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In this  work  we  investigate  the  effect  of  spherical  and  rod-shaped  Au  nanoparticles  (NPs)  in  the
microstructure,  thermomechanical  and  release  properties  of  thermosensitive  �-carrageenan  hydrogels.
Thermal  and  mechanical  analyses  of the composites  revealed  that  the  Au  NPs  reinforce  the  structure  of the
hydrogel  and  the mechanism  of  gel  reinforcement  is  discussed.  The  effect  of  the NPs  on  the  microstructure
and  strength  of the  hydrogel  had  implications  in the  mechanism  of  controlled  release  as  demonstrated
eywords:
arrageenan
ydrogels
old nanoparticles
anorods
welling

by  in vitro  release  studies  using  a drug  model  (methylene  blue:  MB).  Noteworthy,  the  mechanism  of
MB  release  followed  either  a diffusion  or polymer  relaxation  mechanism,  depending  on  the  morphology
of  the  Au  NPs  incorporated  in  the hydrogel.  Consequently,  �-carrageenan  hydrogels  containing  Au NPs
exhibited  not  only  optical  features  modulated  by the  fillers  morphology,  but also  showed  a behavior  as
drug carriers  that can  be  also  adjusted  by  Au  NPs  characteristics.
rug release

. Introduction

Hydrogels derived from natural occurring polysaccharides are
igh-water content polymeric materials that possess a number
f characteristics (e.g. high hydrophilicity, biocompatibility, avail-
ble reactive site for biofunctionalization) favorable for biomedical
pplications such as drug delivery (Bhattarai, Gunn, & Zhang, 2010;
ain, Gupta, & Jain, 2007; Trindade & Daniel-da-Silva, 2011). The
ncorporation of inorganic nanoparticles imparts novel function-
lities to the hydrogels and is an emerging strategy to design
unctional materials for multi-task applications, including imag-
ng, sensing and diagnostic in addition to drug delivery (Satarkar,
iswal, & Hilt, 2010; Timko, Dvir, & Kohane, 2010; Trindade &
aniel-da-Silva, 2011).

The introduction of gold nanoparticles (NPs) into hydrogels
esults in materials with light responsiveness (Choi et al., 2011;
uo et al., 2010; Matteini et al., 2010) which is a valuable property

or specific bio-applications. For example, gold chitosan and algi-
ate nanocomposites have shown good results as glucose sensing
latforms (Du, Luo, Xu, & Chen, 2007; Lim, Lee, & Park, 2010) while
hitosan/Au nanocomposites have been investigated for applica-
ions as light activated bioadhesives (Matteini et al., 2010) and drug

elease nanocarriers (Choi et al., 2011; Guo et al., 2010). The optical
eatures of the nanocomposites are due to the surface plasmon res-
nance (SPR) effect of Au NPs. The SPR band is sensitive to several
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parameters including the size and shape of Au NPs (Sharma, Park,
& Srinivasarao, 2009). Although nanospheres (NSs) of Au show the
SPR in the visible, for some therapeutic applications it is conve-
nient to shift the optical absorption into the near-infrared (NIR)
window where absorption of body tissues is minimal. This can be
achieved by using anisotropic nanoparticles such as Au nanorods
(NRs) instead of nanospheres. The fine tuning of the Au NRs aspect
ratio allows the shift of the SPR band of the longitudinal mode to the
NIR spectral region. As a result of this optical control the interest in
Au NRs for several bio-applications has increased (Stone, Jackson,
& Wright, 2011).

Carrageenan comprises a family of linear water-soluble sul-
fated polysaccharides extracted from red seaweeds. Due to their
biocompatibility and ability to form thermoreversible hydro-
gels, carrageenan has been extensively used as gelling agent in
food and pharmaceutical industries (Stephen, Philips, & Williams,
1995). Within the carrageenan family, �-carrageenan originates the
strongest gels and, hence, in the last decade this biopolymer has
been investigated as a carrier for controlled drug release (Daniel-
da-Silva, Ferreira, Gil, & Trindade, 2011; Daniel-da-Silva et al., 2012;
Keppeler, Ellis, & Jacquier, 2009; Leong et al., 2011; Santo et al.,
2009). Our recent studies on �-carrageenan/Fe3O4 nanocompos-
ites have revealed that the addition of Fe3O4 NPs as nanofillers not
only confers magnetic properties to the resulting nanocomposites
(Daniel-da-Silva et al., 2007), but can also be used for tailoring the

release profile of encapsulated molecules (Daniel-da-Silva et al.,
2012).

To the best of our knowledge, the use of �-carrageenan for
preparing optically active carriers upon the incorporation of Au

dx.doi.org/10.1016/j.carbpol.2012.08.004
http://www.sciencedirect.com/science/journal/01448617
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Ps is an unexplored strategy. Moreover, the effect of Au NPs with
ariable morphology upon the thermomechanical properties of the
ydrogels has not been reported, despite its relevance for drug
elease applications.

