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ABSTRACT: A facile microwave-assisted one-pot synthesis of sodium carboxymethylagarose and calcium carboxymethylagarose from Gra-
cilaria dura agarose (Ag) has been described. The process is user friendly, and the highest degree of substitution was obtained within 15
min compared with the conventional method, which requires more than 3 h. Solubility and gelling behavior of the modified Ag products
were found to be dependent on degree of substitution of the products. The characterizations were done by using Fourier transform infra-
red spectroscopy, 'H- and "*C-nuclear magnetic resonance spectroscopy, thermogravimetric analysis, scanning electron microscopy,
Inductively coupled plasma spectrophotometry (ICP), rheology, conductometer analysis, and DNA gel electrophoresis. These agarose
derivatives were easily soluble in water and exhibited low thermal hysteresis, improved conductivity, and improved the DNA resolution
ability of the parent G. dura Ag hydrogels. These hydrogels may have potential applications in the areas including electrochemical devices,

microbiology, biomedical, and pharmaceuticals fields. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40630.
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INTRODUCTION

Low-temperature (<70°C) water-soluble polysaccharides, includ-
ing agar or agarose (Ag), are particularly useful in foodstuffs
when incorporation takes place at the pasteurization phase.
Because of the high viscosity and nontoxicity, carboxymethylated
biopolymers are frequently used in food science as a thickener,
stabilizer, and as a constituent of other products, such as tooth-
paste, laxatives, diet pills, water-based paints, detergents, textile
sizing, and various paper products. In the recent years, unmodi-
fied and modified biopolymer materials are becoming more
promising than the synthetic polymer materials for food, phar-
maceutical, and cosmetic industries because of their polyelectro-
lyte nature.'™ Carboxymethylated derivatives of various naturally
occurring polysaccharides such as gellan, dextran, starch, chito-
san, guar gum, cellulose, and xylan have been reported in the lit-
erature, using conventional heating for more than 3 h.>™"* The
multistep carboxymethylation of polysaccharide has also been
reported in the literature to obtain the polysaccharide derivatives
of desired properties for specific applications.”*™ Anionic poly-
mers are widely used to add coagulation, curtailing water produc-

tion in oil wells, release of chemicals, and water puriﬁcation.m_18

Gelation of Ag depends on several factors such as concentration,
thermal hysteresis, presence of heavy metals, ions, and ionic
strength of the solution."’

Ag, the red seaweed polysaccharide, is widely used in biomedical
and bioengineering applications. The basic disaccharide repeating
units of Ag consists of (1,3) linked f-p-galactose and (1,4) linked
o-L—3,6-anhydrogalactose as shown in Supporting Information
Figure S1(a). Polymer-based conducting hydrogel materials repre-
sent an important class of materials that synergize the advanta-
geous features of hydrogels and organic conductors to be used for
applications such as bioelectronics and energy storage devices.””*!
In the year 2000, the chemistry Nobel Prize was awarded to Alan J.
Heeger, Alan G. MacDiarmid, and Hideki Shirakawa for the dis-
covery and development of conductive polymers, as well as the
ability of salts to prevent the convulsive effects during administra-
tion of certain anesthetics; this led to the increase in interest in this
field.”*** In modern technology, there exists a strong demand for
materials that show conductivity, good transparency, and environ-
mental friendly characters.’® Griess et al® have reported

Additional Supporting Information may be found in the online version of this article.
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conventional method for the preparation of only carboxymethyla-
garose in the literature. They have also reported the effect of ionic
strength in presence of NaCl and MgCl, as well as gel electrophoresis
in the water cast derivatized Ag hydrogels. No rapid synthesis, physi-
cochemical characterization, conductivity, and rheology of such Ag
derivatives are accessible in the literature. Further, no comparative
study of sodium carboxymethylagarose with its superior derivative
calcium carboxymethylagarose was present in the literature. Numer-
ous microwave-assisted functional modifications of polysaccharides
have been reported in the literature. The technique is rapid and envi-
ronmentally friendly compared with the conventional methods.”*™*

Therefore, we report herein a facile microwave-assisted one-pot
synthesis of water-soluble gelling and conducting sodium carboxy
methylagarose (Na-CMA) and calcium carboxymethylagarose
(Ca-CMA) products for enhancing DNA resolution capacity of
the parent Gracilaria dura Ag hydrogels. The primary reason of
this work was to modify G. dura Ag in an ongoing program of our
laboratory on the functional modification of seaweed polysaccha-
rides for newer applications. Na-CMA and Ca-CMA formed vary-
ing strength hydrogels (rheology) in water, which can be used in
soft matter electrochemical devices, such as soft organic diodes,
polymeric batteries, as well as in biomedical applications.”' Car-
boxymethylagarose may also provide an efficient alternative
approach for the oral delivery of hydrophilic macromolecules.

