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Abstract Aqueous extraction of cystocarpic, tetrasporic, and
vegetative individuals of Mazzaella laminariodes collected in
the Magellan Ecoregion, Southern Chile, afforded sulfated
galactans. Analysis by Fourier transform infrared spectroscopy (FT-IR) and by 1H and 13C NMR spectroscopy indicated
that purified extracts from cystocarpic (CP) and vegetative
individuals (VP) were mixtures of κ/ι-type carrageenans and
their precursors μ- and ν-carrageenans, whereas the aqueous
extract from tetrasporic individuals was a λ-type carrageenan.
Alkaline treatment of CP and VP polysaccharides produced
modified polysaccharides with lower content of sulfate groups
and with a concomitant increase of 3,6-anhydrogalactose content; analysis by 2D 1H and 13C NMR indicated the presence
of hybrid κ-ι-carrageenans. Copolymerization of alkalitreated CP carrageenan with acrylamide was achieved by
using ceric ammonium nitrate as the initiator; studies by
NMR spectroscopy indicated grafting of polyacrylamide at
position C-6 of β-galactopyranosyl residues. Reaction of
modified CP with acrylamide assisted by microwave irradiation in the presence of ammonium persulfate afforded a copolymer grafted at position C-2 of β-galactopyranosyl
residues.
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Introduction
Carrageenans are a family of polysaccharides extracted with
hot water from several species of red algae. They are composed of alternating 3-linked β-D-galactopyranosyl (unit G)
and 4-linked α-D-galactopyranosyl (unit D) or 3,6anhydro-α-D-galactopyranosyl (unit DA) residues, substituted by sulfate groups. Members of this family differ in 3,6anhydro-D-galactose content and the substitution pattern of
sulfate groups (Rees 1963; Dolan and Rees 1965; Anderson
et al. 1968, 1973; Penman and Rees 1973; Painter 1983; Usov
1998; 2011; Lahaye 2001). Different carrageenans are designated by Greek letters according to Knutsen et al. (1994). The
most commercially important carrageenans are the gelling
κ-(G4S-DA) and ι-(G4S-DA2S) carrageenans, and the nongelling λ-carrageenan (G2S-D2S,6S) (Prajapati et al. 2014).
Waaland (1975), McCandless et al. (1975, 1983), and Doty
and Santos (1978) established that different generations of
members of the Gigartinaceae produce different types of carrageenan; according to the authors, tetrasporic plants produce
the λ-type carrageenan, whereas the gametophytic plants produce κ-type carrageenans. However, chemical and spectroscopic studies of the polysaccharides extracted from different
nuclear phases of carrageenophytes indicated the presence of
complex mixtures of carrageenans (Ayal and Matsuhiro 1987;
Matulewicz et al. 1989; Matsuhiro and Urzúa 1992; Falshaw
and Furneaux 1994, 1995; Usov 2011).
Carrageenans are widely used in food and pharmaceutical
industries due to their physicochemical properties, such as
gelling, thickening, emulsifying, and stabilizing properties
(Campo et al. 2009). Carrageenans also present interesting
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biological properties, including antioxidant, anticoagulant, antitumor, and immunomodulatory activities (Campo et al.
2009; Wijesekara et al. 2011; Barahona et al. 2011, 2012;
De Araujo et al. 2013; Prajapati et al. 2014). Recently, studies
on the application of carrageenans in drug delivery systems
have gained much interest (Nanaki et al. 2010; Rana et al.
2011; Li et al. 2013, 2014). On the other hand, copolymerization of carrageenans with vinyl monomers produces graft copolymers with new properties and applications (Prasad et al.
2006; Meena et al. 2006; Pourjavadi et al. 2008; Hosseinzadeh
2009; Mishra et al. 2010; Sand et al. 2012; Yadav et al. 2012;
Verma et al. 2014).
Mazzaella laminarioides (Gigartinales, Rhodophyta) was
formerly placed in the genus Iridaea and was transferred to
Mazzaella by Hommersand et al. (1993, 1994). The first study
on the characterization of sulfated galactans from unsorted
Iridaea laminarioides collected in central Chilean coast (32°
58′ 00″ S, 71° 29′ 00″ W) was performed in 1976; fractionation of the aqueous extract using increasing concentration of
KCl showed the presence of a mixture of sulfated galactans
(Matsuhiro and Zanlungo 1976). More recently, Jouanneau
et al. (2011) conducted the enzymatic degradation of
phycocolloids from commercial unsorted samples of Chilean
M. laminarioides; they reported the presence of κ- and ι-carrageenan, and their precursors μ- and ν-carrageenan in the
same galactan chain indicating the hybrid nature of the carrageenan systems. M. laminarioides grows abundantly in the
Magellan Ecoregion, southernmost Chile, and it is not
exploited for industrial purposes (Mansilla et al. 2012). The
aim of this work is the structural characterization of the
phycocolloids from two nuclear phases and vegetative individuals of M. laminarioides collected in the Magellan
Ecoregion and the preparation of a glycocopolymers by conjugation of a modified κ-ι-carrageenan with acrylamide.

