represent the sum
f the object lengths along Ox (horizontal) and Oy (vertical) axes,
espectively. By normalizing the calculated differences to a number
f objects, it is possible to determine average sizes of the objects dx

nd dy along Ox and Oy axes, respectively.

x = nxny(�00 − �01)
nh2

(2)

y = nxny(�00 − �10)
nh2

(3)

ere n is the number of objects; h is the objects height on the mask,
m;  nx, ny are the size of the mask image along Ox and Oy axes,
espectively, pixels.

The total area S occupied by the objects on the surface can be cal-
ulated using �00. By normalizing the calculated area to the object
verage area one can determine the number of objects.

 = nxny�00

h2
(4)

 = S

G
(5)

here S is the total area occupied by the objects on the surface,
ixels and G is the average area of the objects, pixels.

In Eqs. (2)–(5) we have one free variable. This variable will be
etermined be the following ratio:

 = G

dxdy

If the object distribution on the surface is uniform, it is possible
o make an assumption that � coefficients calculated for a small part
f the image and the whole image should be the same. So using
his assumption and the equations set we can obtain the object
oncentration and average sizes along Ox and Oy axes as well as
he object average area and the total area occupied by the object.
ppendix 2.

The term “normalized volume” was used to denote the car-
ageenan volume (�m3) per unit of area (�m2) and normalized by a
olymers 93 (2013) 458– 465

factor proportional to the increase in the concentration of the solu-
tion – Ck = Ci/C0, where Ci is the concentration of the solution, used
to obtain the sample, and C0 is the minimum concentration which
was used for the experiments. Additional normalization on the con-
centration of the solution makes it easy to analyze the curves of the
dependence of the carrageenan normalized volume on the concen-
tration of the solution. Assuming that the density of carrageenan
is the characteristic value for specific carrageenan type and does
not vary with the concentration one can draw the following con-
clusions.

1. If the dependence has the form of a line parallel to the horizontal
axis, then it is a linear increase in the carrageenan volume. In this
case, carrageenan dose not occupy the whole surface – there are
some free areas, due to which it is possible to calculate the whole
carrageenan volume from an AFM image.

2. If the dependence is decreasing, it means that a continuous layer
of carrageenan was  formed onto the substrate. There is no free
surface, so the volume calculated from the AFM data is less than
that actually deposited on the substrate by the amount con-
centrated in the continuous layer. Carrageenan deposits on the
substrate layer-by-layers, and on the AFM image, we observe
only the amount of carrageenan concentrated in the incomplete
layer, and it is hardly possible to calculate the amount of the
completed layer.

3. If the dependence is increasing, it means that the supramolecular
structure of carrageenan formed pores which can be filled with
liquid.

We use the volume per area unit, rather than a simple volume
because application of AFM allows us to calculate only the volume
situated in the scanning area, but not the entire carrageenan vol-
ume  deposited on the substrate surface. Consequently, to be able to
compare the carrageenan volume calculated from the AFM images
of various sizes, it is necessary to normalize it with the image
area. The dimension of the volume per area unit can be written
as �m3/�m2 or �m,  if one reduces the fraction. The dimension of
�m is interpreted as the carrageenan continuous layer thickness,
which will form if carrageenan uniformly distributes over the sur-
face. Summarizing all the above, the normalized volume can be
written as:

V = S · h

Ck · Sim
,

where S is the area occupied by carrageenan (�m2); Sim is AFM
image area (�m2); and h is the average height of the supramolec-
ular structure of the carrageenan (�m).  The value h is determined
from the histogram of the AFM images point height distribution.
As mica surface is atomically smooth, and at moderate concentra-
tions of the carrageenan (to 25 �g/ml) it occupies a small part of the
AFM image, the histogram will be a superposition of two peaks: one
corresponding to the substrate, and another – to carrageenan. By
decomposition of the histogram into two peaks (e.g. using a soft-
ware package Origin 9.0), one can obtain the position of the peak
maxima, and the difference between them will give us the required
average height of the supramolecular carrageenan structure. The
area occupied with carrageenan was  calculated using the program
“Calculating of Average Parameters of Objects on Surface”, which
algorithm is described in Appendix 1.
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