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a  b  s  t  r  a  c  t

Galactomannan  extracted  from  Cassia  grandis  seeds  was  used  for the  production  of films  containing
different  concentrations  of  the bioactive  compounds  lactoferrin  (LF),  bioactive  peptides  (BAPs),  and  phy-
tosterols.  SEM,  FTIR,  mechanical  and  thermal  properties,  colour,  moisture  content  (MC),  solubility,  water
vapour  permeability  (WVP),  and  contact  angle  (CA)  were performed  evaluating  the  effect  of increasing
concentrations  of  bioactive  compounds  on  the  films’  physicochemical  properties.  The  immobilization
of  bioactive  compounds  leads  to films  with  roughness  on  their  surface,  as  observed  by SEM.  The  ther-
mal  events  demonstrated  that bioactive  compounds  avoided  the establishment  of  more  hydrogen  bonds
when  compared  to  galactomannan  control  film;  this  behaviour  was  also  confirmed  by FTIR.  All  the  stud-
ied films  had  a strong  whiteness  tendency  as well  as  a yellowish  appearance.  The  addition  of  Lf  reduced
tructural analysis MC  and  solubility  values  and  leads  to an  increase  of  WVP  and  CA  values,  while  the  addition  of BAPs
and  phytosterols  did  not  changed  the filmsı́  solubility.  The  mechanical  properties  were  affected  by  the
addition  of  bioactive  compounds,  which  improved  the stiffness  of  the  films.  Galactomannan-based  films
from  C.  grandis  showed  to  be  a  promising  structure  for the  immobilization  of biomolecules,  pointing  at  a
significant  number  of possible  applications  in food  and  pharmaceutical  industries.

©  2016  Published  by  Elsevier  B.V.
. Introduction

Polymers, whether natural or synthetic, are large molecules
hose chains are able to produce continuous matrices that will

nfluence the successful formation of films, membranes and coat-
ngs. Among natural polymers, polysaccharides have been used as
n alternative material for the development of biodegradable and
on-toxic films and membranes that can be used in different appli-

ations. In the pharmaceutical field, films based on alginate [1],
hitosan [2], and POLICAJU [3] have been used as wound dress-
ng due to their capacity of adhesion and controlled release of

∗ Corresponding author at: Laboratório de Imunopatologia Keizo Asami, Uni-
ersidade Federal de Pernambuco, Campus Universitário, s/n, Cidade Universitária,
0670-901, Recife, PE, Brazil.

E-mail addresses: mgcc1954@gmail.com, mgcc@ufpe.br
M.G. Carneiro-da-Cunha).

ttp://dx.doi.org/10.1016/j.ijbiomac.2016.12.081
141-8130/© 2016 Published by Elsevier B.V.
biomolecules; while galactomannan-based films have been applied
as supports for the immobilization of Concanavalin A in immuno-
logical experiments, aiming the evaluation of interactions between
polysaccharides, proteins and dengue virus [4]. In food industry,
the use of polysaccharides for the production of films and coat-
ings became an alternative for synthetic and wax materials, being
cellulose derivatives, chitosan, agar and starch some of the most
common used materials. They can act in the maintenance of safety
and quality of foods, being used as carriers of biomolecules, not only
for control of the microbial contaminations, but also to enhance the
health benefits of food products [5].

Galactomannans are hydrophilic polysaccharides derived from
leguminous seeds that possess a central core of (1 → 4)-linked D-
mannopyranose units to which (1 → 6)-linked D-galactopyranose

units are attached. They present as main advantages their emul-
sifying, thickening, and gelling capacity. In addition, they can be
used as alternative sources for the production of edible films based
on their edibility and biodegradability [6,7]. The galactomannan