D2O, after isotopic exchange (3×0.75 mL) at 70 °C on a Bruker
Avance DRX 400 spectrometer (Bruker, UK) using the sodium
salt of 3-(trimethylsilyl)-1-propionic-2,2,3,3-d4 acid as internal
reference. The 2D experiments were performed using a pulse
field gradient incorporated into an NMR pulse sequence. The
number of scans in each experiment was dependent on the
sample concentration (30–45 mg mL−1). Gas–liquid chromatography (GLC) was performed on a Shimadzu GC-14B chromatograph (Shimadzu, Japan) equipped with a flame ionization
detector using a SP 2330 column (0.25 mm×30 m) and carried
out with an initial 5 min hold at 150 °C and then at 5 °C min−1
to 210 °C for 10 min. The helium flow was 20 mL min−1.
Nitrogen content was determined by microanalysis in Facultad
de Química, Universicdad Católica de Chile, Chile.

Materials and methods

Total hydrolysis The polysaccharide (0.005 g) was heated
with 0.75 mL of 2 M trifluoroacetic acid for 2 h at
120 °C, and the acid was removed by co-evaporations
with distilled water. The product of hydrolysis was dissolved in 2 mL of distilled water, stirred with sodium
borohydride (0.0012 g) for 2 h, acidified with Amberlite
IR-120 resin, and filtered. The filtrate was concentrated in
vacuo, and the white solid was removed by repeated coevaporations with methyl alcohol. The resulting syrup
was acetylated with acetic anhydride in dry pyridine and
analyzed by GLC. Per-O-acetates of D-galactitol, Dglucitol, D-mannitol, L-rhamnitol, L-fucitol, and Dxylitol were used as standards.

Tetrasporic, cystocarpic, and vegetative plants of
M. laminarioides (Bory de Saint-Vicent) Fredericq were collected in Fuerte Bulnes (53° 37′ S, 70° 55′ W), Magellan
Ecoregion. Specimens were deposited in Herbario de
Criptógamos, Universidad de Magallanes, Punta Arenas, Chile.
Analytical grade solvents were from Merck (Germany); reagent
grade chemicals were from Sigma (USA). Absorbance was
measured in a Genesys 5 Thermospectronic spectrophotometer
(Thermo Fisher Scientific, USA). Fourier transform infrared
spectroscopy (FT-IR) spectra in KBr pellets of seaweeds and
polysaccharides were sampled in the 4000–400 cm−1 region
using a Bruker IFS 66v instrument (Bruker, UK) according to
Leal et al. (2008); all the samples were previously milled under
liquid nitrogen and dried for 8 h in vacuo at 56 °C. 1H NMR
(400.13 MHz) and 13C (100.62 MHz) spectra were recorded in

Extraction and purification The dried ground seaweed
(100 g) was heated with distilled water (2 L) at 85 °C for
3 h, cooled to 45 °C, and centrifuged at 3500×g. The supernatant was dialyzed against distilled water for 48 h using
Spectra/Por membrane (MWCO 3500), concentrated in vacuo
to ~200 mL and poured over 1 L of ethyl alcohol. The precipitate was separated by centrifugation, dissolved in the minimum volume of distilled water, and poured over five times its
volume of 2-propanol. After 24 h, the precipitate was separated by centrifugation, dissolved in distilled water, and freezedried. The residue of the extraction was re-extracted twice
with water in the same conditions.
Chemical analysis Total sugars were determined by the
phenol-sulfuric acid method using D-galactose as standard
(Chaplin 1986). The content of 3,6-anhydrogalactose was determined according to Matsuhiro and Zanlungo (1983) using
D-fructose as standard (Matsuhiro et al. 2014). The amount of
sulfate was determined by a modification of Dodgson and
Price method (Barahona et al. 2012).