EXPERIMENTAL

Materials and Instruments

Ag was extracted from the red seaweed G. dura, which was col-
lected from the south east coast of India (09°16.311'N,
78°59.921'E) following the method reported,” and the gel
strength, sulfate, and ash contents of the Ag were 950 g cm ™~
(0.5% gel), <0.25%, and 0.9%, respectively. Monochloroacetic
acid (MCA) was purchased from M/s. Spectrochem Chemicals
Ltd., Mumbai, India. Other chemicals used in this study were of
analytical reagent grade except for isopropyl alcohol (IPA; labora-
tory reagent grade), which were purchased from M/s S. D. Fine
Chemicals, Mumbai, India. Fourier transform infrared (FT-IR)
spectra were recorded on a Perkin-Elmer FT-IR machine (Spec-
trum GX; PerkinElmer Inc., Waltham, MA) on a KBr disc (2 mg
sample in 600 mg KBr). *C-nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance-II 500 (Ultra shield)
Spectrometer with D,0O as solvent. Spectra were recorded at 70°C,
using ds-DMSQ as the internal standard.’® "?C-NMR spectra of
Na-CMA and Ca-CMA products with high degree of substitution
(DS) were recorded at room temperature. 'H-NMR spectra of
MCA, Na-CMA, and Ca-CMA were also recorded (10 mg mL ™"
of D,0) under ambient conditions. Gel strength was measured in
1% (w/v) gel of modified Ag products and 1% (w/v) gel of the
parent Ag at 20°C on a Nikkansui-type gel tester (Kiya Seisakusho
Ltd., Japan). Gelling and melting points were recorded following
the reported method.”" Apparent viscosity was measured (in 1%
w/v sample) on a Brookfield viscometer (DV-II +Pro), using
SC4-18 spindle at 60 rpm at 80°C. Thermogravimetric analysis
(TGA) was done on a Mettler Toledo Thermal Analyzer, model
TGA/SDTA 851e. Presence of sodium and calcium contents in
modified Ag products was confirmed by Inductively coupled
plasma spectrophotometry (ICP) analysis.
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Rheological measurements were done on an Anton Paar Physica
MCR 301 rheometer, USA, using parallel plate PP50/P-PTD200
geometry (50 mm diameter; 0.1 mm gap). The temperature was
maintained at 25°C = 1°C by a Viscotherm VT2 circulating water
bath. Dynamic viscosities at varying shear rates were determined
at 40°C. The rheological test of the elasticity and true gel charac-
ters of the gel samples of parent Ag and modified Ag was meas-
ured by performing frequency sweep. The frequency dependence
of storage moduli (G') was carried out at 25°C, using frequency
from 0.1 to 20 Hz. All rheological data presented were means of
three replicate measurements.”® Tonic conductivity was carried
out using a digital conductivity meter (Systronics, Conductivity
TDS Meter 308) in a manner similar to that described by Singh
et al.*' In brief, during the experiments sample and electrode
were sealed in a glass cell and placed in a constant temperature
water bath. The repeatability and expected uncertainty of the
experiments were ca. *1% and *3%, respectively. The surface
morphology of the parent Ag and modified Ag products was ana-
lyzed by scanning electron microscopy (SEM), applying 20-kV
accelerating voltage and X2000 magnification on a Carl-Zeiss Leo
VP 1430 instrument (Oxford INCA).

DS of the modified Ag products was estimated by using a
method described in the literature.’® Herein, 0.1 g dried samples
were taken in a conical flask and dissolved in 25 mL of distilled
water, followed by addition of 25 mL of 0.1M NaOH solution
under stirring for 10-15 min. The resulting mixture was back
titrated with 0.1M HCI, using phenolphthalein as the indicator.
The amount of acid consumed was recorded, and the DS was
calculated according to the below-given equation,

DS =0.306X/(1—0.059X)

where X is the acid consumed per gram of the sample; “306” is
the grams molecular mass of repeating unit of Ag, and “59” is
the net increase in molecular mass of repeating unit of Ag for
each carboxymethyl (CM) group substituted.