In this work we investigate the role of Au NPs with vari-
ble shape (spherical and rod-shaped) on the microstructure,
el strength and release properties of �-carrageenan hydrogels.
elected hydrogel nanocomposites were tested for the release of
ethylene blue as drug model in in vitro physiological conditions

o assess the effect of the nanophases on the kinetics and release
echanism. These systems, due to their optical features, are of par-

icular interest because remotely controlled light triggered drug
elease may  be envisaged, which is an advantage for non-invasive
linical applications.

. Materials and methods

.1. Materials

�-Carrageenan (300.000 g/mol Fluka Chemie), potassium
hloride (KCl) (>99%, Sigma–Aldrich), phosphate buffered
aline (PBS) (pH 7.4, Sigma–Aldrich), sodium azide (NaN3)
99%, Sigma–Aldrich), hexadecyltrimethylammoniumbromide
CTAB, 98%, Sigma–Aldrich), benzyldimethylammoniumchloride
BDAC, 98%, Sigma–Aldrich), l-ascorbic acid (Sigma–Aldrich),
etrachloroauric acid (HAuCl4·3H2O) (99.9%, Sigma–Aldrich),
risodium citrate dihydrated (HOC(COONa)(CH2COONa)2·2H2O)
99%, Sigma–Aldrich), AgNO3 (99.9%, J.M. Vaz Pereira), NaBH4
95%, Riedel-de Haën) were used as received without any further
urification.

.2. Synthesis of Au nanospheres

Gold NPs with spherical morphology (hereafter named as
anospheres: NSs) were prepared by reduction of a gold(III) com-
lex using sodium citrate as reducing agent, a method introduced
y Turkevitch, Stevenson, and Hillier (1951).  Typically 5.64 mL  of an
queous solution of sodium citrate (96.8 mM)  was  added to 95.5 ml
f a HAuCl4 aqueous solution (0.75 mM)  at 80 ◦C, under vigorous
tirring, and allowed to react over 1 h. The resulting aqueous Au col-
oid exhibited a deep red color and showed the characteristic SPR
and centered at 520 nm in the optical spectrum (Fig. 1a) (Daniel &
struc, 2004). The average particle size for Au nanospheres was

ound to be 10 ± 2 nm as determined by transmission electron
icroscopy (Fig. 1a). After synthesis the resulting suspension was

entrifuged (14,000 rpm for 10 min) and re-dispersed in ultrapure
ater in order to double and triplicate the original Au NSs concen-

ration.

.3. Synthesis of Au nanorods

Gold nanorods (NRs) were synthesized by standard protocols
ased on the seed mediated growth method (Nikoobakht & El-
ayed, 2003). The seed solution was prepared upon the mixture
f an aqueous solution of CTAB (5 mL,  0.20 M)  with HAuCl4 (5 mL,
.5 mM).  Then 0.6 mL  of ice-cold NaBH4 (0.01 M)  was  added drop
ise and vigorously stirred for 2 min. This process resulted in the

ormation of a brownish yellow solution. The seed solution was kept
t 25 ◦C and used to grow two colloidal samples of Au NRs charac-
erized by a longitudinal optical mode with absorption peaked at
00 nm and 1350 nm,  respectively.

Growth of Au NRs (800 nm): An aqueous CTAB solution (5 mL,

.20 M)  was mixed with 0.25 mL  of AgNO3 aqueous solution (4 mM)
t 25 ◦C and added to 5 mL  of HAuCl4 (1 mM)  and this mixture was
ently stirred, after which 70 �L of ascorbic acid (78.8 mM)  was
dded. The solution changed from dark yellow to colorless after
Polymers 91 (2013) 100– 109 101

the addition of ascorbic acid and then 12 �L of the seed solution
was added. The resulting solution was  kept at 28 ± 1 ◦C for 1 h with
gentle mixing, presenting a pink color at the end.

Growth of Au NRs (1350 nm): A binary surfactant aqueous mix-
ture of CTAB (0.01 g) and BDAC (5 mL,  0.15 M)  was  prepared by
sonication (20 min  at 40 ◦C). This solution was  mixed with 200 �L
of AgNO3 solution (4 mM),  followed by the addition of 5 mL  of
HAuCl4 (1 mM)  upon gentle mixing, after which 70 �L of ascorbic
acid (78.8 mM)  was added under mild stirring. The final step con-
sisted in the addition of 12 �L of the seed solution. The resulting
solution was aged for 7 days at 25 ◦C.