Alkaline treatment Native polysaccharides from vegetative
and cystocarpic plants were alkali modified according to the
procedure published by Ciancia et al. (1993).
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Copolymerization with acrylamide
By conventional method The copolymerization of polysaccharide with acrylamide using the conventional method with
cerium ammonium nitrate as a free radical initiator was performed by a modification of the method reported by
Hosseinzadeh (2009). Briefly, 0.120 g of polysaccharide was
stirred in 100 mL distilled water at 60 °C under nitrogen atmosphere. To the resulting solution, 0.240 g of acrylamide
was added with stirring, and after 10 min, 1 mL of 0.1 M
solution of ceric ammonium nitrate in 1 M nitric acid was
added. The reaction mixture was stirred for 3 h at 60 °C,
cooled, and precipitated in 400 mL of ethanol. The precipitate
was isolated by centrifugation at 8000×g and stirred 24 h with
50 mL of N,N-dimethyl formamide; then, the mixture was
centrifuged at 8000×g, and the pellet was dissolved in distilled water, dialyzed against distilled water for 2 days, and
freeze-dried (compound A). The supernatant of the first centrifugation was dialyzed against distilled water for 2 days,
concentrated in vacuo, and freeze-dried (compound B).

(AFM) using a Nanoscope IIIa Extended Multimode AFM
with a BE^ scanner (Digital Instruments, USA). The surfaces
were scanned in intermittent contact mode (®Tapping) with a
scan rate of 0.4 Hz, using commercial AC200TS Bthree-sided”
silicon probes (Olympus). Phase AFM images were collected
in air conditions at room temperature (24 °C). Samples of both
polysaccharide and synthesized graft copolymers for AFM
study were prepared according to Sokolova (Sokolova et al.
2013). Briefly, 5 mg of polymers was dissolved in 50 mL of
ultrapure water, filtered through 0.22 μm GV EM PVDF
Durapore (Millipore) filters, and deposited onto fresh cleaved
mica surfaces. The samples were placed in a desiccator cabinet over silica gel by 12 h as incubation and drying time, and
then immediately, the AFM measurements were performed.
An adequate number of 15×15 μm AFM images were collected over several sectors of each sample. Once it was noticed
that there was reproducibility of the AFM observations, an
area for in-depth analysis by phase contrast was chosen.

Results
By microwave-assisted method The copolymerization was
carried out by modification of the method described by Prasad
et al. (2006). The polysaccharide (0.120 g) was dissolved in
100 mL of distilled water, and 0.240 g acrylamide and 0.050 g
ammonium persulfate were added. The resulting solution was
irradiated using a conventional microwave oven at 540 W for
120 s, cooled, and precipitated in 250 mL of 2-propanol. The
solid was separated by centrifugation at 8000×g and stirred
for 24 h with 50 mL of N,N-dimethylformamide. The resulting
mixture was centrifuged, and the pellet was dissolved in distilled water, dialyzed against distilled water for 24 h, concentrated in vacuo, and freeze-dried.
Grafting of acrylamide was calculated according to Meena
et al. (2006):
% Grafting ¼ Weight of polyacrylamide grafted
.
" 100 Initial weight of polysaccharide ð1Þ
The content of acrylamide in the copolymer was calculated
according to Hosseinzadeh (2009):
% Acrylamide in copolymer
¼ Nitrogen content in copolymer
.
" 100 Nitrogen content in acrylamide

ð2Þ

Atomic force microscopy analysis
The morphology of the starting polysaccharide and adsorbed
graft copolymers was studied by atomic force microscopy

Milled and dried cystocarpic, vegetative, and tetrasporic samples of M. laminarioides were analyzed by FT-IR spectroscopy (Fig. 1). The normal and second-derivative spectra of
cystocarpic and vegetative samples present bands at around
1260, 1158, 933, 847, and 580 cm−1 whereas the FT-IR spectra of tetrasporic sample presented bands at 1260, 1158, 834,
820, and 580 cm−1. Extraction of cystocarpic, vegetative, and
tetrasporic individuals of M. laminarioides with distilled water
gave extracts which were purified by precipitation in 2propanol. Figure 2 depicts the normal and second-derivative
FT-IR spectra of the purified extracts; the spectra are very
similar to those of the algal material; assignments of signals
a r e p r e s e n t e d i n Ta b l e 1 . T h e c o n t e n t s o f 3 , 6 anhydrogalactose, total sugars, and sulfate were determined
spectrophotometrically; results are shown in Table 2. Total
acid hydrolysis of the extracts and GLC analysis of the alditol
acetates indicated the sole presence of galactose as acid stable
monosaccharide.
1
H NMR spectra of the extracts from cystocarpic (CP) and
vegetative (VP) individuals were very similar, showing six
signals in the anomeric region (figure not shown). The 2D
correlation spectroscopy (COSY) 1H/1H NMR spectrum of
CP (Fig. 3) and literature data allowed the assignments of
signals as shown in Table 3 (Usov 1998; Van de Velde et al.
2002, 2004). Figure 4 presents the 2D 13C/1H heteronuclear
single quantum coherence (HSQC) NMR spectrum of the
polysaccharide from cystocarpic M. laminarioides; some of
the correlations between 13C and 1H nuclei are drawn; this
spectrum and 2D 1H/1H COSY NMR experiments allowed
the full assignments of the 1D 1H and 13C NMR spectra as
shown in Table 3.
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Fig. 1 FT-IR spectra of seaweeds in the region 4000–400 cm−1. A:
Normal spectrum A′: second-derivative spectrum of cystocarpic
M. laminarioides, B: normal spectrum and B′: second-derivative