dx.doi.org/10.1016/j.ijbiomac.2016.12.081
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2016.12.081&domain=pdf
mailto:mgcc1954@gmail.com
mailto:mgcc@ufpe.br
dx.doi.org/10.1016/j.ijbiomac.2016.12.081
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xtracted from the seeds of Cassia grandis, a typical Brazilian tree,
as been previously characterized by our lab [8]. Methylation anal-
sis and NMR  spectroscopy reported that the polysaccharide has a
entral core composed of 4-linked �-mannose units with branches
f galactose, linked to the carbohydrate core through �(1–6) link-
ge. The rheological characterization indicated the galactomannan
s an alternative source for conventional galactomannans due to
ts ability to present both liquid and gel behaviour suggesting that,
ue to its rheological properties, it can be useful in various biotech-
ological applications.

A  great number of works reported the use of galactoman-
ans from conventional [9] and non-conventional [10] sources to
roduce films. Other galactomannan-based films have also been
xplored as effective support for the immobilization of different
unctional compounds, such as peptides [11], antioxidants [12]
nd lectins [4]. The incorporation of bioactive compounds with
unctional properties in the galactomannan-based films can bring
everal advantages for pharmaceutical and food industries. By
ombining the excellent biological characteristics of the bioac-
ive compounds and the physicochemical properties of the films,
unctional galactomannan-based films could bring several advan-
ageous when compared with the synthetic alternatives and thus
hould be explored.

Lactoferrin (Lf) is a monomeric, globular, and basic 80 kDa iron-
inding glycoprotein of the transferrin family. It is abundant in
ilk and in most biological fluids and holds important biologi-

al activities including anticancer, anti-inflammatory and immune
odulator, as well as antimicrobial properties against a large num-

er of microorganisms. These properties are mostly due to its ability
o bind iron and to interact with cellular and molecular compounds
f hosts and pathogens [13]. Bioactive peptides (BAPs) are specific
ragments of proteins with activities similar to drugs and/or hor-

ones, capable of modulating physiological functions by binding
o specific target cell receptors, leading to induction of physio-
ogic responses. Milk proteins are a good source of BAPs, which can
ositively affect various health biomarkers in vitro [14]. Regard-

ng the described effects in the cardiovascular system, BAPs induce
nti-hypertensive activity by inhibiting the angiotensin convert-
ng enzyme, a key enzyme in the regulation of blood pressure that
onverts angiotensin I into angiotensin II, a potent vasoconstrictor.
lant sterols, also called phytosterols, have been reported to include
ver than 250 distinct sterols and related compounds in various
lant and marine materials; in addition, they have similar chemi-
al structures and biological functions as cholesterol. Phytosterols
ontain an extra methyl group, ethyl group, or double bond, and
hey are known to have hypocholesterolemic properties. Phytos-
erols analogues are suggested to lower cholesterol absorption and
hus the serum cholesterol level in humans, leading to cardiologic
ealth benefits [15].

Several studies have reported the immobilization of Lf [16,17],
APs [18], and phytosterols [19] in pharmaceutical solid dosage

orms such as capsules, beads, particles and tablets, however the
mmobilization of those bioactive compounds in galactomannan-
ased films emerges as an effective way for biotechnological
pplications in pharmaceutical and food industries, since they can
e an alternative, for example, for individuals with dermal wounds
r with difficulty in swallowing those unit doses.

The objective of this work was to evaluate the effect of three
ifferent bioactive compounds (LF, BAPs and phytosterols) on the
roperties of galactomannan-based films. The effect of increas-

ng concentrations of bioactive compounds was evaluated through
canning electron microscopy (SEM), Fourier-transform infrared

FTIR) spectroscopy analyses and thermal properties. Colour, mois-
ure content, solubility, water vapour permeability, water contact
ngle, and mechanical properties were also performed.
iological Macromolecules 96 (2017) 727–735