Prior to nanocomposites preparation, the as prepared Au NRs
dispersions (10 mL)  were centrifuged (14,000 rpm for 10 min)
to remove excess CTAB and the precipitated was re-dispersed
in an equal volume of ultrapure water. This procedure was
repeated twice. The resulting suspension was re-centrifuged and
re-dispersed in ultrapure water in order to double and triplicate
the original Au NRs concentration.

The dimensions and aspect ratio of the NRs were estimated from
direct measurement using the respective STEM images (Table 1).
Two batches of Au NRs with aspect ratios of 3.8 ± 0.8 and 11.8 ± 1.0
whose longitudinal SPR bands were centered respectively at
790 nm and 1350 nm (Fig. 1b and c) have been prepared. Hereafter
these NRs are designated by short and long NRs respectively.

2.4. Preparation of carrageenan nanocomposites

The �-carrageenan nanocomposites were prepared using Au NSs
and NRs of distinct aspect ratios as the nanofillers. The nanocom-
posites were prepared by blending the nanoparticles with the
polymer matrix as follows. A suspension of Au NPs (2.5 mL)  was
added to 25 mL  of a 40 g/L �-carrageenan solution under mag-
netic stirring, at 80 ◦C, followed by the addition of 2.5 mL  of KCl
1 M to promote the gelation of �-carrageenan and stirring. After-
wards 2.5 mL  of the composite was  transferred to a cylindrical glass
vial (Ø 17 mm)  and allowed to cool down to room temperature to
induce gelation of the composite. Hydrogel composites containing
240, 480 and 720 ppm Au NPs concentration (based on polymer
content) were obtained. The gel samples were frozen at −5 ◦C for
24 h and lyophilized. The final freeze dried discs had approximately
15 mm diameter and 8 mm thickness.

2.5. Materials characterization

Visible–near infrared (Vis–NIR) spectrophotometry: The optical
properties of Au NPs and carrageenan/Au nanocomposites were
investigated by VIS–NIR analysis of aliquots of the samples. The
absorption spectra were recorded using a Jasco V 560 UV–VIS spec-
trophotometer and a Shimadzu UV–VIS–NIR-3100 instrument.

Electron microscopy: Scanning electron microscopy (SEM) analy-
sis of lyophilized blank hydrogel and carrageenan nanocomposites
was performed using a scanning electron microscope Hitachi SU-
70 at an accelerating voltage of 15 kV, using carbon sputtered
samples. SEM analysis of Au nanorods was  performed in transmis-
sion mode (STEM) using the same equipment at an accelerating
voltage of 30 kV. Transmission electron microscopy (TEM) of Au
nanospheres was performed using a transmission electron micro-
scope JEOL 200CX operating at 300 kV. Samples for STEM and TEM
analysis were prepared by evaporating dilute suspensions of the
nanoparticles on a copper grid coated with an amorphous carbon
film.

Differential scanning calorimetry (DSC): The gel–sol transitions

of �-carrageenan hydrogels were determined by DSC using a Shi-
madzu DSC-50 calorimeter. 30 �L aluminum pans were used with
sample masses of ca. 25 mg.  Hydrogel samples were heated from
25 ◦C to 80 ◦C at 2 ◦C min−1. An empty pan was  used as reference.
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Fig. 1. (a) TEM image of Au nanospheres and STEM images of (b) short and (c) long Au nanorods and respective Vis–NIR spectra (right side).
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Table  1
Average dimensions, aspect ratio and zeta potential (�) of Au nanoparticles.

Au NPs ∅ (nm) Length (nm) Thickness (nm) Aspect ratio � (mV) (pH at 25 ◦C)
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Spheres 10 ± 2 – 

Short  rods – 33 ± 6 

Long  rods – 77 ± 17 

Zeta potential measurements: The surface charge of the Au NPs
as assessed by zeta potential measurements, using a Zetasizer
anoseries instrument from Malvern Instruments (UK).

Dynamic mechanical analysis (DMA): The DMA  measurements
f blank hydrogel and carrageenan nanocomposites were per-
ormed on a Tritec 2000 DMA  dynamic mechanical analyser (Triton
echnology Ltd., UK). The hydrogels were clamped between a
arallel-plate compression clamp and an oscillatory deformation
ith amplitude of 10 �m and a frequency of 1 Hz was applied at

arious static forces ranging from 0.1 to 0.5 N. The elastic modu-
us was calculated from extrapolation of experimental data toward
ero compression conditions as described elsewhere (Meyvis et al.,
002). DMA measurements were performed in triplicate.

.6. Swelling studies

The swelling measurements were carried out by immersion of
yophilized hydrogel discs in PBS 0.01 M pH 7.4 at 37 ◦C. At the
equired intervals of time, the samples were removed from the
olution and wiped with filter paper to remove the excess of water
efore being weighted. The swelling ratio (Q) was  calculated from
q. (1)

 = Ws − Wd

Wd
(1)

here Wd and Ws are the weight of the lyophilized and swollen
el, respectively. The equilibrium swelling ratio (Qequil) was  deter-
ined at the point the hydrated gels achieved a constant weight

alue. The swelling measurements were performed in triplicate.