spectrum of vegetative M. laminarioides, C: normal spectrum and C′:
second-derivative spectrum of tetrasporic M. laminarioides

Alkaline treatment of the CP and CV extracts gave modified polysaccharides in approximately 70 % yield; their composition is shown in Table 2. The second-derivative FT-IR
spectra of both alkali-treated polysaccharides did not show a
band around 820 cm−1 ascribed to sulfate at position C-6 of
galactopyranosyl residues (figure not shown) (Table 1).
Polymerization of acrylamide onto the alkali-treated polysaccharide from cystocarpic phase of M. laminarioides (MCP)
was carried out in the conventional method using Ce4+ ion as
initiator, under N2 atmosphere. The reaction mixture was
treated with dimethylformamide in order to solubilize
homopolyacrylamide (compound B). The remaining solid
was dissolved in water, affording compound A. FT-IR spectrum of compound B was very similar to that published in the
literature for polyacrylamide (Murugam et al. 1998), whereas
the FT-IR spectra of compound A presented bands at 1668 (ν
C–O), 1622 (δ N–H), and 1417 (ν C–N) cm−1 assigned to
amide group and the characteristic bands of hybrid κ/ι-

carrageenan. For compound A (MCP-CAN), a grafting percentage of 84.3 % was obtained according to Eq. 1, and from
the nitrogen content (13.58 %) obtained by microanalysis, a
62.5 % of acrylamide in the copolymer was calculated. MCPCAN was characterized by NMR spectroscopy (Fig. 5). On
the other hand, the copolymerization of the alkali-treated polysaccharide (MCP) from cystocarpic M. laminarioides with
acrylamide was also performed under microwave irradiation
using ammonium persulfate as a radical initiator. The reaction
afforded in 115.45 % yield a copolymer (MCP-APS) with
10.52 % of nitrogen, which indicates the presence of 47.0 %
of acrylamide in the copolymer. The FT-IR spectrum was
similar to that of MCP-CAN copolymer. The graft copolymer
was characterized by 2D 13C/1H heteronuclear multiple bond
correlation (HMBC) NMR spectrum (Fig. 6).
The morphology of starting polysaccharide and grafted copolymers was analyzed by AFM. Figure 7 depicts the AFM
images (phase contrast) of alkali-modified polysaccharide
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Fig. 2 FT-IR spectra of aqueous extracts in the region 4000–400 cm−1. A:
Normal spectrum and A′: second-derivative spectrum of polysaccharide
from cystocarpic M. laminarioides, B: normal spectrum and B′: second-

derivative spectrum of polysaccharide from vegetative M. laminarioides,
C: normal spectrum and C′: second-derivative spectrum of polysaccharide
from tetrasporic M. laminarioides

from cystocarpic M. laminarioides (MCP) (Fig. 7a) and
the grafted copolymers; the latter obtained by means of
conventional (Fig. 7b) and microwave irradiation
methods (Fig. 7c), respectively. The polysaccharide

films from cystocarpic M. laminarioides shows a morphology determined by helical feature (Fig. 7a), whereas
the corresponding to grafted copolymers showed lattice
structures and agglomerations (Fig. 7b–c).

