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A new insight to the effect of calcium concentration
on gelation process and physical properties of alginate
films

Jiwei Li', Yadong Wu', Jinmei He'**, and Yudong Huang'

"School of Chemical Engineering and Technology, Harbin Institute of Technology, Harbin 150001, China

ABSTRACT

A series of alginate films were prepared using constant alginate content
2 % w/v) with various calcium chloride (CaCl,) concentrations in the
crosslinking solution (0.375-6 % w/v). Then, the initial investigation of how the
CaCl, concentration affected the gelation process and physical properties of
alginate films was established. A combination of Fourier transform infrared
spectroscopy, swelling test, inductively coupled plasma optical emission spec-
trometer, and energy-dispersive spectroscopy analysis showed that the gelation
process of alginate films evolved with the increase of CaCl, concentration,
which resulted in different crosslinking density and entanglement of alginate
molecular chains. Moreover, the increase of CaCl, concentration improved the
visual appearance, surface homogeneity, and tensile strength, while the elon-
gation at break and swelling capacity of the film were decreased monotonously.
As a compromise between film strength and flexibility, performing effective
absorption capability as well as the product appearance, the concentration of
1.5 % w/v CaCl; in the crosslinking step was recommended. These various
physical properties of obtained alginate films could be attributed to the shaped
crosslinking density and molecular entanglement characteristics during
crosslinking.
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have made it an important polymer in biomedical
applications including wound dressings [4, 5], drug

Introduction

Sodium alginate (SA) is a linear water-soluble
polysaccharide consisting of monomeric units of 1-4
linked o-D-mannuronate (M) and f-L-guluronate
(G) at different proportions in the chain [1-3]. The
unique chemical structure of SA and its biocompati-
bility, non-toxicity, low cost, and functional gelation

delivery [6-8], and tissue engineering [9, 10]. For
several applications, alginate is used as a film-form-
ing material as it has the ability for film formation
upon casting or solvent evaporation.

Alginate and polyvalent cations (such as Ca*",
Ba®*, Zn®*, and Cu®") could readily crosslink and
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form the “egg-box” structure through ionic linkage
between polyvalent cations and an ionic G-G-rich
sequences along the polysaccharide backbone [11-
13]. To develop and tailor alginate formulations for
biomedical applications, the knowledge about the
gelling mechanism of alginate materials is of great
importance. The earliest regenerated alginate fibers
were produced in the 1930s [14, 15]. Since then,
considerable amounts of research effort have been
expended to understand the relationships between
coagulation conditions, properties and morphology
of alginate fibers [16, 17]. For example, Cuadros et al.
investigate the effect of concentration of CaCl, on the
mechanical properties of calcium alginate fibers and
found that maximum tensile stress was obtained for a
CaCl, around 1.4 % which exceeded several times the
stoichiometric requirements of the carboxylate
groups of the polymer [18]. In addition, the effects of
calcium ion concentration on the functional proper-
ties of alginate materials have also been reported. For
instance, Akin Evingiir et al. found that the coeffi-
cients for small molecule desorption from alginate
beads increased up to 3 % (w/v) CaCl, concentration,
and then decreased with a further increase of CaCl,
content [19]. Recently, the solution phase interaction
between the polysaccharide alginate and calcium at
various CaCl, concentrations was reported by Xin
et al. [20]. Although some previous studies have
reported that varying CaCl, concentrations affected
the physical properties of alginate fibers, to our
knowledge, the interaction between Ca®" and
molecular chains of alginate films during the external
gelation process has not been reported.

Therefore, the objective of this study is to investigate
the influence of calcium concentration on gelation
process of alginate films. In addition, the effects of cal-
cium concentration on the visual appearance, thickness,
surface homogeneity, swelling, and mechanical prop-
erties were systematically investigated.

Materials and methods
Materials
Sodium alginate (SA, pharmaceutical grade, low vis-

cosity, M/G =~ 6:4) was kindly provided by Qingdao
Hyzlin Biology Development Co., Ltd (China).
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Calcium chloride (CaCl,) and ethanol were of
analytical grade and purchased from commercial
sources in Weihai, China.