2. Materials and methods

2.1. Materials

The pods of C. grandis were collected at the rural zone of
Pernambuco state, in the city of Angelim (Brazil), in July 2011.
Ethanol (99.8%), acetone (PA) and sodium chloride were obtained
from Vetec Fine Chemicals Ltda. (Brazil). Lf was obtained from
DMV  International (USA). The reported composition expressed as
a dry weigh percentage was: 96% protein, 0.5% ash, 3.5% mois-
ture and an iron content around 120 ppm. Glycerol 87% (Panreac,
Spain), Lowpept

®
(hydrolysed milk protein, Innaves SA, Spain)

and Lowcol
®

(phytosterols, Innaves SA, Spain) were obtained
from commercial sources. Lowpept

®
(hydrolysed milk proteins,

potassium chloride, cellulose microcrystalline as bulking agent,
xantham gum as carrier and magnesium stearate and silicon diox-
ide as anti-caking agents) and Lowcol

®
(phytosterols, cellulose

microcrystalline as bulking agent, xantham gum as carrier and mag-
nesium stearate and silicon dioxide as anti-caking agents) were
used as sources of BAPs and phytosterols, respectively. All other
chemicals were of analytical grade.

2.2. Film preparation

The galactomannan contained in C. grandis seeds was obtained
according to Albuquerque et al. (2014) [8], with an extraction yield
of 36 ± 8% and a composition of 71.0% mannose and 29.0% galac-
tose. Briefly, the purification process was performed by immersion
of the pods of C. grandis in distilled water at 25 ◦C for 18 h; the pods
were then separated in a half part, revealing the seeds which were
removed and dried until reaching a constant weight. The dry seeds
were boiled in distilled water 1:5 (w/v) at 100 ◦C for 1 h for enzyme
inactivation and maintained in water by 18 h at 25 ◦C to facilitate
removal of the hull. After that, the hull was removed and the resid-
ual was  triturated in a blender with 0.1 M NaCl 5% (w/v) at 25 ◦C,
filtered through a veil tissue and after using a screen printing cloth,
and precipitated with 46% ethanol 1:3 (v/v) for 18 h. The white
precipitate obtained was washed with 100% ethanol 1:3 (w/v) for
30 min  and two  times with acetone 1:3 (w/v) for 30 min, been
filtered on screen printing cloth between each washing. The pre-
cipitate was dried until constant weight, milled and finally called
galactomannan.

The film forming solutions were prepared in distilled water with
0.8% (w/v) of galactomannan and 0.2% (v/v) of glycerol, maintained
under magnetic stirring (500 rpm) for 18 h, at room temperature
(20 ± 2 ◦C), and finally called film A. Galactomannan and glycerol
concentrations were chosen based on preliminary analyses (results
not shown).

Lf (0.1% for B1 and 0.2% for B2), Lowpept
®

(0.1% for C1 and
0.2% for C2) and Lowcol

®
(0.1% D1 and 0.2% for D2) were added

to the film forming solutions (w/v), and left under magnetic stir-
ring (500 rpm) for 5 h, at room temperature (20 ± 2 ◦C). A constant
amount (15 mL)  of each of the obtained film forming solutions was
cast onto a 90 mm  diameter polystyrene Petri dish. The films were
then dried in an oven at 33 ◦C for 9 h and maintained at 20 ◦C and
54% relative humidity (RH) until further characterization.

2.3. Film thickness

Film thickness was  measured with a digital micrometer (No.

293–561, Mitutoyo, Japan). Five different randomly chosen points
were performed on each film and the mean values were used in the
calculations of water vapour permeability (WVP) and mechanical
properties.
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.4. Scanning electron microscopy

The Scanning Electron Microscopy (SEM) surface scans of the
lms were performed on a scanning electron microscope (Nova
anoSEM 200, Netherlands) with an accelerating voltage of 10 kV
nder vacuum conditions. Each film was attached to a coverslip
ia a coated thin film of chromium and carbon. The coating also
orked to prevent the accumulation of static electric charge on

he surface during electron irradiation and to avoid scanning faults
nd other image artefacts. The samples were sputter-coated with
olloidal gold particles and then left drying before scanning. The
mages were presented with 5000× of magnitude and 20 �m of
mplitude.

