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The paper studies the synthesis and characterization of anionic thermoassociative carboxymethylpul-
lulan hydrogels through crosslinking of carboxymethylpullulan with two difunctional Jeffamines:
ED-600 and ED-2003; taking into account that the Jeffamines contain polyoxyalkyleneamines (polyethy-
lene oxide, polypropylene oxide) backbone with thermoassociative properties, is expected that the
polysaccharide-Jeffamine derivatives also possess amphiphilic and thermosensitive characteristics. The
hydrogels were characterized through FTIR spectra, swelling behavior in various media, at various pH or
temperatures, retention of hydrophobic molecules, to appreciate their polyelectrolyte and thermoasso-
ciative properties. The interaction with biomolecules as proteins: lysozyme and BSA and as antioxidants:
lutein was studied to estimate some potential application domains of these newly synthesized hydrogels.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels are tridimensional hydrophilic polymer network,
crosslinked through chemical or physical interaction, which can
absorb large amounts of water by maintaining their tridimen-
sional structure. A large interest has been devoted to the hydrogels
sensitive to external stimuli, such as temperature (Deguchi,
Akiyoshi, & Sunamoto, 1994; Fettaka et al., 2011; Singh, Webster,
& Singh, 2007), pH (Martinez-Ruvalcaba, Sanchez-Diaz, Becerra,
Cruz-Barba, & Gonzalez-Alvarez, 2009), and electrical field (Kim,
Shin, Lee, Kim, & Kim, 2004a, 2004b). This interest is justified
through the multitude of application domains of sensitive hydro-
gels in controlled drug delivery, tissue engineering, biotechnology,
etc. Associative properties of the hydrogels are induced by the
presence of hydrophobic units on the hydrophilic polymeric back-
bone (Akiyoshi, Yamaguchi, & Sunamoto, 1991; Henni-Silhadi et al.,
2008), while thermoresponsible properties are induced either by
the presence of a thermosensitive polymer backbone (PNIPAM,
Feil, Bae, Feijen, & Kim, 1993; hydroxypropylcellulose, Fettaka
et al,, 2011), or by thermosensitive units linked on the polymer
chains [poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide)] (Deguchi et al., 1994); Jeffamine (Mocanu, Mihai, Dulong,
Picton, & LeCerf, 2011). The presence of the ionic groups on the
polymeric chains provides them pH-dependent properties (Dulong,
LeCerf, Picton, & Muller, 2006); if on the polymer backbone both
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thermosensitive units and ionic groups are present, the multi-
responsive hydrogel will have both temperature and pH sensitive
properties (Dumitriu, Mitchell, & Vasile, 2011; Rodriguez-Felix
etal., 2011).

The use of difunctional Jeffamines as crosslinking agent has
been reported for crosslinking of diglycidyl ether of bisphe-
nol A (Epon 828) (Shan, Verghese, Robertson, & Reifsnider,
1999) or of glycidyl methacrylate copolymer (Luo, Li, & Yang,
2011); the obtained copolymers presented improved proper-
ties, which recommend them for special uses, as for example
potential candidates for the construction of rechargeable lithium
batteries.

The paper presents the synthesis of new thermoassociative,
pH-sensitive hydrogels, through crosslinking of carboxymethylpul-
lulan (CMP) with two difunctional Jeffamines: ED-600 and
ED-2003; taking into account that the Jeffamines contain poly-
oxyalkyleneamines (polyethylene oxide [PEO]), polypropylene
oxide [PPO]) backbone with thermoassociative properties, is
expected that the polysaccharide-Jeffamine derivatives possess
amphiphilic and thermosensitive characteristics, too; also, the
ionic groups of CMP will induce pH-dependent properties. No
study has been reported in literature to the use of difunctional
Jeffamines as crosslinking agents of the polysaccharides. More-
over, Jeffamines were presented in the literature as biocompatible
products (Marie, Landfester, & Antonietti, 2002). Physico-chemical
characterization of the obtained hydrogels evidenced the sup-
posed multi-responsive properties; the study of the interaction
with biomolecules as proteins (lysozyme, BSA) and antioxidants
(lutein) revealed their potential for use in controlled drug delivery.
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2. Experimental
2.1. Materials

- Carboxymethylpullulan (CMP) synthesized in laboratory, as
described (Mocanu, Mihai, Picton, LeCerf, & Muller, 2002).