.7. In vitro MB  release studies

Methylene blue (MB) was used as a drug model and was loaded
uring the stage of the preparation of the nanocomposites as
escribed above. MB  has been used as a drug model namely because

t is a water-soluble dye that allows an immediate visual inspection
f the test.

The release experiments were performed in a thermostatic
rbital shaker KS 4000I Control from IKA at 37 ◦C and 120 rpm. A
yophilized disc was introduced in a glass beaker containing 50 mL
BS 0.01 M pH 7.4 and 0.05% (w/v) sodium azide as preserving
gent. After predetermined intervals, 1.0 mL  of the release medium
as drawn and analyzed by UV–Vis spectroscopy (� = 663 nm)  to
etermine the amount of MB  released at each time point and
eplaced by 1 mL  of fresh PBS to maintain the original volume. Prior
o UV–Vis analysis the aliquot was diluted into KCl 1 M (dilution
atio 1:6) to ensure that the MB  released did not interact with �-
arrageenan (Soedjak, 1994). The effectiveness of the dilution on
reventing these interactions was previously confirmed (Daniel-
a-Silva et al., 2012). The cumulative released fraction at time t
mt/m0) was calculated using Eq. (2)

mt = 50 × Cn +
∑n−1

i=0 Ci (2)

m0 m0

here mt is the cumulative mass of MB  released at time t, m0 is the
riginal mass of MB  loaded, Ci is the mass concentration of MB  (per
l)  of the aliquot, Cn is the mass concentration of MB  (per ml)  of
– −40.1 ± 0.8 (pH 6.8)
1 3.8 ± 0.8 43.2 ± 0.3 (pH 5.8)
1 11.8 ± 1.0 70.7 ± 6.1 (pH 4.2)

the aliquot at time t and n is the total number of aliquots extracted
until time t. The release experiments were performed in triplicate.

3. Results and discussion

3.1. Optical properties of �-carrageenan nanocomposites

Gold nanospheres (NSs) and, gold nanorods (NRs) of various
aspect ratios, have been synthesized and used as dispersed phases
in �-carrageenan nanocomposites. Nanocomposites were prepared
by homogeneous dispersion of Au NPs within a �-carrageenan
aqueous solution, followed by gelation of the mixture upon the
addition of K+ ions that act as chain cross-linkers via electrostatic
interactions.

The visible spectra of the composite hydrogels (Fig. 2a) show as
main absorption features the SPR bands characteristic of the col-
loids employed in their preparation. In particular, the spectra of
the hydrogels containing Au NRs (Fig. 2b and c) display the two
absorption bands from the Au NRs used as starting materials. The
longitudinal surface plasmon resonance (LSPR) band maximum
was blue shifted from 790 nm to 750–770 nm in the composites
with short NRs, depending on the NRs content, and from 1350 nm
to ca. 1160 nm in the composites prepared with long Au NRs. A
small blue shift of the LSPR band (ca. 7 nm)  of Au NRs in alginate
composites as compared to the original Au NR colloid has been pre-
viously reported (Mitamura, Imae, Saito, & Takai, 2008). The change
in the refractive index of the medium surrounding the Au NRs aris-
ing from the presence of polysaccharide molecules as compared to
the original hydrosol was advanced as a possible explanation for
this slight shift. However the LSPR blue-shift observed here is sig-
nificantly higher (��= 20–40 nm and ��  = 190 nm for composites
with short and long Au NRs respectively) and may be also indica-
tive of side-by-side assembly of the nanorods in the carrageenan
matrix (Sun et al., 2008). Au NRs are stabilized with cationic CTAB
which forms a bilayer on the surface of NRs (Nikoobakht & El-
Sayed, 2001) and makes their surface positively charged. It is known
that the CTAB bilayer is more ordered on the smooth side surface
of the NRs than at the curved ends. Moreover the gelation of �-
carrageenan consists in a two  step mechanism that involves first
the formation of rod shaped carrageenan double helical conforma-
tion with an average length of the same order of magnitude than Au
NRs (Borgström, Picullel, Viebke, & Talmon, 1996) followed by the
parallel aggregation of these helices (Stephen et al., 1995). Thus it
may  be expected that Au NRs will preferentially align parallel to �-
carrageenan helices due to electrostatic interactions between CTAB
and �-carrageenan molecules. The association of the helices during
the gelation of �-carrageenan will in principle favor the side-by-
side assembly of the NRs instead of the end-to-end assembly, which
in this case would result in the red-shift of the LSPR maximum band
(Sun et al., 2008).