.5. Fourier-transform infrared (FTIR) spectroscopy

The films were characterized by Fourier Transform Infrared
FTIR) Spectroscopy on a Bruker FT-IR VERTEX 80/80 v (Boston,
SA) in Attenuated Total Reflectance mode (ATR) with a platinum
rystal accessory between 400 and 4000 cm−1, using 16 scans at

 resolution of 4 cm−1. Before analysis, an open bean background
pectrum was  recorded as a blank. The galactomannan control film
A) was used as control and each spectrum recorded for the films
ith immobilized bioactive compounds (B1, B2, C1, C2, D1 and D2)
as subtracted from the control spectrum. Data analysis was per-

ormed with GraphPad Prism 5.00.288 (GraphPad Software, Inc.,
an Diego, CA, USA).

.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was completed with a
erkinElmer TGA 4000 (PerkinElmer, Massachusetts, EUA). Sam-
les were placed in the balance system and heated from 20 ◦C to
50 ◦C at a heating rate of 10 ◦C min−1 under a nitrogen atmosphere.

.7. Colour and opacity

The colour and opacity were determined using a digital col-
rimeter (Konica Minolta, model Chroma Meter CR-400, Osaka,

apan) calibrated at illuminant C with a white standard. The param-
ters determined were L* (L* = 0 [black] and L* = 100 [white]),
* (−a* = greenness and +a* = redness) and b* (−b* = blueness
nd + b* = yellowness). These parameters are the ones recom-
ended by the International Commission on Illumination. Films

pacity was calculated as the ratio between the opacity of each
ample on the black standard (Yb) and the opacity of each sample
n the white standard (Yw). Five measurements were determined
t random Yb and Yw and an average of them was used for calcula-
ions. The experiment was done in triplicate and the results were
xpressed as percentage and determined through:

(%) = (Yb/Yw).100 (1)

.8. Moisture content

The moisture content (MC) was expressed as the percentage
f water removed from the initial mass sample. MC was deter-
ined gravimetrically by drying the films at 105 ◦C in an oven with

orced air circulation for 24 h. The experiments were performed in
riplicate.

.9. Solubility
The measurement of solubility was determined according to
ontard, Duchez, Cuq, Guilberts (1994) [20]. Triplicates of each
lm were cut with a circular mould of 2 cm diameter, weighted
ological Macromolecules 96 (2017) 727–735 729

and dried at 105 ◦C in an oven for 24 h. After reweighting, the films
were placed in cups with 50 mL  of distilled water, sealed over with
parafilm and homogenized at 60 rpm for 24 h. The non-soluble part
of each film was dried at 105 ◦C for 24 h and weighted again.

2.10. Water vapour permeability

The measurement of water vapour permeability (WVP) was
determined gravimetrically based on ASTM E96-92 method [21,22].
The film was sealed on the top of a permeation cell containing dis-
tilled water (100% RH; 2337 Pa vapour pressure at 20 ◦C), placed in
a desiccator at 20 ◦C and 0% RH (0 Pa water vapour pressure) con-
taining silica. The cells were weighted at intervals of 2 h for 10 h.
Steady-state and uniform water pressure conditions were assumed
by maintaining the air circulation constant outside the test cell by
using a miniature fan inside the desiccator]29]. The slope of weight
loss versus time was obtained by linear regression. Three replicates
were obtained for each sample.

2.11. Contact angle

Contact angle was measured in a face contact angle meter (OCA
20, Dataphysics, Germany). The samples of the films were taken
with a 500 �L syringe (Hamilton, Switzerland), with a needle of
0.75 mm of diameter. The contact angle at the film surfaces was
measured by the sessile drop method [23]. Measurements were
made in less than 5 s. Thirty replicates of contact angle measure-
ments were obtained at 19.8 (±0.3) ◦C.