For DNA gel electrophoresis, 1.2% (w/v) Ag gel was prepared in 25
mL 1X Tris-acetate—EDTA buffer (pH 8.0). Similarly, 1.2% (w/v) Ag
gels were prepared by adding 0.2% (w/v) solid powder of modified
Ag products (Na-CMA and Ca-CMA) of DS 0.27 to 1.11. 1.2 kb
DNA ladder (Invitrogen, Carlsbad, CA) was run over the above men-
tioned gels at a constant voltage of 75 V in electrophoresis unit (Bio-
Rad, Berkeley, CA) for 2 h. After electrophoresis, gels were observed
under UV (UV tube 8W, 312 nm; Bangalore Genei, Bengaluru,
India) light to monitor the effect of modified Ag products on DNA
migration and resolution of bands. Further, to evaluate the effect of
modified Ag products on resolution and migration, amplified frag-
ment length polymorphism (AFLP) experiment was conducted. For
this, DNA sample was extracted from the green seaweed Utricularia
reticulata using the protocol described in the literature.® The
extracted DNA was subjected to AFLP analysis using the commercial
kit (Invitrogen) following the instructions in user manual. The AFLP
bands were size fractionated over the above-mentioned gel samples.
Gels were run and visualized under UV light as mentioned above.

Synthesis of Na-CMA/Ca-CMA
In a typical batch, Ag (306 mg or 1 mmol repeating unit) was
dispersed in 17.5-22.5 mL IPA with constant stirring for 5-10
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Table I. Physicochemical Properties of Parent Agarose and Modified Agarose Products

Gel strength Viscosity (cP)

Sample and molar ratios DS Yield (%) (gem™2) Gt (°C) M+ (°C) at 80°C
Agarose NA NA 2600 =50 Boz=dl 98=+1 7.0x0.5
Na-CMA (1 : 0.5) 0.27 96+ 0.5 900 =50 30x1 60+1 7.3+x0.5
Na-CMA (1 : 1) 0.46 95+0.5 500 = 50 27+ 1 48 +1 7.5+0.5
Na-CMA (1 : 2) 0.69 94 +0.5 <100 <7 38=*x1 86=+0.5
Na-CMA (1 : 3) 111 92+0.5 NA NA NA 92+0.5
Na-CMA (1 : 4) 1.11 90+0.5 NA NA NA 10+0.5
Ca-CMA (1 :0.5) 0.27 96+ 0.5 1000 + 50 37x1 63+1 85+0.5
Ca-CMA (1 : 1) 0.46 95+0.5 600 =50 32+1 51=+1 10.5+0.5
Ca-CMA(1:2) 0.69 94 +0.5 <100 <7 40x1 122+0.5
Ca-CMA(1:3) 111 92+0.5 <100 <7 35+1 13+0.5
Ca-CMA (1 : 4) 111 90+0.5 <100 <7 35+1 14 +0.5

DS, degree of substitution; Gr, gelling temperature; My, melting temperature; NA, not applicable.

min at room temperature. To the above dispersion, 2.5-7.5 mL
(e.g., 0.5 to 1.5 mol NaOH, with respect to total reaction mix-
ture) of 20% aqueous NaOH solution was added slowly, fol-
lowed by the addition of MCA (0.5-4 mmol) under stirring at
room temperature. The reaction was carried out under micro-
wave irradiation from 55°C to 70°C for 10-20 min applying
400 W power. The reaction time (Supporting Information Table
SII) and temperature (Supporting Information Table SIII) were
optimized on the basis of highest DS. The resulting reaction
mixtures were cooled, and 70% CH;OH was added in the mix-
ture followed by neutralization with 90% acetic acid. Na-CMA
was isolated by precipitation in 1 : 2 v/v IPA. Finally, Na-CMA
was washed with fresh IPA under stirring, followed by vacuum
drying at 50°C. For the synthesis of Ca-CMA, the obtained Na-
CMA was treated with 3%-6% CaCl, solutions under micro-
wave irradiation for 2 min at 65°C. The reaction mixtures were
purified by dialysis method, followed by IPA precipitation and
drying as described above to obtain the dried Ca-CMA. The
same sets of the experiments were carried out using the conven-
tional method, as described in the literature for carboxymethy-
lation of various biopolymers.”™? The highest DS and ionic
conductivity of the resulting Na-CMA and Ca-CMA were
observed for 1 : 3 molar ratio of Ag : MCA under microwave
(15 min at 65°C) irradiation, whereas the conventional method
produced similar products with 1 : 3 molar ratio of Ag: MCA
after heating at 60°C for 240 min (Supporting Information
Table SII).

