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Polyelectrolyte complex beads based on N,N,N-trimethyl chitosan (TMC) and sodium alginate (ALG) were
obtained. This biomaterial was characterised by FTIR, TGA/DTG, DSC and SEM analysis. The good proper-
ties of polyelectrolyte complex hydrogel beads were associated, for the first time, with gold nanoparticles
(AuNPs). Through a straightforward methodology, AuNPs were encapsulated into the beads. The in vitro
cytotoxicity assays on the Caco-2 colon cancer cells and healthy VERO cells showed that the beads
presented good biocompatibility on both cell lines, whereas the beads loaded with gold nanoparticles
(beads/AuNPs) was slightly cytotoxic on the Caco-2 and VERO cells.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chitosan (CHT) is a linear polysaccharide obtained from the
deacetylation of chitin [1,2] and N,N,N-trimethyl chitosan (TMC)
is a partially quaternised derivative of CHT that presents good
solubility at a wide pH range and, therefore, overcomes the limita-
tions in solubility presented by CHT [3-5]. Due to, mucoadhesivity,
biodegradability and good antimicrobial properties of TMC, many
papers focusing on this polymer have been published in the recent
scientific literature reporting its biomedical applications [6-9].
Sodium alginate (ALG) is an anionic polysaccharide obtained from
marine algae. ALG is a water-soluble natural copolymer composed
of guluronic acid and mannuronic acid units [10]. Polyelectrolyte
complexes (PECs) are made by mixing solutions of oppositely
charged polyelectrolytes. The PECs-components could enable the
formation of a material with controlled properties slightly [11,12].
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Gold nanoparticles (AuNPs) are commonly employed as diag-
nostic and therapeutic agents for cancer due to their excellent
biocompatibility and unique plasmonic properties [13]. AuNPs can
be employed as a contrast agent for cancer detection and a ther-
apeutic agent for cancerous cells [13,14]. Generally the surfaces
of metallic nanoparticles (NPs) are charged [15,16]. Therefore, the
charged surface on the NPs can bind non-specifically to biologi-
cal molecules through electrostatic interactions. These interactions
often result in the formation of aggregates, leading to rupture
of the NPs structure [15]. The CHT and TMC have, already, been
employed as stabilising agents to obtain NPs [15,17,18]. How-
ever, such cationic polymers are often dissolved in dilute acid,
such as hydrochloric and acetic acid solutions. Nevertheless, AUNPs
prepared using these acidic environments have limitations to
biological applications due to nonspecific interactions between
metallic NPs and biological tissues. The preparation of hydrogels
(PECs) with loaded-AuNPs can be a strategic alternative to pro-
mote the protection of metallic NPs and also to avoid nonspecific
interactions between metallic NPs and biological tissues.

Thus, the aim of this work was to prepare new polymeric
hydrogel beads based on polyelectrolyte complexes (PECs) of
N,N,N-trimethyl chitosan/alginate (TMC/ALG) and incorporate gold
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nanoparticles within these beads. This paper describes, for the first
time, the association of AuNPs with a system formed by a polyelec-
trolyte complex (PEC) of TMC/ALG. The resulting system could be
used for biological applications, since the beads matrix protect the
AuNPs. So, the good properties of both components (TMC and ALG),
including the interesting properties of AuNPs, were combined.
Additionally, the cytotoxic effects of raw beads and beads/AuNPs
systems on human colon cancer cells (Caco-2 cells) and healthy
cells of the African green monkey (VERO cells) were evaluated.

2. Experimental
2.1. Materials

Chitosan (CHT) with a deacetylation degree equal to 85% and
My of 87 x 103 g mol~! was purchased from Golden-Shell Biochem-
ical (China). Sodium alginate was purchased from Across Organics
(New Jersey, USA) and the ratio of mannuronic acid to guluronic
acid (M/G) of the alginate was 1.56, as stated by the manufacturer.
It has already been reported that the values of the average number
(Mp) and average-weight (M,,) molecular weights for this alginate
are 339,000 gmol~! and 1073,000 g mol~!, respectively [2]. Methyl
iodide, N-methyl-2-pyrrolidinone, gold chloride(Ill) and sodium
citrate were purchased from Sigma-Aldrich. Other reactants such
as sodium hydroxide, sodium iodide, sodium chloride, sodium
acetate, acetic acid, hydrochloric acid, potassium dihydrogen phos-
phate, ethanol and diethyl ether were also utilised in this work; all
were of analytical grade. All reagents were used as received without
any further purification. VERO (African green monkey kidney) cells
and the Caco-2 cell line, which originated from a human colonic
adenocarcinoma, were cultured and maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco®, Grand Island, NY, USA)
supplemented with 10% heat-inactivated foetal bovine serum (FBS;
Gibco®) and 50 pg ml~! gentamycin, in an incubator at 37 °C, with
5% CO, and 95% relative humidity. The cells were expanded when
the monolayer reached confluence at day 3 + 1. After reaching 80%
confluence, cells were digested by using Trypsin/EDTA solution
(0.25% trypsin—Gibco®, and 1 mmol I-! EDTA).