2.12 Mechanical properties: Younǵıs modulus, tensile strength
and elongation-at-break

Youngı́s modulus (YM), tensile strength (TS) and elongation-at-
break (EB) were measured using a TA·HD plus Texture Analyzer
(Serial RS232, Stable Micro Systems, Surrey, UK) following the
guidelines of ASTM D 882-02 (2010). According to the ASTM stan-
dard, film strips with a length of 100 mm  and a width of 20 mm
were used and the average film thickness was  measured as previ-
ously described in Section 2.3. The initial grip separation was  set
at 100 mm and the crosshead speed was set at 5 mm min−1. YM
was related as the slope of the elastic region in a plot of stress x
strain. TS was expressed in MPa  and was  calculated by dividing the
maximum load (N) by the initial cross-sectional area (m2) of the
specimen. EB was  calculated as the ratio of the final length at the
point of sample rupture to the initial length of a specimen (100
mm)  and expressed as a percentage. At least six replicates were
performed for each sample.

2.13. Statistical analyses

Statistical analyses were performed using Analysis of Variance
(ANOVA) and linear regression analysis. The Tukey test (�=0.05)
was used to determine any significance of differences between spe-
cific means (GraphPad Prism 5.00.288, GraphPad Software, Inc., San
Diego, CA, USA).

3. Results and discussion

3.1. Scanning electron microscopy (SEM)

SEM is a technique that allows visualizing the surface mor-
phology of the films, mainly the distribution of the immobilized

bioactive compounds in the microstructure of the film matrix. Fig. 1
shows the surface morphology of the galactomannan-based films.
Fig. 1A shows the image of the film without any bioactive com-
pound (A), presenting a more uniform structure than the films
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Table 1
Bioactive compounds concentration used in films formulation and the correspond-
ing values of film thickness.

Films Bioactive compound (w/v) Thickness (mm)

A – 0.031 ± 0.001a

B1 Lf 0.1% 0.041 ± 0.008a

B2 Lf 0.2% 0.044 ± 0.005a

C1 Lowpept® 0.1% 0.038 ± 0.001a

C2 Lowpept® 0.2% 0.044 ± 0.000a

D1 Lowcol® 0.1% 0.099 ± 0.006b

D2 Lowcol® 0.2% 0.099 ± 0.008b
ig. 1. SEM images showing the surface structure of (A) the control galactomannan
w/v),  (C2) Lowpept® 0.2% (w/v), (D1) Lowcol® 0.1% (w/v), and (D2) Lowcol® 0.2% (w

ith immobilized bioactive compounds (B-D). It is possible to
bserve by SEM some granules that maybe related to contaminating
esidues remaining from the galactomannan extraction. However,
t is important to highlight that during galactomannan extraction
aCl was used to increase the solubility of the contaminating free
roteins; also washing with ethanol allows to remove contami-
ants and a further wash with acetone that allows the removal
f proteins [24]. In addition, galactomannan films with Lowpept

®

C1 and C2) and Lowcol
®

(D1 and D2) showed more granules than
1 and B2 (immobilized with Lf) probably due to the presence of

nsoluble parts of these biomolecules. Is clear the presence of the
mmobilized bioactive compounds in the microstructure of the film

atrix and their change according to the type of biomolecule.
For instance, working with the immobilization of bioactive com-

ounds in galactomannan-based films, Cerqueira et al. (2010) [12]
sed different extracts and showed by SEM that the composite
lms present vesicles with spherical shapes, smooth surfaces and
pparently free of visible cracks and pores. It is possible to observe
n these results that Lf was homogenously distributed in the film

atrix, while Lowpept
®

(Fig. 1C1 and C2) and Lowcol
®

(Fig. 1D1

nd D2) presented a non-uniform pattern of distribution. In addi-
ion, according to the results presented in Table 1, film thickness
as only affected (p < 0.05) by Lowcol

®
immobilization, maybe
a–bDifferent superscript letters in the same column indicate a statistically significant
difference (p < 0.05).

associated with voids formed during film preparation and which
leads to films with certain roughness on their surface and thus
higher values of thickness.