3.2. Microstructure and mechanical properties of hydrogel
nanocomposites
With the aim of investigating the effect of Au nanoparticles
on the viscoelastic properties of the hydrogel network, the elastic
modulus (E′) of the hydrogels was assessed by DMA  measurements



104 A.M. Salgueiro et al. / Carbohydrate Polymers 91 (2013) 100– 109

Fig. 2. Absorption spectra of �-carrageenan/Au hydrogel nanocomposites prepared
with (a) Au nanospheres and (b) short and (c) long Au nanorods. Blank hydrogel
(line), 240 ppm Au (- - -); 480 ppm Au (. . ..  . .) and 720 ppm Au (. . . - . . .).

Table 2
Elastic modulus (E′) of Au/carrageenan nanocomposites calculated from DMA  com-
pression mode experiments.

E′ (kPa)

Blank hydrogel 147.0 ± 11.2

Au  nanocomposites Au NSs Short NRs Long NRs

240 ppm 191.8 ± 12.1 182.2 ± 33.7 233.7 ± 16.2
480  ppm 216.4 ± 18.3 174.5 ± 32.3 216.8 ± 18.8

720  ppm 209.3 ± 20.1 192.5 ± 29.3 236.7 ± 23.4

(Table 2). Overall the nanocomposites exhibit higher E′ values than
the blank hydrogel (�-carrageenan crosslinked with K+ ions).

The enhancement of the elastic moduli in the composites indi-
cates that the presence of Au NPs, either nanospheres or nanorods,
promotes the formation of stronger �-carrageenan hydrogels.
However, and as discussed below, we  propose that this effect
originates in distinct types of interactions depending on the sur-
face chemistry of the fillers employed. As previously mentioned,
the formation of �-carrageenan gel network involves the side-by-
side aggregation of helical conformations of polymer chains and
is promoted by cations such as K+ ions (Stephen et al., 1995).
Au NSs are colloidal stable because surface chemisorbed citrate
ions imparts a net negative charge to the particles causing elec-
trostatic repulsion. This was further confirmed by zeta potential
measurements (−40.1 ± 0.8 mV,  Table 1) performed on the aque-
ous Au colloids. The repulsive electrostatic interactions between
the negatively charged Au nanospheres and the sulphate groups of
�-carrageenan would in principle disfavor the association of car-
rageenan chains and thus originate weaker gels. Since the opposite
effect was  observed, a possible explanation may  rely on the adsorp-
tion of K+ ions at the negatively charged surface of the Au NSs. This
would result in an increase of K+ counterions around Au NSs due
to electrostatic interactions, which are surrounded by carrageenan
molecules, and promote more extensive biopolymer helical aggre-
gation, thus resulting in the formation of stronger �-carrageenan
gels in the presence of Au NSs, as observed. A similar mechanism has
been proposed to explain the formation of stronger �-carrageenan
gels in the presence of negatively surface charged Fe3O4 nanopar-
ticles (Daniel-da-Silva et al., 2008).

The zeta potential of the Au NRs was found to be 43.2 ± 0.3 mV
and 70.7 ± 6.1 mV  (Table 1) for low and high aspect ratios respec-
tively, consistent with the presence of a bilayer of positively
charged ammonium surfactant molecules (CTAB) at the surface of
the nanorods (Nikoobakht & El-Sayed, 2001). Conversely to the Au
NSs discussed above, the NRs have positive surface charge and thus
a possible explanation for the increase of E′ in these composites
relies on the aggregation of carrageenan chains due to electrostatic
interactions between the sulfate groups of �-carrageenan and the
positively charged CTAB molecules. This is in agreement with pre-
vious findings reporting the shrinkage of �-carrageenan micro- and
nanospheres in the presence of CTAB due to electrostatic inter-
actions between CTAB and �-carrageenan (Daniel-da-Silva et al.,
2011; Ellis, Keppeler, & Jacquier, 2009). BDAC surfactant molecules
that exist at the surface of the long NRs were found to promote a
similar effect on �-carrageenan spheres (Ellis et al., 2009). These
electrostatic interactions and the hydrophobic alkyl chain of CTAB
and BDAC force the carrageenan strands close together (Ellis et al.,
2009), hence leading to denser polymeric networks whose E′ val-
ues are higher than those of blank hydrogels. The incorporation of
long Au NRs resulted in hydrogels with the highest E′ values most
likely due to differences in the surface charge of these fillers. Long

Au NRs, because they are more positively charged than short NRs
may  originate stronger electrostatic interactions with carrageenan
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Fig. 3. DSC thermograms of �-carrageenan nanocomposites prepared with (a) Au
nanospheres and (b) short and (c) long Au nanorods. �-Carrageenan alone (line) and
composites with 240 ppm of Au NPs (full circle), 480 ppm (open circle) and 720 ppm
A.M. Salgueiro et al. / Carbohy

olecules and thus leading to denser polymer network than in
ydrogels containing short NRs.