- Jeffamines (Jeff) ED-600 and ED-2003 (Aldrich); paraffin oil
(Iassypharm, Romania); Span 85 (Fluka); N,N’-dicyclohexyl
carbodiimide (DCCI) (Fluka), dimethylaminopyridine (DMAPy)
(Fluka), DMSO; Rose Bengal sodium salt (Sigma Aldrich); Brilliant
Blue (Fluka); acid orange (Fluka), lysozyme (Lys), (Sigma); albu-
mine from bovine serum (BSA, Fluka); lutein (ethanolic extract of
lutein capsules, Medica Lab., Romania).

2.2. Methods

Synthesis of Jeffamine-carboxymethylpullulan crosslinked hydro-
gels. 0.5g CMP H*, swollen in 15mL DMSO was dispersed under
stirring in 50 mL paraffin oil containing 2.5 mL Span 85 as stabi-
lizer; after 30 min 0.27 g (1.3 meq) DCCI was added in 2.5 mL DMSO
and the reaction was continued for 2 h at room temperature; then,
1.3 g Jeff ED(2000) and 0.03 g DMAPy were added and the reaction
was continued for 48 h at room temperature. Then, the hydrogel
microparticles were filtered, washed on the filter with acetone (to
remove the unreacted Jeff and the dicyclohexylurea formed), then
with water and dried from methanol. Yield: 0.59 g. The other syn-
theses were performed in the same conditions, but using various
molar ratios Jeff/CMP, or other Jeff. The diameter of the hydrogel
microparticles in dry state, measured with an optical microscope,
ranged between 20 and 100 pm.

The degree of substitution (DS) with Jeffamine units was estab-
lished through conductimetric titrations (through the difference
towards the initial ion exchange capacity with COOH groups).

Determination of uncrosslinked NH, groups; during crosslinking
reaction it is possibly that only one NH; groups of the difunctional
Jeff to be involved in the amidation reaction; the content of NH,
uncrosslinked groups was appreciated by acid orange retention, as
used in chitosan NH; group determinations (Fras Zemljic, Strnad,
Sauperl, & Stana-Kleinschek, 2009).

The water or various solvent regain was determined through
centrifugation, for 10 min at 2000 rpm of the previously swollen
microparticles for 24 h, by Pepper’s method (Pepper, Reichenberg,
& Hale, 1952). This was calculated as follows:

W -wWy
Wgr = 7W0
where Wy, water (solvent regain); W, weight of the sample swollen
at equilibrium; and Wy, weight of the dry sample.

Rose Bengal retention, which is a measure of support hydropho-
bicity, was determined by the method described by Gigimol
and Mathew (2003). A 50mg support was equilibrated with a
125 x 10~ M aqueous solution of Rose Bengal; the amount of dye
bound by the polymer was determined in UV at 548 nm, from the
difference in the concentrations of the dye solution, before and
after binding. In the same manner the retention of Brilliant blue
was determined, through UV spectroscopy, at 586 nm wavelength.

The retention of proteins was performed under “batch”
conditions, in glass-stoppered flasks; solutions with known con-
centration were added to 50mg dry support, in the presence of
sodium azide as a preservative; aliquots were withdrawn and the
protein concentration in the supernatant was determined accord-
ing to the modified Folin method (Lowry, Rosebrough, Lewis Farr, &
Randall, 1951). The amount of retained protein is calculated as the
difference from the initial protein content of the solution used. After
equilibration of the solution concentration, the microparticles were

filtered, washed with water to remove the physically entrapped
protein, dried from ethyl alcohol, then in vacuum.