Table 1

Wave number assignments (in cm−1) of vibrational bands of the second-derivative FT-IR spectra of the purified extracts

Wave number (cm−1)

Vibration

Assignment

CP

VP

TP

1261
1157

νas S=O
νs S=O
ν C–C, δ C-C-O, δ C-O-H
δ C1–H
ν S–O
ν S–O
ν S–O
ν S–O
δ SO2

Sulfate group
Sulfate group
Glycosidic residue
3,6-Anhydro-galactopyranosyl residue
C-4 Axial sulfate on C-4
C-2 Equatorial sulfate
C-6 Sulfate
C-2 Axial sulfate
Sulfate groups

+
+
+
+sta
+
−
+
+
+

+
+
+
+sta
+
−
−
+
+

+
+
+
+shb
−
+
+
−
+

933
848
840
818
806
579

VP polysaccharide from vegetative plants, CP polysaccharide from cystocarpic plants, TP polysaccharide from tetrasporic plants, νas asymmetric
stretching vibration, νs symmetric stretching vibration, δ deformation, + presence, − absence
a

Strong in the normal spectrum

b

Shoulder in the normal spectrum
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Table 2 Yield and composition
of purified polysaccharides
extracted with water at 85 °C
from Mazzaella laminarioides

Polysaccharide

CP

VP

TP

Alkali-treated CP

Alkali-treated VP

Yield (%)
Total sugars
3,6-Anhydrogalactose
Sulfate (SO3Na)%

18
67
22
26

14
58
20
27

13
59
6
34

–
77
31
19

–
80
36
16

CP polysaccharide from cystocarpic Mazzaella laminarioides, VP polysaccharide from vegetative
M. laminarioides, TP polysaccharide from tetrasporic M. laminarioides

Discussion
Analysis of normal and second-derivative FT-IR spectra of the
dried and milled samples of M. laminarioides collected in the
Magellan Ecoregion allowed the assignments of signals ascribed to carrageenans, indicating the presence of κcarrageenan family polysaccharides in cystocarpic and vegetative individuals, and λ-carrageenan-type polysaccharide in
tetrasporic plants. As previously found, FT-IR spectroscopy,
especially in the second-derivative mode, constitutes a good
tool for the characterization of carrageenophytes and also to
differentiate agarophytes from carrageenophytes (Matsuhiro
and Rivas 1993; Matsuhiro 1996; Cáceres et al. 1997). It is
noteworthy that the FT-IR spectra of purified aqueous extracts
from cystocarpic, vegetative, and tetrasporic M. laminariodes
are very similar to those of the algal material (Fig. 2) and

clearly presented the characteristic vibrations ascribed to 3,6anhydro residues and sulfate groups as shown in Table 1. It is
shown that the IR spectra of extracts from vegetative and
cystocarpic individuals presented similar absorption bands.
The bands assigned to 3,6-anhydrogalactose and axial sulfate
group at C-4 in galactopyranosyl residues suggest the presence of κ-carrageenan residue whereas absorption assigned to
axial sulfate group on C-2 indicates the presence of ι-carrageenan. On the other hand, sulfation at position C-6 and at
equatorial C-2 denotes the presence of μ and ν precursors,
respectively. A shoulder around 930 cm−1 in the normal spectrum of the extract from tetrasporic M. laminariodes indicated
the presence of a small amount of 3,6-anhydrogalactose in
sulfated galactan. In addition, chemical analysis of the purified
extracts (Table 2) confirmed the high content of sulfate group
in the extracts and the presence of low amount of 3,6-

Fig. 3 2D 1H/1H COSY NMR spectrum of purified aqueous extract from cystocarpic M. laminarioides in D2O
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Table 3 Chemical shift
assignments (ppm) of the 1H and
13
C NMR spectra of
polysaccharide extracted from
cystocarpic Mazzaella
laminarioides

PS

Residues

H1/C1

H2/C2

H3/C3

H4/C4

H5/C5

H6/C6

μ

G4S
D6S
G4S
D2S,6S
G4S

4.65/107.2
5.29/100.2
4.65/107.2
5.27/100.4
4.47/106.1

3.86/72.7
3.96/70.5
3.91/72.5
4.89/78.3
3.87/71.6

–/80.4
–/72.8
–
–/70.3
4.60/81.0

–/76.3
–/81.4
–/76.3
–/73.4
–/76.3

–/77.1
3.81/70.6
–/77.3
–/70.4
–/77.0

3.87/63.8
4.24/69.9
3.87/63.8
–/70.0
3.87/63.8

DA
G4S
DA,2S

5.24/99.2
4.47/106.1
5.30/98.3

–/72.1
3.85/71.5
4.70/77.3

4.30/81.7
4.09/79.3
–/80.2

4.70/80.5
–/74.5
4.71/80.7

–/79.2
−77.2
4.88/79.3

–/71.5
3.87/63.8
-/71.8

ν
κa
b

ι

G4S 3-β-D-Gal-4-sulfate, D6S 4-α-D-Gal-6-sulfate, D2S,6S 4-α-D-Gal-2,6-disulfate, DA 4-α-D-AnGal, DA2S
4-α-D-AnGal-2-sulfate
a