Further insight into the structure of the gel network was
btained by DSC measurements. The DSC thermograms of �-
arrageenan hydrogel and nanocomposites (Fig. 3) show a broad
ndothermic peak that corresponds to the melting (gel-to-sol tran-
ition) of the hydrogel. The values of the melting temperature (Tm),
efined here as the temperature of the main peak, are included

n Table S1 of supplementary data. For the blank �-carrageenan
ydrogel the peak is centered at about 47 ◦C. As a consequence of

ncorporating Au NPs in the hydrogel, the peak shifted to higher
emperatures. Adding Au NPs also originates an increase of the area
f the endothermic peak, which is directly related to the enthalpy
f the melting process (�Hm). The values of �Hm are included in
able S1 of supplementary material.

The mechanism of melting of �-carrageenan hydrogels is known
o involve the breaking up of aggregates of double helical confor-

ations which act as physical junctions in the gel (Stephen et al.,
995). The increase of Tm and �Hm might be explained by the
einforcement of the gel structure by the Au NPs, delaying the gel
ollapse. These results seem to confirm that the Au NPs promote
he reinforcement of the �-carrageenan gels structure, in agree-

ent with the enhancement of the elastic moduli observed by
MA  and as discussed above. From the analysis of the DSC thermo-
rams (Fig. 3 and Table S1)  arises that, for equivalent Au content,
he hydrogels containing Au NSs undergo melting at higher tem-
erature than those containing anisotropic Au NRs. Also, it may  be
bserved that the thermograms of the hydrogels containing Au NSs
how one main broad peak. In opposition, the thermograms of the
ydrogels containing Au NRs show several subpeaks at tempera-
ures lower and higher than the main peak. These observations are
n line with previous works (Daniel-da-Silva et al., 2011; Iijima,
atakeyama, Takahashi, & Hatakeyama, 2007) and suggest that
arrageenan helices and aggregates having various sizes and thus
ndergoing melting at different temperatures, might be present in
he hydrogels containing Au NRs rendering the gel network less
omogeneous than in �-carrageenan alone and the composites
ith Au NSs.

The SEM images of lyophilized hydrogels are shown in Fig. 4.
hese images show that the structural changes induced in the gel
pon the addition of Au NPs are realized at a microscopic level.
he blank hydrogel shows a continuous structure comprising poly-
er  flakes and irregular pores with high interconnectivity (Fig. 4a).

he polymer flakes become larger upon the addition of Au NSs
Fig. 4b) which is consistent with an extended association of car-
ageenan helices promoted by these NPs. Hydrogels containing Au
Rs show polymer flakes having variable dimensions (Fig. 4c and
). These images are consistent with DSC results and corroborate
hat the introduction of anisotropic Au NRs originates a less homo-
eneous microstructure with helices aggregates of various sizes.
his effect is illustrated in Fig. 5. Blank hydrogel (Fig. 5a) is com-
osed by smaller helical aggregates. When spherical Au NPs are
dded as dispersed phase (Fig. 5b), the carrageenan molecules are
ble to organize themselves evenly around the Au NPs, these pro-
oting the formation of larger and uniformly sized aggregates and

hus resulting in a more homogeneous gel microstructure than in
he Au NRs filled hydrogel (Fig. 5c).

.3. Swelling properties

The equilibrium swelling ratio (Qequil) of the blank �-
arrageenan hydrogel was 21.8 ± 1.8. Depending on the aspect ratio

nd content of the Au NPs, hydrogel composites achieved Qequil
quivalent to or higher than pure �-carrageenan (Fig. 6).

As previously demonstrated by DSC and DMA  measurements,
he composites have a reinforced polymeric structure as compared

(star).
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Fig. 4. SEM micrographs of lyophilized (a) blank hydrogel and nanocomposites containing (b) Au NSs, (c) short Au NRs and (d) long Au NRs at a concentration of 720 ppm
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white and black arrows indicate polymer flakes with large and small dimensions, r

o the neat hydrogel, thereby lower Qequil would be expected on the
asis of gel strength values. However, our recent work has shown
hat the swelling of �-carrageenan hydrogels containing Fe3O4
Ps depends on the balance between the viscoelastic properties
f the polymeric network and the charge of the nanocompos-
tes, both being affected by the incorporation of the nanofillers
Daniel-da-Silva et al., 2012). A similar effect might be expected
pon the addition of Au NPs and indeed the composite formu-

ations investigated here have exhibited in general Qequil higher
han the corresponding value for the blank hydrogel (Fig. 6). For
xample, the hydrogels filled with Au NSs exhibited higher Qequil
han �-carrageenan, despite having higher E′ than the blank hydro-
el. The increase of Qequil was more pronounced in the composites
ontaining 240 ppm NSs and can be attributed to the introduction
f charged Au NPs in the hydrogel. The immobilization of sur-
ace charged Au NPs within ionic hydrogels such as �-carrageenan
esults in an afflux of water to balance the osmotic pressure build-
p, which causes the hydrogel to swell. Further incorporation of
u NSs results in an additional strengthening of the polymer net-
ork, as observed by the increase of E′ of the hydrogels, (Table 2)
hich will exerts the opposite effect and restrict the swelling of

he hydrogels. Despite the high surface charge of the long Au NRs,
he corresponding composites swelled less than those filled with
Ss and swells similarly to the blank hydrogel, a behavior that
an be explained by the enhanced viscoelastic properties of these
omposites (Table 2).