DNA Gel Electrophoresis

Migration of DNA bands was faster in 1.2% parent Ag gel; how-
ever, resolution of bands was better in Ag gel incurred with 0.2
wt % sodium carboxymethylagarose of DS 0.46 and calcium
carboxymethylagarose of all DS.

RESULT AND DISCUSSION

Physicochemical Properties

Optimization studies revealed that microwave irradiation for 15
min at 65°C led to the formation of ester bonds between car-
boxyl group of MCA and hydroxyl groups of Ag. The highest DS
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was obtained with the molar ratio 1 : 3 (Ag : MCA, ¢f. Table I).
The synthetic process of Na-CMA/Ca-CMA from Ag is shown in
Supporting Information Scheme S4. The yields of Ag derivatives
decreased with increased DS of the products. The yields of the
products were in the range of 90% = 0.5% to 96% = 0.5% (Table
I). The maximum (96% = 0.5%) and minimum (90% = 0.5%)
yields were obtained for the products of Ag having DS 0.27 and
1.11, respectively (Table I). Modification of G. dura Ag was
mainly carried out to obtain the desired properties such as low
temperature solubility, low thermal hysteresis hydrogels (gels
having small difference between gelling and melting tempera-
tures), soft and low gelling temperature hydrogels, improved
DNA resolution, and conductivity for their potential applica-
tions. An increase in the molar ratio of MCA to Ag leads to a
significant increase in DS of modified products except for a
molar ratio of 1 : 4 (Ag: MCA) as shown in Table I. At a molar
ratio of 1 : 0.5: 0.5 (Ag : MCA: NaOH), the DS 0.27 is signifi-
cantly low compared with DS 1.11 at a molar ratio of 1 : 3: 1
(Ag : MCA: NaOH), and no increase in DS above this alkali con-
centration. Product having low DS (0.27) at molar ratio of 1: 0.5
(Ag: MCA) may be due to the insufficient amount of aqueous
NaOH to activate the Ag polymer. This is in good agreement
with the study reported for xylan.'? The DS was 0.46 on apply-
ing a molar ratio of 1.0 mole MCA/mole Ag and 0.75 mole
NaOH/mole Ag. The maximum DS 1.11 was obtained at a molar
ratio of 3.0 moles of MCA/mole Ag, and the DS attained plateau
beyond this molar ratio of MCA. Correspondingly, the DS
increases up to 1.11 by further increase in NaOH concentration
up to 1 mole NaOH/mole Ag. Further increase in the concentra-
tion of NaOH solution decreases the DS values to 0.96 with 1.25
mole NaOH/mole Ag and 0.73 with 1.5 mole NaOH/mole Ag
compared with 1.11 for 1 mole NaOH/mole Ag at a molar ratio
of 1:3 (Ag : MCA). It may be due to the fast hydrolysis of the
MCA in the concentrated NaOH solution."

Ag used in this work took 2 min to dissolve at 100°C, and solu-
bility was increased significantly after carboxymethylation of Ag
with MCA. All the modified Ag products with DS from 0.27 to
0.46 dissolved at low temperature and formed hydrogels at
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room temperature. It may be due to the presence of low
amount of CM functional groups in Ag backbone, whereas Na-
CMA with DS 0.69 to 1.11 are readily soluble in water at room
temperature, and Ca-CMA with DS 0.69 to 1.11 are soluble at
70°C = 1°C and formed viscous solutions at room temperature,
but these solutions formed soft gel at very low temperature
(<7°C). This can be explained on the basis of high ionic
strength/ionization in water because of high amount of CM
groups as well as sodium and calcium ions. The sodium salt
form of carboxymethylcellulose is water soluble. Carboxymethy-
lation of polymers have been widely used to make water-soluble
polymer from insoluble one for application in various fields to
control the behavior of aqueous systems.>*