The enzymatic activity was determined with a Micrococcus
Lysodeikticus (Sigma) substrate, at 450nm (Prasad & Litwack,
1963), on a 3 mg sample mixed directly in the spectrophotomet-
ric cell with 3 mL solution of substrate (0.3 mg/mL); a decrease in
absorbance was recorded every 15s. The enzymatic activity was
expressed as 1/A.

Lutein retention was also performed under “batch” conditions,
in glass-stoppered flasks; solution of lutein with known concentra-
tion was added to 50 mg dry support previously swollen in water;
the amount of retained lutein is calculated as the difference from
the initial lutein content of the solution used.

The antioxidant activity of the lutein-containing hydrogels was
determined through DPPH method (Ara & Nur, 2009) and com-
pared with those of ascorbic acid and of the initial lutein. Briefly,
various amounts of samples containing the antioxidant product
were immersed in 2 mL solution NaCl 1g/L and 1 mL methanolic
DPPH solution (0.128 g/L methanol); after 30 min the absorbance
at 517 nm was measured. Decreased absorbance of DPPH indicates
increased antioxidant effect. The radical scavenging activity was
calculated using the following equation:

Ag — Ay
X
Ao
where Ay is the absorbance of a standard that was prepared in the

same conditions, but without any sample, and A; is the absorbance
of the samples.

100

Scavenging effect (%) =

3. Results and discussion
3.1. Synthesis and characterization of the supports

Reaction of carboxymethylpullulan with difunctional Jeff occurs
with crosslinking through amide bonds; the macromolecular tridi-
mensional network has the structure presented in Scheme 1.

The FTIR spectra of Jeff-CMP hydrogels confirmed their structure
through the presence of the characteristic band of amide I (C=0) at
1652 cm~1, amide I (C-N-H) group at 1550 cm~! and of carboxylic
group at 1717 cm™1.

By using various amounts of Jeff ED-600 or ED-2003 differ-
ent hydrogels were obtained whose characteristics are presented
in Table 1. By increasing the Jeff ratio, the ion exchange capac-
ity of CMP decreases; the amount of uncrosslinked NH, groups,
determined from acid orange retention (expressed as meq acid
orange/g support) is relatively low and decreases as molar ratio
of Jeff increases.

Thermogravimetric analyses of the synthesized supports showed
a higher thermal stability of the samples more crosslinked (either
with Jeff ED-600 or ED-2003), than that of the samples less
crosslinked (Fig. 1). The TG curves of the gels are wide and show
that the weight loss occurs in more than one step. Water loss occurs
up to 100°C; an important weight loss begins after 200°C, with
a sharper slope for less crosslinked gels. At about 400 °C, around
90% from less crosslinked gels are degraded, while for the more
crosslinked ones the same degradation level occurs at about 500 °C.

The swelling of the hydrogels in various media and different
temperatures was studied, to appreciate their thermoresponsive
character. As can be seen from the data presented in Fig. 2a, the
hydrophilicity of the hydrogels decreases with increasing of the
ratio of crosslinking agent used; the hydrogels obtained using
Jeff ED-600 as crosslinking agent are more hydrophilic as those
using Jeff ED-2003 as crosslinking agent. In NaCl 0.1 M solution,
all hydrogels are in collapsed state, due to the screening effect of
the salts on the ionic charges of CMP conjugates. With tempera-
ture increase, the hydrogels behave differently: those crosslinked
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Scheme 1. Chemical structure of Jeffamine-crosslinked hydrogel microparticles.
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Fig. 1. TG curves of the carboxymethylpullulan-Jeff hydrogels.

with Jeff ED-600 in molar ratio <1.3/1 and those crosslinked
with Jeff ED-2003 in molar ratio >1.3/1 swell to a greater extent.
This behavior is specific for positive temperature sensitive hydro-
gels (that show swelling at high temperature and shrinking at
low temperature), mentioned in literature for copolymers hav-
ing both hydrophilic, ionic and hydrophobic units (Ankareddi &
Brazel, 2007); the swelling/shrinking behaviors of the hydrogels
are strongly influenced by the hydrophobic or hydrophilic nature of
the comonomers (Gutowska, Bae, & Kim, 1992). Probably, the num-
ber of layers of water molecules around the acidic groups increases,
as temperature rises, as mentioned in literature for NIPAM copoly-
mers in the presence of surfactants containing -0-SO3~ groups

Table 1
Reaction conditions and physico-chemical characteristics of obtained hydrogels.