In κ/μ hybrid

b

In ι/ν hybrid

anhydrogalactose in the extract from tetrasporic
M. laminarioides. Jouanneau et al. (2011) conducted the enzymatic hydrolysis of the aqueous extract of unsorted commercial M. laminarioides by κ-carrageenase and ιcarrageenase; analysis of the oligosaccharides obtained indicated the presence of κ-/ι-, κ-/μ-, and ι-/ν-carrageenan segments; the presence of λ-carrageenan was not established.
Results obtained in this work by FT-IR spectroscopy were
sustained by 1H and 13C NMR spectroscopy; assignments of
signals were achieved with the aid of 2D NMR spectra as
depicted in Table 3 for the extract from cystocarpic

M. laminarioides. It can be pointed out that the NMR spectra
for the extract from vegetative M. laminarioides was very
similar, almost superimposable (figure not shown). The chemical shifts are very similar to those published in the literature
for carrageenans; at least six signals in the anomeric region
were assigned, indicating the presence of κ- and ιcarrageenans and their precursors (Usov et al. 1980; Van de
Velde et al. 2002, 2004; Campo et al. 2009). It was noteworthy
in the 1D 13C NMR spectrum and in the HSQC spectra the
low intensity of the signals assigned to the α-anomeric carbons of κ- and ι-carrageenans; this fact may support the

Fig. 4 2D 13C/1H HSQC NMR spectrum of purified aqueous extract from cystocarpic M. laminairoides in D2O
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Fig. 5 2D 13C/1H HMBC NMR spectrum of copolymer obtained by graft copolymerization of acrylamide into the alkali-treated polysaccharide from
cystocarpic M. laminarioides (MCP-CAN) carried out in the conventional method using Ce4+ ion as initiator

assumption that these polysaccharides appeared as hybrid
structure with the respective precursor in the native polysaccharide. Matulewicz et al. (1989) found that fractionation with
KCl of the polysaccharide from cystocarpic Gigartina
skottsbergii produced similar proportions of κ/ι- and μ/ν-carrageenans. From the composition presented in Table 2, a molar ratio of galactose/3,6-anhydrogalactose/sulfate for CP and
VP of 1:0.6:1 and 1:0.6:1.3, respectively, were calculated; the
sulfate proportion is lower than the idealized κ- and ιcarrageenans indicating the presence of undersulfated residues
in these polysaccharides.
Normal and second-derivative IR spectra of the polysaccharide from tetrasporic plants indicated the presence of a
galactan sulfated at positions O-2, and O-2, and O-6 of β
and α galactopyranosyl residues, respectively (Matsuhiro
and Rivas 1993). The polysaccharide from tetrasporic
M. laminarioides showed a galactose/3,6-anhydrogalactose/

sulfate molar ratio of 1:0.1:1.1. The presence of 3,6anhydrogalactose in significant amount is not so unusual in
carrageenans from tetrasporic carrageenophytes (Correa-Díaz
et al. 1990; Falshaw and Furneaux 1995, 1998; López-Acuña,
et al. 2002). On the other hand, the molar ratio showed lower
sulfate content in relation to idealized λ-carrageenan
(1.0:0.0:1.5); this fact may be due to the undersulfation at
position C-6 of α-galactopyranosyl residues as found in the
carrageenan from tetrasporic Chondrus crispus (Matsuhiro
and Urzúa 1992). Penman and Rees (1973) previously reported the presence of a polysaccharide of the λ-carrageenan family, devoid of sulfate group at position C-6 of 4-linked galactose units from three members of Gigartina which was named
ξ-carrageenan.
Polysaccharides from cystocarpic and vegetative samples
of M. laminarioides were modified by alkaline treatment.
Chemical analysis of the alkali-treated CP and VP
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Fig. 6 2D 13C/1H HMBC NMR spectrum of copolymer obtained by graft copolymerization of acrylamide into the alkali-treated polysaccharide from
cystocarpic M. laminarioides (MCP-APS) carried out by microwave irradiation method

polysaccharides (Table 2) showed an increase in the content of
3,6-anhydrogalactose with a concomitant decrease in the

content of sulfate groups. It is interesting to point out that
the IR spectra of modified polysaccharides (figures not