The gel strength, gelling temperature, and melting temperature
of 1% parent Ag decreased significantly after carboxymethyla-
tion with MCA (Table I). Consequently, the gel strength of
Na-CMA and Ca-CMA decreased with the increase in DS
from 0.27 to 1.11. Among all modified Ag products, Na-CMA
and Ca-CMA with the lowest DS 0.27 exhibited the highest gel
strength 900 = 50 and 1000 + 50 g cm ™2, respectively, whereas
the respective products having DS 0.69 formed soft gel at low
temperature (<7°C). Na-CMA with DS 1.11 is nongelling even
at low temperature (<7°C), and Ca-CMA with DS 1.11
formed soft gel at low temperature (<7°C) as shown in Table
I. Na-CMA and Ca-CMA having DS 0.27 produced the stron-
ger gel in water compared with their higher DS, which may be
due to the limited presence of CM functional groups on the
Ag backbone, thus assisting the formation of hydrogel net-
works through hydrogen bonding as well as because of the
increase in number of “junction zones” in the gel network.
The results are in good agreement with the literature reports
of Ag derivatives.”® Result of this study revealed that the mod-
ification technique used in this study produced quick soluble
and low gelling and melting Ag-based hydrogels with low ther-
mal hysteresis compared with parent Ag, which may be useful
for some specific applications.”**® The change in properties
may be due to the presence of agents that disrupt hydrogen
bond formation and reduces the gelling and melting tempera-
tures, and gel strength of Ag gels.*” Therefore, the difference
in the gelation properties of the modified and the parent Ag
gels can be explained on the basis of insertion of CM func-
tional groups in Ag backbone, which results in tailoring of
gelation properties. These observations show that CM groups
affect the gelation behavior of Ag by imparting steric hin-
drance to the regular chain of Ag and interfering with the
conformational transition and aggregation of the polymer to
form gel networks. Similar observation was reported for the
study done with carrageenans.”® Singh et al.'” have reported
that addition of sodium sulfate in the aqueous Ag solutions
weakens the gel structure by weakening the Ag—water interac-
tions and facilitates the easy release of water from gel network.
Rees™ and Arnott et al.*® have also reported that agents that
disrupt hydrogen bond formation will decrease the gel strength
and gelation temperature of Ag gels or even inhibit the forma-
tion of the strong gel.

The viscosity values of the modified Ag products and parent Ag
were measured at 80°C. The viscosity of the parent Ag polymer
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was found to be less when compared with modified Ag prod-
ucts (Table I). The viscosities of modified Ag (Na-CMA and
Ca-CMA) increased on increasing the DS up to 1.11 (Table I).
Ca-CMA with DS 0.27-1.11 exhibited higher viscosity values
compared with Na-CMA with DS 0.27-1.11, respectively. The
apparent viscosities of Na-CMAps o,7, Ca-CMAps (.7, Na-
CMAps 111 and Ca-CMAps 15, were 7.30 cP, 8.50 cP, 10.00
cP and 14.00 cP respectively (Table I). The difference in the vis-
cosity of Na-CMA and Ca-CMA may be due to the higher
extent of intermolecular interactions in Ca-CMA.*' It may be
the result of cross-linking of Ca** with carboxyl groups or oth-
erwise higher hydration power of the calcium ions having
greater nuclear charge compared with sodium ion. Stygar
et al.*? have reported that viscosity increases with the decrease
in the size of alkali or alkaline earth metal cation. Iglauer
et al.*® have reported that viscosity of carrageenan increased
when concentration of calcium ion increased in the solution.
They have also reported that an increase in ionic strength of
solution led to higher viscosities if the cation (Ca®>") and anion
are present in constant ratios, whereas viscosity of solution
decreased with an increase in ionic strength, if a brine mixture
contains both Na™ and Ca** ions.