(Caykara, Kiper, & Demirel, 2006). The samples JR(600):2.5 and
JR(2003):0.7 behave as negative temperature sensitive hydrogels;
the temperature increase is accompanied by the reinforcement
of the hydrophobic interactions between hydrophobic segments
and by the weakening of hydrogen bonding with water molecules,
which results in the shrinkage of the hydrogel, due to the hydropho-
bic intermolecular interactions. One can suppose that, for Jeff(600)
the hydrophobic interactions between Jeff units are reinforced as
temperature rise preponderantly at higher amounts of Jeff(600)
(namely 2.5), while for Jeff(2003), the hydrophobic interactions
manifest preponderantly at low Jeff(2003) content (namely 0.7);
higher Jeff(2003) amounts favors probably the increase in the
number of layers of water molecules, around POE units, as temper-
ature rise. Hence, the anionic hydrogels obtained using difunctional
Jeff as crosslinking agents present thermosensitive properties; the
negative or positive character of the thermoresponsivity is influ-
enced by the nature and ratio of Jeff used, by the balance between
hydrophobic or hydrophilic units of the macromolecular network.

Thermosensitive character of the crosslinked hydrogels was
evidenced also through absorbance measurements (at 400 nm
wavelength) as temperature variation (Fig. 3). The samples
JR(600):2.5 and JR(2003):0.7 presented an absorbance increase
with temperature (in the domain 20-40°C), while, for the other
samples the absorbance increased after 50°C. These results con-
firm those concerning the temperature influence on the swelling
of the hydrogels, presented above.

pH-sensitive hydrogels contain pendant anionic (carboxylic acid,
sulfonic acid) or cationic (ammonium salts) groups that change
protons as a function of the environmental pH. The presence of ion-
izable groups on the polymer chain determines swelling/shrinkage
of the hydrogels, due to the electrostatic interactions, as a function
of pH, ionic strength and type of counterions. Thus, the hydrogels
containing weakly acidic carboxylic groups are shrunk in acidic

Sample Jeffamine mol Jeff/G.U. Ion exchange capacity (meq/g) DS? with ionic groups meq acid orange/g support DSjefr
CMP linear - - 3.31 0.72 - -
JR(600): 0.7 ED-600 0.7/1 3.07 0.67 0.096 0.05
JR(600): 1.3 ED-600 1.3/1 2.57 0.56 0.04 0.16
JR(600): 2.5 ED-600 2.5/1 2.20 0.48 0.03 0.24
JR(2003):0.7 ED-2003 0.71 2.20 0.48 0.06 0.24
JR(2003):1.3 ED-2003 1.3/1 1.84 0.40 0.03 0.32
JR(2003):2.5 ED-2003 25/1 1.47 0.32 0.014 0.40

2 Degree of substitution.
b Glucopyranosic unit.
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Fig. 3. Absorbance variation as temperature increase; (a) hydrogels of Jeff2003 [in inset is presented Jeff2003 variation as temperature function]; (b) hydrogels of Jeff600.

pH (unionized anionic group) and swollen in basic pH, where the
ionized acidic groups determine electrostatic repulsions (Taleb,
Samia, Nabil, & hegazy, 2007). This behavior as polyelectrolyte is
important in controlled drug release for oral administration. The
pH-sensitivity of the hydrogels, assured by the presence of anionic
groups, is evidenced through the variation of microparticle volume
in acidic, respectively basic media. In acidic pH, the microparticles
containing carboxylic group are in a collapsed state, as mentioned
in literature (Dong & Hoffman, 1991), while in enteric solutions (pH
6.8-7.2) they are swollen (Fig. 2b).