Preparation of films
Preparation of sodium alginate films

Films were prepared by casting from aqueous solu-
tions. An aqueous solution of sodium alginate was
prepared by dissolving 2 g of sodium alginate pow-
der in 100 ml distilled water to obtain a 2 % w/v
alginate solution, using a magnetic stirring plate at
25 °C and 400 rpm for 6 h. All solutions were filtered
through 0.45-pm membrane filter and kept for a few
minutes under vacuum. After this treatment, solu-
tions were cast onto petri dishes and allowed to dry
in an oven at 35 °C for approximately 24 h. To control
film thickness, volume of each film-forming solution
poured onto a petri dish remained the same. The
dried films were then removed from the petri dishes
and stored in desiccators for at least 48 h before being
used.

Preparation of crosslinked alginate films

Dry-cast gelation (DCG) and interfacial gelation
(IFG) are two methods that have been employed to
produce ionic gel films [21, 22]. Since DCG involves
producing a dry film of sodium alginate before it is
gelled, whereas the latter involves producing cal-
cium alginate gel films in situ within the SA solu-
tion, DCG would produce denser and more
integrated films than IFG [21]. Therefore, calcium
alginate (Ca-SA) films were prepared by a modified
dry-cast external gelation method reported in a
previous study [23]. The crosslinking solution was
prepared by dissolving CaCl, powder in ethanol/
water (v/v = 20/80) solvent solutions. The concen-
trations of CaCl, in the crosslinking solution were
0.375, 0.75, 1.5, 3 and 6 % w/v, respectively. Each
dried sodium alginate film (about 0.4 g) was
immersed in 100 ml of crosslinking solution for 1 h.
The crosslinked films were washed with deionized
water thrice to remove any surface unbound cations
before drying to constant weight at 25 °C. The films
harvested were then stored in a desiccator for at
least 48 h before use.
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Infrared spectroscopy

In order to confirm the crosslinking reaction, Fourier
Transform Infrared Spectroscopy (FTIR) measure-
ments were performed by a Perkin-Elmer System
2000 spectrometer. The analysis was performed using
an attenuated total reflectance (ATR) cell, in a range
of 4000-600 cm™', at a 4 cm™' resolution with 64
scans.

Scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS)
analysis

SEM observation and energy-dispersive spectroscopy
(EDS) measurements were carried out by a SU8010
scanning electron microscope (Hitachi, Japan)
equipped with an energy-dispersive spectroscopy
detector. Cross sections were obtained by cracking
the films in liquid nitrogen.

Swelling studies

To determine the SD, the excess crosslinking solution
on the surface of film samples (2 x 2 cm) was
removed with a filter paper and then their wet
weights were immediately determined to calculate
the SD by Eq. (1).

Ww - wd)

sp = x 100 %,

- m
where W,, represents the wet weight of the films and
Wy corresponds to the dry weight of SA films.

The swelling ratio (SR) of crosslinked films was
determined by measuring the change in film weight
during incubation in a distilled water solution at
25 °C and calculated as follows:

SR:(WMT_de), 2)

where W,,; represents the wet weight of films in the i
minute and Wy corresponds to the dry weight of the
films.

Determination of the calcium content

The calcium content was determined by inductively
coupled plasma optical emission spectrometer (ICP-
OES) Optima 8300 (Perkin-Elmer, Massachusetts,
USA). About 8 mg film samples were dissolved in
10 mL of a calcium ion chelator, EDTA (0.05 M) for
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24 h to free the Ca®" crosslinked within the alginate
hydrogel, and then the solutions were analyzed. The
EDTA solution was used as a blank measurement. All
tests were performed in triplicate.

Determination of the thickness

The film thickness was measured using a micrometer
(0.001 mm, SF 2000, Guanglu Co., Ltd) at 10 different
positions of the film. For the wet films after
crosslinking, the excess of water was removed with a
filter paper and then the film thickness was mea-
sured. At least 10 replicates were run for each
sample.