The formation of Na/Ca-CMA was confirmed by FT-IR and
C-NMR spectrometry (Figures 1 and 2). Formation of carbox-
ylate anion (—COO—) bond of the CM group as a result of the
reaction between hydroxyl group of Ag and MCA was con-
firmed by the appearance of the new bands at 1607 and 1422
cm~L,** which were assigned to the asymmetrical and symmet-
rical stretching vibrations of carboxylate anions (—COO—),
whereas the band at 1328 cm ™' was a characteristic IR band of
the —CH,— scissoring vibration in the CM group as shown in
Figure 1(a). This is in good agreement with the literature
reports.”® In addition, in the FT-IR spectrum of Na/Ca-CMA,
the main characteristic absorption bands of Ag (1162, 1073, and
931 cm™ ') remained intact during modification reaction indi-
cating that the backbone of Ag remains as such during chemical
modification as shown in Figure 1(a,b).>>** The characteristic
IR bands of MCA were obtained at 1733 cm ™! (sharp; —C=0,
stretching vibration of carbonyl group of acid) and 1305 cm™'
(weak; —CH,, scissoring in the CM group) as shown in Figure
1(c). »C-NMR of Na/Ca-CMA exhibited the prominent peak at
177.6 ppm (C,), which was assigned to the carboxylate anion
(—COO—) of the CM derivatives, whereas peaks at 76.3 ppm
(Cp) were assigned to the methylene (—CH,—) carbon atom of
the CM substituent as shown in Figure 2, and are in good
agreement with those of reported in the literature.'>*® In addi-
tion, ">’C-NMR of Na/Ca-CMA showed other prominent peaks
at 62.7 ppm (C-6/, linked with MCA) and 62.3 ppm (C6'* CH,
linked with OH in unreacted Ag) (Figure 2). C-NMR of
the parent Ag exhibits the characteristic peaks of Ag polymer
between 62.1 and 103.1 ppm.*>*® Similarly, characteristic *C-
NMR peaks of MCA were obtained at 172.3 ppm (—C=0/C,)
and 42.5 ppm (—CH,—/C,;) as shown in Figure 2. The 'H-
NMR spectra of the Ag polymer signals
between 3.33 and 5.12 ppm because of the protons linked to
sugar carbon atoms [Supporting Information Figure S5(a)]. The
"H-NMR Spectra of Na/Ca-CMA shows chemical shifting for

show several
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Figure 1. FT-IR spectra of (a) Na/Ca-CMA, (b) parent agarose, and (c) MCA.
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Figure 3. Temperature dependence of ionic conductivity of parent agarose
and modified agarose products. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

signals appeared between 3.31 and 5.78 ppm. In this interval,
the new band at 4.49 ppm is seen, which may be due to the
presence of methylene protons in the carboxymethylated Ag
[Supporting Information Figure S5(b)], whereas MCA exhibited
single peak at 4.20 ppm, which may be due to methylene pro-
tons [Supporting Information Figure S5(c)].

Ionic Conductivity

Figure 3 shows comparative ionic conductivity (k) values of the
parent Ag and modified Ag products at different temperatures
from 60°C to 90°C. Ionic conductivity increased on increasing
the temperature up to 90°C, which may be due to the higher
mobility of ions at higher temperature. Ionic conductivity of
the parent Ag polymer was negligible and increased significantly
after carboxymethylation. The conductivity of Ca-CMA was sig-
nificantly higher than Na-CMA, in each DS from 0.27 to 1.11
(Figure 3). An increase in conductivity of the modified Ag
products with increase in DS up to 1.11 may be due to the
increased concentration of charge carriers in the polymeric net-
work. It may be the result of formation of charged ionic clusters
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products. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

in the solution.” Induction of sodium and calcium in the
modified Ag polymer structure probably changes the conductive
mechanism or behavior of Ag matrix may be due to electronic
transfer through ions. Similar observation has also been
reported for conduction in poly(vinyl alcohol)-sodium polysty-
rene—sulfonate blends and glass materials.*'

TGA Analysis

The thermal stability of the modified and unmodified Ag
derivatives was investigated by using TGA technique. The
TGA curves of the parent Ag and modified Ag (Na-CMA and
Ca-CMA) are shown in Supporting Information Figure S6.
The thermal stability of the parent Ag increased with increase
in the DS of the products. The parent Ag exhibits lowest 27
wt % mass retention up to 600°C, whereas maximum mass
retention of 45 and 50 wt % were obtained for Na-CMApg; 1;
and Ca-CMAps; ;, respectively, synthesized with a molar
ratio of 1 : 3 (Ag : MCA), revealing enhanced thermal stabil-
ity of the modified Ag products. Further, Ca-CMA exhibits
greater thermal stability compared with Na-CMA, as mass loss
is lower for Ca-CMA (50%) than Na-CMA (55%) up to
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Figure 5. Dependence of angular frequency on storage modulus (G') and loss modulus (G”) of parent agarose and modified agarose products. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

600°C. The varying thermal stability of Na-CMA and Ca-
CMA compared with the parent Ag confirmed the formation
of new materials.