2.2. Synthesis of N,N,N-trimethy! chitosan (TMC)

The one-step methodology employed for the synthesis of TMC
is based on the method published by Martins et al. [2]. The reaction
procedure used to synthesise the TMC is described in the Supple-
mentary material.

2.3. Preparation of beads based on TM(/alginate polyelectrolyte
complex

The methodology employed for the preparation of beads was
based on the method published by Martins et al. [2] with some
modifications. TMC and ALG solutions were prepared separately,
from the solubilisation of both polymers in a 1.0% (v/v) acetic acid
solution. The volume ratio of TMC-solution to ALG-solution was
kept constant. The following procedure was adopted: aqueous solu-
tions of TMC (1.0 g in 100 ml of acetic acid solution) and ALG (0.5¢g
in 100 ml of acetic acid solution) were prepared. The TMC-solution
1.0% (wt/v) was split into five aliquots of 20 ml. Afterwards, 5 ml of
distilled water was added to 10 ml of a previously prepared ALG-
solution (0.5% wt/v) and, then this diluted solution was slowly
dropped into a respective TMC-solution aliquot (20 ml), at room
temperature under magnetic stirring, keeping the volume ratio at
3/4 (ALG-solution/TMC-solution). The pH of the suspension con-
taining the beads was approximately 3.5. The beads formed almost
immediately. Acetone aliquots (~5 ml) were dropped into the sus-
pension (35 ml) containing the beads. The suspension was slowly

stirred and allowed to stand for approximately 1.0 min, until com-
plete decantation of the beads was achieved and then ~20ml of
supernatant was removed. This process was repeated once more
and the internal water content of the beads diminished substan-
tially, leading the beads to shrivel up. Thus, the beads presented
mechanical consistency and the liquid phase composed of water
and acetone (~25 ml) was easily removed from the suspension. This
process prevented the beads from adhering to each other causing
the collapse. Finally, the beads were washed twice with acetone,
transferred to a polystyrene Petri dish and separated from each
other. The drying of beads was performed at room temperature for
48 h.

2.4. Synthesis of gold nanoparticles (AuNPs)

The gold nanoparticles (AuNPs) were synthesised from the
method developed by Turkevich et al. [19] with some adaptations.
The methodology is described in detail in the Supplementary mate-
rial.

2.5. Preparation of TMC/alginate beads loaded with gold
nanoparticles (AuNPs)

Initially, AuNPs-suspension (5.0 ml containing 19.7 mg of Au®)
was added to 10 ml of a previously prepared ALG-solution (0.5%
wt/v) and the mixture was stirred until homogenisation occurred.
Then, the ALG-solution/AuNPs (15 ml) was slowly dropped into
a respective TMC-solution aliquot (20 ml), under magnetic stir-
ring at room temperature. Finally, the beads loaded with AuNPs
(beads/AuNPs) were separated from the suspension following the
same methodology as described earlier for TMC/ALG beads. It was
considered that the loading efficiency of AuNPs into hydrogel beads
was ca. 100%, since UV-vis measurements from the beads/AuNPs
suspension at 518 nm no indicated the presence of the AuNPs.

2.6. Characterisation

2.6.1. Characterisation of AuNPs
The experimental procedures to characterise the AuNPs are
described in the Supplementary material.

2.6.2. Characterisation of raw beads and beads loaded with

metallic nanoparticles

2.6.2.1. FTIR spectroscopy. FTIR was used to characterise the chem-
ical structure of materials (ALG, TMC and beads). In each case, KBr
disc with 1.0wt% of sample was prepared. The equipment from
Shimadzu Scientific Instruments (Model 8300, Japan) was used at
the following conditions: range of 4000-500cm~!, resolution of
4cm~! obtained after cumulating 64 scans.