3.2. FTIR
FTIR was used for the evaluation of possible chemical inter-
actions between Lf, Lowpept

®
, Lowcol

®
and the film matrix and

possible modifications in their structure (Fig. 2).
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ig. 2. FTIR spectra of the galactomannan control film (A) as blank and the subtract
owpept® 0.1% (w/v), (C2) Lowpept® 0.2% (w/v), (D1) Lowcol® 0.1% (w/v), and (D2) 

The control film (A), composed only of galactomannan, dis-
layed a FITR spectrum similar to the result obtained by
lbuquerque et al. (2014) [8], confirming that the control film

s originated exclusively by the polysaccharide purified from C.
randis seeds; however, particular differences were observed for
he films with immobilized bioactive compounds. The spectra
ecorded for these films were subtracted from the spectrum
btained for the galactomannan control film (please see Section
.5). In general, all films presented a broad band between the
egions 3100–3500 cm−1, that represents O H stretching vibra-
ion formed by hydroxyl groups of the galactomannan and water
nvolved in hydrogen bonding. In addition, a broad band around
800–3000 cm−1, assigned to C H stretching vibration, is also
resented in all samples [25]. The incorporation of bioactive com-
ounds leads to a great variation in the region related to hydroxyl
roups, which can be related with the hydrophilicity character of
he films. The addition of 0.2% (w/v) of Lf (B2), 0.1 and 0.2% (w/v)
f Lowpept

®
(C1 and C2) and 0.1 and 0.2% (w/v) Lowcol

®
(D1 and

2) decreased the intensity of the bands, being representative of
he lower availability of hydroxyl groups on these films and thus

 less interaction with water. A different behaviour was observed
or 0.1% (w/v) of Lf (B1), where the intensity of the O H stretching
ibration was similar to the galactomannan film (A) used as control.

The peak near to 1000 cm−1 corresponds to the stretching vibra-
ion of C O in C O C bonds and appears in all studied films [26],
hile the anomeric region (950–700 cm−1) and peaks near to 870

nd 810 cm−1 are representative of the �-d-galactopyranose and
-d-mannopyranose units, respectively [27]. Despite the mainte-
ance of these peaks for all films confirming the main structure of
he galactomannan, it is possible to observe that the spectra of films
ith high concentrations of bioactive compounds (B2, C2 and D2)

how an inflection of the peak (intensity decrease), which can be
elated to their influence in the galactomannan’s film structure.

According to the literature [28], signals at 1650 and 1550 cm−1

re assigned to the axial deformation of the C O bond (amide I)
nd the angular deformation of the N H bond (amide II), pro-
osed for identification of proteins. These peaks could be clearly
bserved in films with 0.1 and 0.2% (w/v) of Lf and 0.2% (w/v) of

owpept

®
, respectively B1, B2 and C2, once the spectra of these

lms lead to an increase of the peak intensity in this range. The
ddition of Lowpept

®
at 0.1% (w/v, namely C1) and Lowcol

®
(0.1
ectra of the films after immobilization of (B1) Lf 0.1% (w/v), (B2) Lf 0.2% (w/v), (C1)
l® 0.2% (w/v) in the film-forming mixture.

and 0.2%, w/v, respectively for D1 and D2) displays no signals at
1650 and 1550 cm−1, corresponding to a similar spectrum to the
galactomannan control film (A).