ICP Analysis

The presence of sodium and calcium in the modified Ag was con-
firmed by ICP analysis (Supporting Information Table SVII). Sodium
and calcium contents increased when the DS of the products
increased and maximum were found in the products having DS 1.11.

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

Figure 6. SEM images of (a) agarose, (b) Na-CMA, and (c) Ca-CMA.
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Rheological Characterization

Figure 4 shows the plots of dynamic viscosities under varying
shear rate 0—-100 (1/s) for the modified Ag products and parent
Ag. Shear rate and other rheological studies of the modified Ag
products and parent Ag indicate a shear-thinning behavior over
intermediate-to-high shear rate region. After carboxymethyla-
tion, shear thinning behavior of the parent Ag increased
and varied as function of values of DS. Na-CMA and Ca-CMA

A
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Figure 7. Gel electrophoresis images of (a) 1.2 % (w/v) parent agarose gel (Ag); (b) Ag gel with 0.2% (w/v) Na-CMADS0.27; (b') Ag gel with 0.2% (w/v)
Ca-CMADS0.27; (c) Ag gel with 0.2% (w/v) Na-CMADS0.46; (') Ag gel with 0.2% (w/v) Ca-CMADS0.46; (d) Ag gel with 0.2% (w/v) Na-CMADS0.69;
(d') Ag gel with 0.2% Ca-CMADSO0.69; (e) Ag gel with 0.2% (w/v) Na-CMADSI.11; (¢/) Ag gel with 0.2% (w/v) Ca-CMADSI.11. Lane 1: 1.2 kb DNA

ladder; Lanes 2 and 3: samples after AFLP analysis with two different primers.

having the DS 0.27 exhibited highest shear thinning behavior
compared with other Ag derivatives having the DS 0.46-1.11
(Figure 4).

Frequency dependence of storage modulus (G) and loss modu-
lus (G”) of parent Ag and modified Ag products are shown in
Figure 5. Parent Ag gel exhibits the highest G and G’ values
and the values decreased on carboxymethylation. Na-CMAps 7
and Ca-CMApg,7 synthesized at a molar ratio for 1 : 0.5 (Ag :
MCA) exhibits highest G and G” value followed by Na-CMA
and Ca-CMA of DS 0.46-1.11, synthesized with molar ratios of
1:1;1:2;1:3,and 1:4 (Ag: MCA). Na/Ca-CMA prepared
at molar ratios of 1 : 3 and 1 : 4 (Ag : MCA) showed almost
identical values of modulus, and the values of Na-CMA and
Ca-CMA obtained at a molar ratio of 1 : 4 were not mentioned
in Figure 5. The values of G’ and G’ for Na-CMA and Ca-CMA
products having DS 0.27 and 0.46 revealed the formation of
strong or true hydrogel. This can be explained on the basis of
limited existence of CM groups on the Ag backbone, which