2.6.2.2. Scanning electron microscopy (SEM). The morphology of
beads and beads/AuNPs was investigated using SEM images (Shi-
madzu, model SS 550, Japan). Beads and beads/AuNPs surfaces were
sputter-coated with a thin layer of gold for SEM visualisation. The
SEM images were taken by applying an electron accelerating volt-
age of 15kV.

2.6.2.3. Thermal analysis through TGA/DSC analysis. Thermal-
gravimetric analysis (TGA) was carried out on a thermogravimetric
analyser (Netzsch, model STA 409 PG/4/G Luxx, USA) at a rate
of 10°Cmin~! under nitrogen gas flowing at 20mlmin~! in the
range of 25-400 °C. DSC analyses were performed on a calorimeter
(Netzsch, model STA 409 PG/4/G Luxx, USA) operating at the fol-
lowing conditions: heating rate of 10°Cmin~!, nitrogen flow rate
of 50 mlmin—!, temperature range from 40 to 210°C.
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2.7. Cytotoxicity assays

The cytotoxicity activity of raw beads and beads/AuNPs against
VERO and Caco-2 cells were determined by sulforhodamine B assay
[20]. The cells were seeded in 96-well tissue plates (TPP—Techno
Plastic Products, Switzerland) at a density of 2.5 x 10° (VERO cell)
and 8 x 10° cell ml~! (Caco-2 cell) in 100 ul medium for 24h
in the CO, incubator. The beads or beads/AuNPs were placed in
water and were added to the medium at various concentrations
after 8 h. Following incubation for 48 h, the cell monolayers were
washed using 100 pl phosphate buffered saline (PBS) sterile, fixed
with trichloroacetic acid and stained for 30 min with 0.4% (wt/v)
sulforhodamine B (SRB-Sigma Chemical Co., St. Louis, MO, USA)
dissolved in 1% acetic acid. The dye was removed by four washes
with 1% acetic acid, and protein-bound dye was extracted with
10 mM unbuffered Tris base [tris (hydroxymethyl)aminomethane]
for determination of optical density in a computer-interfaced, 96-
well microtitre plate reader (Power Wave XS, BIO-TEK®, USA).

3. Results and discussion
3.1. Characterisation by 'H NMR and FTIR spectroscopy

TH NMR spectra of CHT and TMC are shown in Fig. S1 (Supple-
mentary material). All of the signals in the TH NMR spectra were
attributed and related to the polysaccharide structures (Scheme
S1, Supplementary material). Fig. 1 shows the FTIR spectra of ALG,
TMC and TMC/ALG beads. The wide band in the range from 2350
to 3710cm~! in the FTIR spectra was assigned to the characteris-
tic stretches of C—H, N—H and O—H bonds and can be observed in
all of the spectra shown in Fig. 1. On the other hand, the band at
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Fig. 1. FTIR spectra of ALG (a), beads (b) and TMC (c).

1474cm! (curve c) was attributed to the angular deformation of
C—H bonds of N-methyl groups existing in the TMC structure [12].
The band at 1638 cm~! in the FTIR spectrum of beads (curve b) was
attributed to C=0 bonds of secondary amide groups, referring to the
acetylated residues that remain in the structure of TMC and axial
asymmetric deformation of carboxylate anions [ 10]. The bands that
appearat 1420 cm~! were assigned to axial symmetric deformation
of carboxylate anions [10]. This band presented a lower intensity in
the beads FTIR spectrum compared to the spectrum of ALG (curve
a) due to the protonation of the carboxylate anions of ALG and

Fig. 2. Photos of beads/AuNPs (a and b) and raw beads (c and d), being the images (a and c) processed immediately after the washing with acetone and the images (b and d)

obtained after some minutes (ca. 15 min) subsequent to the purification process.
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Fig. 3. SEM images of droughts samples with different magnifications: ((a and b)) raw beads and (c) beads/AuNPs.

also due to the complexation among these carboxylate anions with
positively charged sites of TMC molecules.