Atomic force microscopy (AFM) analysis

The surface topography of Ca-SA films at the micro-
level was analyzed with an AFM (Dimension Icon,
Bruker, Germany). The film was placed on a glass
slide and all experiments were performed in air at
ambient conditions. 3D topographic plots were
obtained from five areas of film surface (30 x 30 pm?),
using the tapping mode at 1 Hz of scan rate. Rough-
ness parameters (arithmetic average surface roughness
(Ra) and root mean square roughness (Rq)) were also
obtained from these images.

Mechanical properties measurement

The mechanical properties of film samples were
determined in dry and wet states as alginate-based
films are often used to manage exudative wounds.
For the wet films’ test, the crosslinked specimens
were immersed in physiological saline solution
(0.9 % w/v sodium chloride (NaCl)) for 30 s, and the
excess of water removed with a filter paper. Tensile
strength (TS) and percentage elongation at break
(E %) were measured with a mechanical tensile tester
(CMT6104-SANS, China), according to GB 13022-91.
The samples were cut into strips with a width of
10 mm and had an effective length of 50 mm between
the clamps at the beginning of the measurement. A
crosshead speed of 5 mm/min was used. TS (MPa)
was calculated by dividing the maximum load
(N) required to break the film by the cross-sectional
area (m?), and %E was calculated by dividing the
film elongation at rupture by its initial length and
multiplying by 100. At least 10 replicates were run for
each sample.

@ Springer



5794

Statistical analysis

All statistical analyses were performed using a uni-
variate analysis of variance. The data were presented
as mean value + SD.

Results and discussion

Influence of calcium concentration
on gelation process

FTIR analysis

Figure 1 shows the FTIR spectra of SA films before
and after crosslinking. The peaks at 3263, 1027, and
2925 cm™ ! were assigned to stretching vibrations of —
OH, -C-O-C- and —CH bonds, respectively [24, 25].
The strong peak at 1595 cm™' and a somewhat
weaker peak at 1408 cm™' were attributed to the
asymmetric and symmetric stretching vibration of the
carboxylate group, respectively. Specially, these two
peaks (1595 and 1408 cm™') were the most useful

0.375% wlv

1591

141ﬁ591
C- . 'C 'co‘O'

1 " 1 2
1000 2000 3000 4000
Wavenumber (cm™)

Figure 1 FTIR spectrums of SA and Ca-SA films crosslinked
with various calcium chloride concentrations.
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characteristic peaks to investigate the ion crosslinking
(exchange) process [26-28]. It is evident that when
the SA film was crosslinked with Ca?*, the asym-
metric -COO- vibrational peak shifted to a lower
wavenumber (from 1595 to 1588/1590/1591 cm™")
and the symmetric -COO- peak shifted to a higher
wavenumber (from 1408 to 1415/1416 cm™"). This
could be due to the strong electrostatic interaction
between Ca”’" and carboxylic groups of alginate.
Furthermore, when the CaCl, concentration exceeded
0.75 % w/v, the wavenumbers of both the symmetric
and asymmetric -COO- peaks did not change with
the increase of CaCl, concentration. Considering that
FTIR spectra recorded by ATR technique provide the
specific structural information from the sample sur-
face, we hypothesize that all potential Na™ sites on
film surface were exchanged with Ca>" when the
CaCl, concentration exceeded 0.75 % w/v.

SEM and EDS analysis

The uniformity of Ca”>" crosslinking on the cross-
sectional microstructure was analyzed using SEM
and EDS mapping of sodium (Na, red) and calcium
(Ca, green) (center and right side of Fig. 2). Previous
reports indicated that high Ca*" concentration
caused instantaneous crosslinking, which resulted in
heterogeneous structure with highly crosslinked
surface and less crosslinking inside [29, 30]. How-
ever, simultaneous SEM and EDS results in Fig. 2
visually showed that the calcium element could dis-
tribute throughout the whole of the film matrix,
regardless of the concentration of CaCl, in the
crosslinking bath. This suggests that the CaCl, con-
centration did not influence the crosslinking unifor-
mity of the whole films, which could be due to the
fact that the increase in CaCl, concentration in
crosslinking bath makes Ca*" easy to diffuse into the
film structure by thermodynamic driving forces,
leading to the internal crosslinking reaction within
the films. Furthermore, Ca®" has a much smaller size
than the large polymer molecule and can diffuse into
the alginate matrix within the crosslinking time of 1 h
in this work.