.4. MB  release studies

Hydrogel nanocomposites with Au NPs content of 240 ppm
ere selected for in vitro MB  release studies. The amount of released

B was monitored by measuring the absorbance of the release
edium at 663 nm,  i.e. at the wavelength of maximum absorbance

or MB.  To limit the interaction of MB  molecules with the �-
arrageenan chains, KCl was added to the aliquots prior to UV/Vis
tively, in the hydrogels containing Au NRs).

analysis (Daniel-da-Silva et al., 2012). Fig. 7 displays the release pat-
terns of MB in PBS from �-carrageenan alone and composite discs.
The release profiles from the blank hydrogel and the composites
containing short NRs are similar. However, the latter shows a MB
release slightly faster in the first 2 h, most probably as consequence
of the electrostatic repulsions between the cationic surfactants at
the surface of the Au NRs and the MB  molecules. This effect seems
more pronounced for composites containing long NRs. After 5 h the
MB release from the composites with long Au NRs slows down sig-
nificantly, which could be attributed to the enhanced viscoelastic
properties of these composites. The release profile from the com-
posites containing Au NSs shows more marked differences. At an
initial stage, the release is slower than in the blank hydrogel and
then progresses to a more rapid release at later stage before lev-
eling, thus resulting in a sigmoidal profile. The concave-upward
profile is most likely due to the interaction between MB and Au
nanospheres. Methylene blue interacts strongly with gold nanopar-
ticles most probably by surface chemisorption via sulphur atoms
(Narband et al., 2009). Thus, a possible explanation is that the
diffusion of MB  molecules to the release medium is limited due
to chemisorption of MB  onto Au NSs located within the polymer
matrix. For example, the decrease of MB  release from polysiloxane
polymers due to the incorporation of gold NSs has been reported
(Perni et al., 2009). This sorption effect is not expected to occur
onto Au NRs due to the presence of the cationic surfactants at the
surface of these particles. The fast release of MB  at later stages
can be related to the high equilibrium swelling observed for com-
posites containing Au NSs (Fig. 7). This is in agreement with our
previous work dealing with the swelling and release properties of
�-carrageenan/Fe3O4 hydrogel nanocomposites (Daniel-da-Silva
et al., 2012). In this work it was observed a sigmoidal MB  release

profile for hydrogels showing high values of equilibrium swelling
ratio, hence indicating that the transport of the MB from the
matrix to the surrounding medium is facilitated in the swollen
matrix.
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Fig. 5. Schematic illustration of the �-carrageenan gel network of (a) blank hydrogel
and nanocomposites with (b) Au NSs and (c) Au NRs (dashed lines delimit aggre-
gates).

Fig. 6. Swelling ratio at equillibrium (Qequil) of unfilled �-carrageenan hydrogel and

Au  nanocomposites. Blank hydrogel (dashed line), nanospheres (•), short nanorods
(�)  and long nanorods (�).

With the aim of gaining insight into the release mechanism, the
experimental release data were fitted to the Ritger–Peppas model
for (mt/m∞) ≤ 0.6, a semi-empirical power law described by Eq. (3)

mt

m∞
= ktn (3)

where mt is the cumulative amount of drug released at time t, m∞ is
the cumulative amount of drug released at infinite time, k is a con-
stant incorporating structural and geometric characteristics of the
carrier and n is the release exponent indicative of the mechanism
of drug release that depends also of the geometry of the carrier
(Ritger & Peppas, 1987). For a radial diffusion from a cylindrical
carrier such as those used here, n takes the value of 0.45 when the
release is driven by pure drug diffusion (Fick’s law). When n = 0.89
the drug release rate is constant in time and corresponds to zero-
order release kinetics, also termed as case-II transport and the drug

release follows a polymer chain relaxation mechanism. The con-
stant k and the exponent n estimated for each system as well as
the corresponding coefficient of determination (R2) are listed in

Fig. 7. In vitro MB release profiles from the blank hydrogel and hydrogel nanocom-
posites containing Au nanoparticles at a concentration of 240 ppm.
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Table 3
Parameters k and n, as estimated from the application of the Ritger–Peppas model
to  the MB release data, and coefficient of determination (R2).