The amphiphilic character of the hydrogels was evidenced
through retention of dyes hydrophobic (Rose Bengal) (Gigimol
& Mathew, 2003) and amphiphilic (Brilliant blue) (Dulong et al.,
2006). All hydrogels retain the studied dyes. Their retention,
presented in Fig. 4 is inversely towards the ratios of Jeff used

50,
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S b )
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Fig. 4. Dyes retention (hydrophobic - Rose Bengal and amphiphilic - Brilliant Blue)
on the Jeff hydrogels.

for crosslinking, but directly proportional with the amount of
uncrosslinked Jeff units, expressed as meq. AO retained. Based on
these results, one can suppose that the associative character is not
only provided both by the crosslinked Jeff units, but also by the
uncrosslinked ones.

3.2. Interaction with biomolecules

Lutein (3,3'-dihydroxy-f-e-carotene) is a carotenoid present in
fruits and vegetables with antioxidant function such as quench-
ing of singlet oxygen or other electronically excited molecules and
reduces the progress of many degenerative diseases (Di Mascio,
Kaiser, & Sies, 1989). Lutein possesses pronounced free radical scav-
enging activity due to its polarity and number of conjugated double
bonds (Scheme 2) (Sindhu, Preethi, & Kuttan, 2010).

The antioxidant activity of carotenoids is conferred by the
hydrophobic chain of polyene units that can quench singlet oxygen,
neutralize sulphenyl radicals and stabilize peroxyl radicals (Palace,
Khaper, Qin, & Singal, 1999).

Commonly, in fruits and vegetables the antioxidants (ascorbic
acid, carotenoids) exist in nature in combination, and in combina-
tion they certainly cooperate on total antioxidant activity. In the
paper the retention of the lutein on the obtained supports was
studied; due to its hydrophobic character, lutein will be retained
preponderantly through hydrophobic forces. Our studies estab-
lished that lutein is retained gradually, in time; the samples less
crosslinked JR(600): 0.7 and JR(2003): 0.7 retain faster, higher
amounts of lutein (Fig. 5). They are more hydrophilic, being less
crosslinked, hence, the diffusion process of the biomolecule will be
facilitated. They also possess higher amounts of uncrosslinked Jeff
units, which probably influence the retention through hydrophobic
forces.
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Scheme 2. Structure of lutein.

The antioxidant activity of lutein, comparatively with that of
ascorbic acid was determined; the scavenging effect of lutein
(which is a measure of its antioxidant activity) is smaller (but
still important) than that of ascorbic acid (Fig. 6), as was
reported otherwise in literature (Kotikova, Lachman, Hejtmankova,
& Hejtmankova, 2011). The lutein retained on the studied sup-
ports presents antioxidant activity, as can be seen from the data
presented in Fig. 6. The scavenging effect of the released lutein
is lower than that of lutein substance due to the gradual release
of the biomolecule retained on the supports. This behavior can be
important in the potential use of the supports for controlled drug
delivery.
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Fig. 5. Lutein retention on the Jeff hydrogels; the values are the mean of three
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Fig. 6. Scavenging effect of ascorbic acid, lutein and Jeff hydrogels containing lutein;
the values are the mean of three independent measurements that deviated: 2-4%.

Lysozyme is a small, globular, basic protein with an isoelec-
tric point of ~11 and Mw=14,600. It evidences antimicrobial
activity and can be used in the treatment of ulcer, viral infections
and skin diseases. Due to its basic character, it is retained on the
supports containing anionic groups through electrostatic interac-
tions, by inter-polyelectrolyte complex formation; the presence of
hydrophobic groups on the same support may improve the inter-
action with proteins through a cooperative effect.