Visual appearance, swelling degree, and calcium content
of alginate films

As shown in Fig. 3a, the wet Ca-SA films (immedi-
ately after crosslinking) crosslinked at a lower CaCl,
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Figure 2 SEM and EDS spectrum (red for Na and green for Ca) of cross-section for Ca-SA films: a 0.375 % w/v, b 1.5 % w/v and ¢ 6 % w/v.

Scale bar 100 pm.

concentration (0.375 % w/v) displayed a slightly
translucent and milk white-tinted appearance, which
was a direct result of the high-swelling state of the
film. Conversely, wet Ca-SA films became more and
more optically clear with increasing CaCl, concen-
tration, due to the drastically decreased swelling
degree of films (as shown in Fig. 3a).

According to previous studies, the swelling degree
(SD) of films can be used as a measure of the extent of
crosslinking [30]. As shown in Fig. 3b (on the left), SD
values of wet Ca-SA films decreased from 66.1 to
19.7 % when the CaCl, concentration increased from
0.375 to 6 % w/v. This result indicated that the whole
crosslinking degree of films increased along with
CaCl, concentration.

To further quantify the content of effective Ca*"
crosslinking sites, the calcium content within the dry

Ca-SA films was determined by ICP-OES. Figure 3b
(on the right) shows that the calcium content within
films was first increased with the increasing of CaCl,
concentration and then reached to a plateau when the
CaCl, concentration exceeded 1.5 % w/v. These
results further indicated that although all potential
Na™ sites on film surface were exchanged with Ca**
when the CaCl, concentration exceeded 0.75 % w/v
(FTIR spectra confirmed), the carboxylic-binding sites
throughout the whole film matrix were not saturated
unless the CaCl, concentration exceeded 1.5 % w/v.
Similar saturation CaCl, concentration (1.4 % w/v)
was reported by Cuadros et al. [18] for alginate fibers.
Furthermore, it can be noted that the increase of
calcium content within the films was not in syn-
chrony with the increase of crosslinking degree (de-
termined by SD), suggesting that aside from Ca*"
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Figure 3 a Visual appearance 0.375% wiv
of wet Ca-SA films after @) et
immersion in various -4 -‘k- ‘
crosslinking solutions. |
b Swelling degree (left) of wet
Ca-SA films. b Calcium

content (right) of dry Ca-SA
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crosslinking sites, the films retained some other
crosslinking sites, such as molecular chains
entanglement.

Schematic evolution of gelation process with the increase
of CaCl, concentration

To explain the effect of CaCl, concentration on the
gelation process of calcium alginate films, proposed
sequential events occurring within the alginate sys-
tem along with the increase of CaCl, concentration
are presented in Fig. 4.

It is known that the gel formation with Ca** and
hydration of the SA occurred simultaneously when
the SA films were soaked in crosslinking solution [30,
31]. And the SA molecules in the dry SA films
expected to be substantially overlapped and entan-
gled. At low CaCl, concentrations (<1.5 % w/v), it is
likely that there would be insufficient ionic crosslinks
to form a gel network, thus, the hydration of SA films
would be dominant. As a result, the films were in a
high-swelling state with less Ca**-binding sites and
molecular chain entanglements. However, when the
CaCl, concentration was slightly higher, the hydra-
tion of SA films would be partially counteracted by

@ Springer
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the Ca®' crosslinking sites, which impeded the
swelling of SA films. As CaCl, concentration further
increased, the films crosslinked faster and the origi-
nal molecular chain’s entanglement of the SA films
was almost retained. Based on the conceptual model,
it is apparent from this work that the calcium con-
centration has a significant effect on the gelation
process and can shape different crosslinking density
and molecular entanglement characteristics within
films.