Fig. 7 AFM images (phase contrast) of a alkali-modified polysaccharide
from cystocarpic M. laminarioides (MCP), b copolymer obtained by graft
copolymerization of acrylamide into the alkali-treated polysaccharide
from cystocarpic M. laminarioides (MCP) carried out by the

conventional method using Ce4+ ion as initiator (MCP-CAN), c
copolymer obtained by graft polymerization of acrylamide into the
alkali-treated polysaccharide from cystocarpic M. laminarioides (MCP)
by microwave irradiation method (MCP-APS)
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shown) did not present a band around 818 cm−1 assigned to
galactose residues sulfated at position C-6. 1H and 13C NMR
spectra of modified polysaccharides (figures not shown) presented less signals in the anomeric region and in the rest of the
spectra. The 1H NMR spectrum presented in the anomeric
region only four major signals at 5.15 and 5.35 ppm assigned
to the anomeric protons of 3,6-anhydrogalactose (DA) and 3,
6-anhydrogalactose-2 sulfate (DA2S) units and at 4.65 and
4.63 ppm to the anomeric protons of β-galactopranosyl-4 sulfate residues linked to DA and DA2S units, respectively. These results indicated the cyclization of the precursors and the
formation of κ- and ι-carrageenan structures.
Altogether, the results obtained in this study confirmed the
presence of κ/μ- and ι/ν-carrageenan structures in the aqueous
extracts from cystocarpic and vegetative M. laminarioides and
are in accordance to those published by Jouanneau et al.
(2011) for unsorted commercial samples of M. laminarioides.
Graft copolymerization of the alkali-modified polysaccharide from cystocarpic M. laminarioides (MCP) was performed
in order to prepare materials for potential biotechnological
applications. It has been published that desired properties such
as thermal stability, swelling in water, and resistance to
biodegrability can be achieved by modification of carrageenan
by graft copolymerization (Campo et al. 2009; Li et al. 2014).
Graft copolymerization consisted in the formation of
macroradicals on the polysaccharide backbone in the presence
of free radical initiator where vinyl monomers can be added to
form the grafted chains (Maiti et al. 2010). Hosseinzadeh
(2009) grafted acrylonitrile into κ-carrageenan and found that
the grafting ratio increased with ceric ammonium nitrate (the
initiator) concentration reaching a maximum value of ~85 %
at 0.008 mol L−1. The pair peroxymonosulfate/maleic acid has
been used as redox initiator in the grafting of N-vinyl-2-pyrrolidone into κ-carrageenan (Mishra et al. 2010); according to
the authors, spectroscopic data confirm that the grafting was
produced at OH group of κ-carrageenan. By using the same
redox initiator, Yadav et al. (2012) conducted the graft
copolymerizatioin of vinyl sulfonic acid into κ-carrageenan.
In this work, the graft copolymerization of acrylamide into the
alkali-modified polysaccharide from cystocarpic
M. laminarioides (MCP) using ceric ammonium nitrate as
initiator was achieved. Spectroscopic analysis of the obtained
material (MCP-CAN) showed the grafting of acrylamide into
the sulfated galactan backbone. FT-IR spectra of the isolated
copolymer show the amide bands ascribed to polyacrylamide
residues, and the signals assigned to κ/ι-carrageenan indicating that the polysaccharide was not degraded during the copolymerization reaction. Most interesting is the connectivity
of C-6 of β-galactopyranosyl residue with the protons of the
methylene group of acrylamide in the 13C/1H HMBC 2D
NMR spectrum of MCP-CAN (Fig. 5). This correlation may
indicate that the graft copolymerization occurred at the hydroxyl group on C-6 of the β-galactopyranosyl residues. It