M&‘““liﬁﬁ WWW.MATERIALSVIEWS.COM
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may be due to the formation of hydrogel networks through
hydrogen bonding as well as increased numbers of “junction
zones” in the gel network.”®>* The presence of more CM
groups drastically reduced the gelation properties of the modi-
fied Ag products, resulting in lesser storage modulus and loss
modulus values in the modified Ag products of highest DS
(1.11). Further, the presence of CM groups in the modified Ag
network may also disturb the double helix in Ag gel networks,
resulting in the formation of lesser and weaker double helices in
the modified Ag products of the higher DS. The G and G’ val-
ues of Ca-CMA were found to be higher than Na-CMA for each
DS (Figure 5). The less frequency dependence and higher G
values in Ca-CMA indicated a modified network structure of
Ca-CMA. Comparing the effect of Na* and Ca®>" ions, it was
found that Ag derivatives having Ca>" are more effective in
modifying the rheological behavior of Ag derivatives than Ag
derivatives having Na™ ion. The Ca>* promoted interchain
interactions and increased junction zones of the egg-box model
and formed stronger gel for alginate, pectin, and gellan gum.*®
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The K™ has been also reported to be more effective in enhanc-
ing the gelling ability of gum Arabic than Na™ dose, which may
be due to the formation of ion pairs favoring the interchain
interactions and gel formation. However, in Ca-CMA, G and
G" increased significantly, which revealed that Ca** might mod-
ify the network structure of Ca-CMA through cross-linking
with carboxyl groups in addition to charge screening effects.
This can also be explained on the basis of the stronger carboxy-
late—cation**—carboxylate interactions, rendering a higher
capacity of adjacent helices cross-linking when divalent ions are
involved.* Ca-CMApg,; 1; showed significantly greater G values
than G’, which revealed that it formed gel-like structure,
whereas higher G’ values of Na-CMApg,;; revealed that Na-
CMApg;.11 formed viscous solution (Figure 5).

SEM Studies

SEM images evidenced higher morphological
between the modified Ag products and the parent Ag (Figure
6). Figure 6(a) presents SEM image for the parent Ag, which
appears in globule-like morphology, whereas Figure 6(b,c)
shows SEM micrographs obtained for sodium and calcium car-
boxymethylagarose. Upon carboxymethylation of Ag, the struc-
ture of parent Ag gets improved as shown in Figure 6(b,c),
wherein the morphology of the globule-like structure of parent
Ag was modified in such a way that because of the introduction
of the hydrophilic groups onto Ag backbone, results improved
solubility of modified Ag products may be the result of porous
structure, which may permit rapid water penetration and large
surface area for interaction. The morphology of the modified
Ag products [Figure 6(b,c)] were compared with the parent Ag,
it is clearly evident that the presence of CM groups along with
sodium and calcium ions in modified Ag products have drasti-
cally changed the morphology of the parent Ag [Figure 6(a)]. It
clearly indicates that carboxymethylation has been taken place.
Na-CMA formed a more compact structure with less intercon-
nected pores compared with the higher porous structure of Ca-
CMA. On the other hand, the addition of Ca®" ions determined
the increase in gel porosity.”® Furthermore, porous morphology
of Ca-CMA may be the result of cross-linking of calcium ions
with carboxylic ions present in the polymeric matrix in similar
way as reported for alginate gel structure in the presence of cal-
cium ions.

differences

DNA Gel Electrophoresis

The modified Ag products were investigated for improvement
in functional properties of the parent Ag in terms of migration
and resolution of DNA bands as shown in Figure 7. Results of
this study revealed that there was retardation in DNA migration
after addition of modified Ag products compared with parent
Ag gel, and maximum was in Na-CMA with DS 1.11 [Figure
6(e)]. However, well-resolved and sharper DNA bands were
observed with Na-CMA of DS 0.27-0.69 compared with the
parent Ag gels, whereas no clear resolution of DNA bands was
obtained in Ag gel having Na-CMA of DS 1.11. Consequently,
fine resolution of DNA bands was obtained in Ag gels having
Ca-CMA of DS 0.27-1.11. Difference might be the result of salt
concentrations, binding affinity, interaction with ions, and salt
type.”>> This gave an indication to evaluate the resolution
among DNA bands having low molecular weight difference.
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These results demonstrated a significant improvement of Ag
properties after adding the modified Na-CMA and Ca-CMA of
all DS, except Na-CMA of DS 1.11.

CONCLUSIONS

A facile rapid microwave-assisted environmentally friendly route
for synthesis of water-soluble Na/Ca-CMA was developed from
G. dura, Ag. All modified Ag products were forming low thermal
hysteresis hydrogels except Na-CMA with highest DS. Compared
with parent Ag, the maximum ionic conductivity of Na-CMA
was found to be 1000 times more; however, the conductivity of
Ca-CMA was around twofold higher than Na-CMA for same DS.
Addition of Na-CMA and Ca-CMA in the parent Ag gels
exhibited improved resolution and sharpness of DNA bands com-
pared with parent Ag gel, except Na-CMA of highest DS. Thus,
modified Ag products may have possible applications in the areas
including electrochemical devices, controlled release, biomedical
fields, molecular biology, and other biological applications.
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