Influence of calcium concentration
on physical properties

Film thickness and visual appearance

For development of film used in pharmaceutics, film
thickness is one of the parameters that could affect
physicochemical properties of the films [28, 32].
Thickness of Ca-SA films in the wet state (immediately
after crosslinking) and dry state is shown in Fig. 5a. The
mean thickness of the dry SA film was about 0.076 mm.
As shown in Fig. 5a, the wet Ca-SA films formed by
predetermined CaCl, concentrations were significantly
thicker than the dry SA film owing to the absorbed
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Figure 4 Schematic evolution
of gelation process with the
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water during crosslinking. However, when further
increased the CaCl, concentration in crosslinking bath,
wet Ca-SA films showed a marked decrease of thick-
ness, which indicated that the higher CaCl, concentra-
tion crosslinking solution could inhibit the swelling (or
hydration) of films. This correlated with the visual
appearance and swelling degree results (as shown in

Fig. 3). In addition, the thickness of dry Ca-SA films
was slightly increased by crosslinking but not signifi-
cantly influenced by the CaCl, concentration. The
overall thickness variability in dry Ca-SA films with the
increasing CaCl, concentration was similar and com-
parable to the previously studies involving SA films
crosslinked in CaCl, water solution [21].
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As shown in Fig. 5b, the visual appearance of dry
Ca-SA films crosslinked at 0.75 % w/v CaCl, con-
centration was much more regular than that of films
crosslinked at 0.375 % w/v CaCl, concentration.
Furthermore, with the CaCl, concentration increased
from 0.75 to 6 % w/v, the visual appearance of dry
Ca-SA films did not show any significant difference.

Atomic force microscopy (AFM)

Figure 6a shows the images of AFM surface topog-
raphy of dry Ca-SA films crosslinked in different
CaCl, concentrations (0.375, 1.5 and 6 % w/v). As
shown in Fig. 6a, the surface roughness decreased
with the increase of CaCl, concentration. The
roughness of the film surface was quantified using
the roughness parameters Ra and Rq (Fig. 6b). The

(a) 3D topographic plot

0.375% wiv

1.5% wiv

6% w/v

J Mater Sci (2016) 51:5791-5801

films crosslinked at 0.375 % CaCl, concentration have
the highest Ra (29.5 nm) and Rq (37.1 nm) followed
by films crosslinked at 1.5 % w/v (Ra = 25.2 nm,
Rq=339nm) and 6% w/v (Ra=14.6nm,
Rq = 19.6 nm). These results are in line with the
visual appearance (Fig. 5b) and further confirmed
that crosslinking at higher CaCl, concentration seems
to create more uniform films with reduced rough-
ness. As reported in our previous work, surface
roughness of dry Ca-SA films mainly depended on
the swelling degree during crosslinking, as the highly
swollen films resulted in polymer folding and formed
heterogeneous surface during drying [23]. Therefore,
the surface homogeneity of the films decreased with
increasing CaCl, concentration could be due to the
relatively lower swelling degree during crosslinking
(the left of Fig. 3b).

(b)
30

254

0.375% wiv 1.5w% wiv 6w% wiv

(o |

40

1.5w% wiv

0.375% wiv W% wiv

Figure 6 a AFM topographic images (30 pm x 30 pum) of dry Ca-SA films. b Arithmetic average surface roughness (Ra) of dry Ca-SA

films. ¢ Root mean square roughness (Rq) of dry Ca-SA films.
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Swelling studies

As shown in Fig. 7, all samples displayed rapidly
swelling first and then the swelling ratio (SR) reached
equilibrium within a period of incubation. And
sample from high CaCl, concentration resulted in
lower SR at equilibrium and shorter the equilibration
time of films. For example, films crosslinked at
0.375 % w/v CaCl, concentration exhibited the
highest SR (0.55) at equilibrium and the equilibration

06
% i
& 5
0.4 ==
¥ —F

Swelling ratio (SR)

o
N
1
il

—&—0.375% wiv. —— 0.75% w/v

1.5% wiv —#— 3% wlv
n 6% wiv
0.0 p— T T T T T T T T T T T
0 10 20 30 40 50 60

Time (minute)

Figure 7 Swelling behavior of Ca-SA films immersed in distilled
water at 25 °C.