can be pointed out that in previous publications on graft copolymerization of κ-carrageenan by conventional methods,
the grafting position was not reported.
According to Singh et al. (2012), microwave irradiation is a
clean, rapid, and efficient technique for graft copolymerization
of polysaccharides. Previously, Meena et al. (2006) used a
combination of microwave irradiation and potassium persulfate as initiator for the grafting of acrylamide into κcarrageenan; analysis by 13C NMR spectroscopy of the copolymer indicated that the carrageenan moiety was maintained
during the synthesis. Prasad et al. (2006) synthesized a graft
copolymer of κ-carrageenan with methyl methacrylate by microwave irradiation; they established that under controlled
conditions, κ-carrageenan structure was maintained allowing
the grafting at position O-6.
In this study, formation of a graft copolymer by reaction of
the alkali-modified polysaccharide from cystocarpic
M. laminarioides and acrylamide in the presence of ammonium persulfate was achieved by microwave irradiation. FT-IR
spectroscopy analysis of the copolymer (MCP-APS) showed
the presence of signals ascribed to amide function and those
corresponding to hybrid κ/ι-carrageenan. The presence of the
latter indicates that the short irradiation period of 120 s
prevented the degradation of the polysaccharide. The 2D
13 1
C/ H HMBC NMR spectrum of MCP-APS copolymer
(Fig. 6) depicts a correlation between C-H carbon of polyacrylamide and H-2 of β-galactopyranosyl residue, suggesting that grafting is produced on O-2 of β-galactopyranosyl
residues. Analysis of the HSQC spectrum of MCP-APS (figure not shown) corroborates this result; it presented connectivity between H-2 and C-2 (4.06/77.2 ppm) which allowed
the assignment of C-2, indicating that a downfield shift of
5.5 ppm was produced in relation to the chemical shift of
C-2 in the alkali-modified polysaccharide (MCP). Grafting
position found by NMR is not in accordance with that proposed by Prasad et al. (2006) for the methyl methacrylate
grafting into κ-carrageenan by FT-IR and pointed out the convenience of applying 2D NMR spectroscopy in the elucidation of chemical structures. However, our results may be in
accordance with those reported by Meena et al. (2006) in the
analysis by 1D 13C NMR spectrum of the abovementioned
graft copolymer of κ-carrageenan with acrylamide. They
found a downfield shift of ~5.3 ppm on the chemical shift of
C-2 of β-galactopyranosyl residue in relation to that of C-2 in
free κ-carrageenan; this shifting is probably due to the incorporation of polyacrylamide chain at C-2 position in the κcarrageenan backbone.
The AFM imaging (displaying phase contrast image) of
alkali-modified polysaccharide from cystocarpic
M. laminarioides (MCP) depicts a long-range double-stranded helical structure (about 1 nm height, from height image)
(Fig. 7a) with homogeneous constitution as evidenced by the
phase contrast image. The special helical feature of this film
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surface structure is in agreement with previous work where
the effect of alkaline treatment on κ-carrageenan conformation
was studied. Funami et al. (2007) imaged by AFM the molecular structures of κ- and ι-carrageenans and found that both
deployed non-aggregated double helices with similar vertical
heights (~0.8 nm). The formation of the double helix structure
suggests that lateral interactions between chains are taking
place. In the case of a hybrid κ-ι-carrageenan, at low concentration (10 μg mL−1), the presence of both single- and twostranded structure was found by AFM (Sokolova et al. 2013).
Figure 7b–c shows the AFM phase image of copolymers obtained grafting acrylamide by conventional method into the
alkali-treated polysaccharide from cystocarpic
M. laminarioides (MCP-CAN) (Fig. 7b) and by microwave
irradiation method (MCP-APS) (Fig. 7c). In Fig. 7b, the phase
contrast image reveals a homogeneous constitution and exhibits morphology dominated by both aggregated and open
structures, the latter composed by fibers arranged in a latticelike regular network extending over the whole surface. These
features are in accordance with FT-IR spectra data shown
above regarding graft of acrylamide onto the sulfated galactan
backbone. The phase contrast image in Fig. 7c (MCP-APS)
shows two distinct polymeric conformations: a dense and homogeneous filamentary like structure that would correspond
likely to the polysaccharide and other one formed by separated
and associated agglomerate units corresponding to the
grafting polyacrylamide onto the polysaccharide backbone.
These morphological differences between the graft copolymers obtained by two different methods would be related to
the grafting position during the copolymerization on βgalactopyranosyl residues. As pointed out above, the spectroscopic findings showed that the graft copolymerization by
conventional methods probably occurred at the hydroxyl
group on C-6 position of the β-galactopyranosyl residues,
whereas by microwave irradiation method, the incorporation
of polyacrylamide chain occurred at C-2 position in the κ/ιcarrageenan backbone.
In conclusion, FT-IR spectroscopy, especially in the
second-derivative mode, constitutes a good tool for the characterization of carrageenophytes and carrageenans.
Cystocarpic and vegetative individuals of the red seaweed
M. laminariodes produced a sulfated galactan composed of
κ/μ- and ι/ν-carrageenans. This phycocolloid by alkaline
treatment was modified to a hybrid κ/ι-carrageenan.
Tetrasporic M. laminariodes produced ξ-carrageenan-type
polysaccharide. Different graft copolymers of alkali-treated
carrageenan from cystocarpic M. laminarioides and acrylamide have been synthesized according to the technique
employed. 2D NMR spectroscopy is a very useful method
for the characterization of graft copolymer of polysaccharides.
Modification of hybrid κ/ι-carrageenan by graft copolymerization afforded copolymers with potential application in drug
delivery systems.
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