The band at 1735cm~! on the FTIR spectrum of beads was
assigned to the C=0 bonds of carboxylic groups (Fig. 1). ALG is an
anionic block copolymer of a-(1-4)-L-guluronic (G) and B-(1-4)-
D-mannuronic acid (M). The pKa values of M and G-residues are
3.38 and 3.65, respectively [2]. Thus, some of the carboxyl groups
of ALG remain non-ionised since the final pH of the bead suspen-
sion was approximately 3.5. Also, a broadening in the range from
2250 to 3500cm~! in FTIR spectrum of beads was verified and
assigned to H-bonds among TMC-ALG in addition to the already
existing interactions on TMC-TMC and ALG-ALG chain segments.
The band at 1063 cm~!, attributed to the stretching of C—O bonds of
primary alcohols, presented noticeable differences in the FTIR spec-
tra (Fig. 1) [12]. These differences were mainly due to associations
among chain segments of ALG and TMC molecules.

3.2. Morphological analysis

Fig. S2 (Supplementary material) display the characteristic
Localised Surface Plasmon Resonance (LSPR) bands of AuNPs
colloidal suspensions and TEM images of AuNPs. The AuNPs size
distribution were determined from Fig. S2(b). The size of AuNPs
was approximately 17.6+4.3nm (Fig. S2c). The preparation
and characterisation of the TMC/ALG polyelectrolyte complex is
described in a paper recently published by our group [2].

Fig. 2 show images of the beads loaded with gold nanoparti-
cles, (beads/AuNPs) and the polymeric matrix without AuNPs. The
images were processed after the hydrogel purification. The beads
or beads/AuNPs presented a diameter of approximately 1 to 2 mm
(Fig. 2).Photos (Fig. 2) of the beads/AuNPs (a,b) and raw beads (c,d),
processed immediately after washing (a,c) can be seen in Fig. 2. On
the other hand, Fig. 2 (b,d) shows photographs of beads/AuNPs and
raw beads obtained after a few minutes subsequent to the washing
process. The colour presented by beads/AuNPs indicates the incor-
poration of AuNPs into the hydrogel (Fig. 2). The beads/AuNPs are
reddish due to the presence of AuNPs. On the other hand, the neat
TMC/ALG beads are white, as expected (Fig. 2).

Fig. 3 shows SEM images, at different magnifications, of the dry
neat beads and drought beads/AuNPs. It was possible to observe
“folding” on the surface of neat beads and beads/AuNPs which
hindered the pores of the materials (Fig. 3). The morphologies of
neat beads and beads/AuNPs are slightly differents. The AuNPs
entrapped into hydrogel changes beads morphology.

3.3. Characterisation of beads by TGA/DSC analysis

TGA/DTG curves of beads and beads/AuNPs are shown in Fig. 4.
Two events of mass loss were observed in the TGA curves (Fig. 4a).
The first stage occurs in the range of 25 to 130 °C and was attributed
to loss of water and volatile components. The second stage of mass
loss was attributed to degradation of the materials, as shown in
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Fig. 4. TGA curves of raw beads and beads/AuNPs (a). DTG curves of raw beads and beads/AuNPs (b).
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Fig. 5. DSC curves of raw beads and beads/AuNPs.

Fig. 4a in the range of 175 to 300°C. It was observed that the
beads presented high thermal stability relation to beads/AuNPs.
The incorporation of AuNPs destabilised the beads, due to the
increase of negative charge density in the hydrogel matrix. The
effect was best seen from DTG and DSC curves of the respective
materials.

The first derivatives of degradation stage (second event on TGA
curves) for beads and beads/AuNPs are presented in Fig. 4b. It
is possible to observe that samples presented different degrada-
tion temperatures, as indicated by the inflexion points in the DTG
curves. The degradation temperatures of the beads occur at 210,
263 and 274°C, whereas beads/AuNPs samples showed degrada-
tion temperatures at 202, 250 and 277 °C. This fact reinforces the
AuNPs encapsulation.

The DSC curves of neat beads and beads/AuNPs are shown in
Fig. 5. The endothermic peaks that appear in the range from 25
to 130°C were attributed to the evaporation of adsorbed water
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and volatile compounds. The endothermic peaks in the range from
167 to 192 °C are related to the melting point of the materials. The
DSC curves of neat beads and beads/AuNPs presented significant
differences. The NPs incorporation caused changes in the chain
arrangement, altering the respective DSC curves. The DSC curve
of neat beads showed non-pronounced endothermic peaks at 177
and 192°C and a more pronounced endothermic peak at 185°C,
which was the last assigned to melting of the crystalline parts of
the beads.