Figure 8 Mechanical
properties of Ca-SA films
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was reached after about 30 min of immersion, while
films crosslinked at 6 % w/v CaCl, concentration
showed the lowest equilibrium SR (0.24) and the
equilibration was reached after only 10 min of
immersion. The different shaped crosslinking struc-
ture quality within Ca-SA films and the various
osmotic strengths of coagulation bath can explain
these swelling behaviors. On the one hand, a higher
CaCl, concentration resulted in a higher crosslinking
degree network and a denser structure, which caused
a less swelling when it was soaked in distilled water.
On the other hand, the osmotic strength of high CaCl,
concentration coagulation bath may also ‘suck’ water
out of the films. Conversely, a lower CaCl, concen-
tration revealed less crosslinking and low osmotic
strength, leading to significantly enhancement of
water absorption. Furthermore, no significant weight
loss was observed in all tested alginate after 24 h
incubation (data not shown), which indicated that
Ca®* crosslinking improved the stability of alginate
films.

Mechanical properties

The effects of CaCl, concentration used in crosslink-
ing solution on the tensile strength (TS) and per-
centage elongation at break (E %) of Ca-SA films in
both dry and wet states are illustrated in Fig. 8. In the

—&— Dry state —&— Wet state

20 | (b)

N
N

[o0)
T
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crosslinked with various 150 _(a)
calcium chloride
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strength (a) and elongation at 1401
break (b). i
g? 130 —“
s X
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g ]
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@ 1101
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dry state, the TS value of Ca-SA films increased from
116.78 to 144.68 MPa with increasing the CaCl, con-
centration from 0.375 to 6 % w/v, whereas the E %
value decreased from 9.11 to 4.81 %, which could be
attributed to the increased crosslinking density
within films.

Upon immersion of these Ca-SA films in 0.9 % w/v
NaCl for 30 s, the TS values decreased and the E %
values increased compared with those of dry Ca-SA
films. This could be due to the plasticizing effect of
the absorbed water molecules as well as the ion
exchange between Ca®* and Na™ during the immer-
sion. Furthermore, TS values of films in the wet state
continuously increased as the concentration of CaCl,
increased. However, it was noted that as the CaCl,
concentration increased, the E % reached its maxi-
mum value (18.06 %) and then decreased when the
CaCl, concentration exceeded 1.5 %. This trend of
E % values for wet Ca-SA films indicated again that
in addition to Ca®" crosslinking sites, the films might
retain some molecular chains entanglement which
can explain the ineffectiveness of CaCl, concentration
on the variable E % values.

Conclusion

Alginate films crosslinked with different concentra-
tions of CaCl, (0.375, 0.75, 1.5, 3, and 6 %, w/v) were
successfully prepared by solution casting using the
two-step crosslinking procedure. FTIR, swelling test,
ICP-OES, and EDS analysis demonstrated the signif-
icant impact of CaCl, concentration on the gelation
process of alginate films, due to the unique molecular
entanglement and interactions between alginate and
calcium ions at different CaCl, concentrations. The
increase in CaCl, concentration in the crosslinking
solution decreased the break elongation and swelling
ability of alginate films, while improved the tensile
strength and surface homogeneity. In addition, no
significant changes in film thickness were detected
with the increase of CaCl, concentration. As a com-
promise between film tensile strength and flexibility,
performing effective absorption capability as well as
the product appearance, the use of 1.5 % w/v CaCl,
in the crosslinking step was recommended. The
results of this work can be implemented to adjust the
gelation process and obtain alginate films with
proper physical properties, which could contribute to
further biomedical applications. So, the effect of
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calcium concentration on the biomedical properties
of alginate films should be emphasized in future
research.
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