Lysozyme is retained on the supports in amounts that depend
on the nature and amount of Jeff used for crosslinking. The less
crosslinked hydrogels retain higher amounts of lysozyme; to this
behavior contribute many factors: (i) the higher water swelling,
which facilitates the access of the protein inside hydrogel; (ii) the
higher ion exchange capacity, which determines a higher protein
retention through electrostatic forces; (iii) the higher amount of
hydrophobic uncrosslinked Jeff units, which favors protein reten-
tion through hydrophobic forces (Fig. 7a).

The enzymatic activity of the lysozyme immobilized on synthe-
sized supports was also investigated. Decrease in the absorbance
(increase of the 1/A ratio) of the substrate solution as time function
(which is proportional with the enzymatic activity) proves that the
lysozyme immobilized on supports manifests lytic activity towards
M. Lysodeikticus (Fig. 7b). The rate of the enzymatic process depends
on the access of the substrate to the immobilized lysozyme. The
enzymatic process occurs with the enzyme in immobilized state,
an assertion based on the fact that, in a 0.067 M phosphate solution
(used to determine the enzymatic activity), no release of lysozyme
was obtained. Interpolyelectrolyte complex formation due to the
lysozyme binding occurs with shrinkage of the hydrogel volume;
as aresult, the access of the substrate to the immobilized lysozyme
will depend rather on the degree of the collapsing of the complex,
than on the hydrophilicity of the initial support. The enzymatic pro-
cess of the lysozyme itself on M. Lysodeikticus occurs with a higher
rate in the first time and then is slowed as enzyme consumption.
The use of the enzyme in immobilized state provides significant
advantages; besides improvement of chemical and storage stabil-
ity, a controlled release of the enzymatic activity by an appropriate
choice of the support can be achieved.

The lysozyme retained on the hydrogels preserves its enzymatic
activity; this behavior has been established through determi-
nations of specific activity of the lysozyme released from the
hydrogels in NaCl 0.1N solutions. The specific activity was
about 92,700 units/mg 4+ 10% (1 unit corresponds to the amount of
enzyme which decreases the absorbance at 450 nm by 0.001/min,
at pH 7.0, 25 °C, using a suspension of M. Lysodeikticus as substrate),
similar to that of the lysozyme taken into study.

Bovin serum albumin (BSA) is a protein with Mw =60,000
and isoelectric point of 4.7; studies on the retention of BSA on
PNIPAM-carboxymethyl interpenetrating cellulose polymeric net-
work revealed that its maximum absorption capacity was obtained
at pH 4.7 (Ekici, 2011). At its isoelectric point the protein solubility
in the aqueous media decreases; an acidic or basic medium causes
the protein to become positively or negatively charged, increasing
the solubility of the protein in the aqueous media. Therefore, lower
or higher pH values than isoelectric point resulted in decreased BSA
absorption onto the absorbent. BSA absorption can be influenced
by several factors: hydrophobic binding arises from hydrophobic
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groups of absorbent and protein molecules, hydrophilic interac-
tions between absorbent and protein molecules. This implies that
binding of BSA to the hydrogel absorbent was dependent upon
the cooperative effects of hydrophobic and hydrophilic interac-
tions. The data presented in Fig. 8 show that BSA is retained on
the hydrogels in smaller amounts than lysozyme (its molecular
weight is higher); the less crosslinked hydrogels, more hydrophilic,
with more uncrosslinked Jeff units retain higher BSA amounts. Its
retention can be the result of many accumulative effects, for exam-
ple, hydrophobic interactions, hydrogen bonds, electrostatic forces
(Hou, Liu, Deng, Zhang, & Yan, 2007).

4. Conclusions

The paper presents the synthesis of new microparticles obtained
through crosslinking of carboxymethylpullulan with two difunc-
tional Jeffamines; physico-chemical characterization of these
hydrogels revealed their thermosensitive, associative, and poly-
electrolyte behavior. Their interaction with some biomolecules
(antioxidant: lutein; proteins: lysozyme, BSA) was studied with the
aim to appreciate potential application domains. Further studies,
devoted to the in vivo behavior and efficiency of these new sup-
ports are under development for providing additional data on the
conditions and performance in the retention/release of biologically
active substances.
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