The highest intensity endothermic peak on DSC curves of the
beads/AuNPs is due to the melting that occurred at 180°C, but this
was less intense compared to neat beads. For the beads/AgNPs, such
an event occurred at 188 °C but the intensity was still lower. The
DSC curve of beads/AuNPs still showed no pronounced endother-
mic peaks at 167, 174, 188 and 192°C. Thus, the differences in
DSC curves were related to the insertion of AuNPs in the hydrogel
matrix, which promoted changes in the packing of chains related
to neat beads.

3.4. Cytotoxicity assays

The cytotoxic effects of beads and beads/AuNPs systems were
investigated on human colon cancer cells (Caco-2 cells) and
healthy VERO cells. To assess the toxicity threshold for the two
different materials presented in this work, viability cell assays
were conducted, using increasing concentrations of beads and
beads/AuNPs for 24 h incubation periods (Fig. 6). It was verified
that the beads/AuNPs were more destructive against VERO cells
than against Caco-2 cancer cells (Fig. 6) when both cells-type were
incubated in similar conditions. On the other hand, the formula-
tions of neat beads showed low cytotoxicity against both cell lines
studied (Fig. 6). The cytotoxicity effect of beads/AuNPs on the Caco-
2 and VERO cells was evidenced due to a decrease in cell viability at
concentrations above 100 g ml~1 (Fig. 6). The effect induced by the
presence of beads/AuNPs seems to play an opposite role with regard
to the fate of cells compared with beads, being slightly less drastic
for Caco-2 colon cancer cells with a viability of 80%, but slightly
more destructive for healthy VERO cells, with viability decreased
to 75% (Fig. 6). On the other hand, the plots reveal that raw beads
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Fig. 6. Cytotoxicity effect of beads and beads/AuNPs on the viability of Caco-2 human colon cancer cells (a) and VERO healthy cells (b) at different concentrations. Error bars

represent the standard deviation of two measurements.
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exhibit quite good biocompatibility with healthy VERO and Caco-2
cells over the full range of concentrations as approximately 100%
of the total (VERO and Caco-2) cells remained viable after 24 h of
incubation.

Boca and co-workers studied the cytotoxic effect of poly (eth-
ylene glycol)-coated with gold nanorod particles (PEG/AuNPs)
on healthy human embryonic cells (HEK) and human non-small
lung cancer cells (NCI-H460). According to Boca et al. [14], the
PEG/AuNPs sample was biocompatible with the NCI-H460 can-
cer cells and had a slightly cytotoxic effect on the HEK healthy
cells. Therefore, it can be stated that the beads/AuNPs prepared in
this work showed different properties to the PEG/AuNPs systems
studied by Boca et al. [14]. In this case, beads/AuNPs was slightly
cytotoxic on the cancerous (Caco-2 cells) and healthy cells (VERO
cells).

Polymeric nanocomposites based on the CHT/metallic nanopar-
ticles were extensively studied [21-23]. As it contains functional
groups in the form of amino sites, the CHT is used as a protec-
ting agent of AuNPs and, due to the extraordinary biocompatibility
and biodegradation of CHT, nanocomposites based on CHT/metallic
nanoparticles have attracted much attention in the last years
[15,21,24]. However, the association between TMC/ALG complex
and AuNPs yet no were studied. The cytotoxic effect on both
cells is related to the AuNPs and the hydrogel (beads) is use-
ful as it can protect these NPs, inhibiting nonspecific interactions
between AuNPs and biological tissues and consequently avoids
aggregates formation and rupture of the AuNPs structure. UV-vis
measurements showed that the AuNPs releasing no occurs from
beads/AuNPs during the tests performed (not shown). The inter-
actions among beads-AuNPs maintain the NPs stabilised in the
hydrogel matrix. The AuNPs entrapped in the beads surface were
responsible for the cytotoxicity shown on the Caco-2 and VERO
cells.

4. Conclusions

The TMC/alginate beads showed efficiency in protecting AuNPs
incorporated into the hydrogel. The cytotoxicity assays demon-
strated that the neat beads exhibited excellent biocompatibility
on VERO and Caco-2 cells while beads/AuNPs showed lightly cyto-
toxic effect against both cell lines studied. The cytotoxicity property
of beads/AuNPs should be due the presence of AuNPs entrapped
on the beads surface. The results presented here offer new per-
spectives for in vivo testing of the materials developed in this
work.
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