Sample k × 103 [min−n] n R2

Blank hydrogel 8.32 ± 0.92 0.74 ± 0.02 0.997
Au  composites NSs 0.13 ± 0.04 1.45 ± 0.06 0.991
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240 ppm Short NRs 19.86 ± 2.19 0.57 ± 0.02 0.990
Long NRs 52.61 ± 1.79 0.38 ± 0.01 0.997

able 3. The data appear correctly fitted by this model as R2 was
reater than 0.99.

The n value found for the release of MB  from blank hydro-
el was 0.74, which suggests anomalous release. This indicates
hat the polymer relaxation time is comparable to the diffusion
ime (Fu & Kao, 2010). The addition of Au NSs increases n to
alues higher than 1, which suggests super case-II transport and
orresponds to a mechanism controlled by erosion and polymer
elaxation. The MB  release from specific compositions of mag-
etic �-carrageenan nanocomposites was found to follow a similar
echanism (Daniel-da-Silva et al., 2012). These composites had in

ommon with the Au NSs composites here investigated the abil-
ty to uptake high amounts of water, hence showing high values
f Qequil. The high water availability in the polymer matrix most
robably leads to an increased plasticization and polymer ero-
ion, which is in agreement with previous observations on other
olymer systems showing the same kind of release mechanism
Charoenthai, Kleinebudde, & Puttipipatkhachorn, 2007; Soo et al.,
008; Sriamornsak, Thirawong, & Korkerd, 2007).

The incorporation of Au NRs decreases the exponent from 0.74
n the blank hydrogel to 0.54 and to 0.38 for composites contain-
ng short and long NRs respectively. Both values are close to 0.45

hich indicates a change in the release mechanism to diffusion-
ontrolled. These results show that, in spite of the high elastic
oduli of the hydrogels containing Au NRs when compared to pure

-carrageenan, the release of MB  molecules is not limited by the
elaxation of the polymer chains. Hence, the incorporation of Au
Rs seems to slow down the diffusion rate of the MB  molecules. This

s most likely due to the influence of the Au NRs on the tortuosity of
he �-carrageenan matrix. The incorporation of Au NRs originates a
olymer network more heterogeneous than in the original hydrogel
s found out by DSC (Fig. 3) and confirmed by microscopy analysis
Fig. 4). This could lead to changes in the tortuosity, a parameter
hich accounts for contribution of the average pore size, the pore

ize distribution and the pore interconnectivity of the hydrogel and
hat is inversely related to the diffusion coefficient (Hoffman, 2002).
n increased tortuosity of the carrageenan network due to twisting
r distortion of pores would result in smaller MB  diffusion rates and
ould lead to a diffusion controlled mechanism. This is in agreement
ith previous findings reporting the reduction of the release rate

Thrimawithana, Young, & Alany, 2011) and diffusion coefficients
Walther, Lorén, Nydén, & Hermansson, 2006) of molecules incor-
orated in �-carrageenan gels with increased tortuosity (arising
rom small pore size) of the hydrogel microstructure.

. Conclusions

The effect of incorporating spherical and rod-shaped gold
anoparticles in the microstructure and thermomechanical prop-
rties of �-carrageenan hydrogels and in the release kinetics
nd mechanism of methylene blue (MB) from �-carrageenan
anocomposites was investigated. Hydrogel nanocomposites

howed enhanced viscoelastic properties as compared to neat �-
arrageenan, when using either Au NSs or Au NRs. A mechanism is
roposed for the reinforcement effect that takes into account the
istinct surface chemistry of gold nanospheres and gold nanorods.
Polymers 91 (2013) 100– 109

The anisotropy of the nanofillers was found to affect the aggrega-
tion of �-carrageenan helices rendering the microstructure of the
hydrogel network less homogeneous.

For equivalent Au NPs content, the MB  release kinetics depended
on the nature of the Au NPs used as dispersed phase. While the
release of MB from �-carrageenan hydrogels followed an anoma-
lous transport, it tended to be controlled by polymer relaxation
and erosion if spherical Au NPs were incorporated and diffusion
controlled if rod-shaped Au NPs were incorporated as dispersed
phase. Considering that the introduction of both Au NSs and NRs
originates stronger hydrogels it would be expected that MB  release
followed a polymer relaxation mechanism regardless the shape of
the Au NPs. It is suggested that the heterogeneous gel microstruc-
ture arising from the incorporation of anisotropic Au NPs increases
the tortuosity of MB  path, rendering the MB  release diffusion con-
trolled.

These findings can be further explored for adjusting the drug
release from carriers based on other biopolymers with gelation
schemes similar to �-carrageenan (e.g. agarose, gellan gum) and
have broad implications in the design of novel biomaterials for
controlled drug release.
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