3.3. Thermogravimetric analysis

The thermogravimetric analysis (TGA) for galactomannan films
show at least three thermal events, being the first attributed
to water evaporation, the second attributed to the presence of
glycerol, and the third related to polysaccharide decomposition
[29,30]. TGA experiments performed in this study are in accor-
dance with those reported by the literature and show three mass
loss events for the galactomannan films (Table 2). The first ther-
mal  event occurred near 65 ◦C and corresponds to dehydration,
which may  be attributed to the evaporation process, a character-
istic phenomenon of a polysaccharide with a hydrophilic nature.
The second, around 188 ◦C, is related to the weight loss associ-
ated with glycerol decomposition. For these results no statistically
significant differences were observed. The third peak is associated
with the dehydration, depolymerization and pyrolytic decompo-
sition of the polysaccharide backbone [30,31]. The galactomannan
control film (A) presented a peak of 294.19 ± 0.95 ◦C and a weight
loss of 45.17 ± 2.33%, similar to the results obtained for other galac-
tomannans [10,31,32]. In addition, B2, C1 and C2 were statistically
different to the control film (A), i.e., the presence of Lf (0.2%, w/v)
and Lowcol

®
(0.1 and 0.2%, w/v) avoided the establishment of more

hydrogen bonds in the galactomannan film matrix, as confirmed by
FTIR spectra analyses.

3.4. Colour and opacity

Colour and opacity are important features for the acceptance of
products from pharmaceutical or food industry. Table 3 presents
the colour parameters and opacity of the films. All studied films
were bright with a strong whiteness tendency as presented by L*
coordinate values, and a yellowness appearance represented by b*

coordinate; for those parameters films did not present statistically
significant differences (p > 0.05) among them. Results showed that
the presence of Lf in higher concentrations (B2) lead to the increase
(p < 0.05) of a* values, i.e., the increasing concentrations of Lf lead
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Table 2
Thermogravimetric behaviour of the galactomannan control film (A) and the films after immobilization of (B1) Lf 0.1% (w/v), (B2) Lf 0.2% (w/v), (C1) Lowpept® 0.1% (w/v),
(C2)  Lowpept® 0.2% (w/v), (D1) Lowcol® 0.1% (w/v), and (D2) Lowcol® 0.2% (w/v) in the film-forming mixture. The values of the peaks correspond to the values of derivative
thermograms obtained by the TGA curve between 20 and 450 ◦C.

Sample Peak 1 (◦C) �Y  1 (%) Peak 2 (◦C) �Y 2 (%) Peak 3 (◦C) �Y 3 (%)

A 67.75 ± 6.94a 14.28 ± 4.08a 193.10 ± 11.50a 15.94 ± 0.78b 294.19 ± 0.95b,e 45.17 ± 2.33a ,b

B1 67.18 ± 3.84a 12.81 ± 4.86a 189.87 ± 10.10a 14.54 ± 0.15b,c 289.90 ± 3.73b,c 46.90 ± 3.35a ,b

B2 66.93 ± 2.15a 17.40 ± 0.64a 187.38 ± 3.00a 12.67 ± 1.15c 286.61 ± 1.53c,d 43.39 ± 1.20b

C1 63.45 ± 1.63a 16.09 ± 2.02a 188.74 ± 9.06a 12.21 ± 0.6c 282.33 ± 0.57d 46.28 ± 1.76a ,b

C2 64.46 ± 3.10a 13.42 ± 4.08a 192.96 ± 2.88a 9.43 ± 0.76a 272.50 ± 0.55a 45.79 ± 3.10a ,b

D1 63.80 ± 2.42a 16.99 ± 1.19a 183.63 ± 4.51a 13.11 ± 0.95c 295.34 ± 1.15e 48.89 ± 1.13a ,b

D2 65.36 ± 4.38a 16.89 ± 2.71a 187.93 ± 1.72a 12.61 ± 1.36c 296.33 ± 0.33e 50.55 ± 2.87a

a–eValues with the same superscript letters within a column are not significantly different (p < 0.05).

Table 3
Colour parameters L* (luminosity), a* (-a* = greenness and + a* = redness), b*
(−b*  = blueness and + b* = yellowness) and Y (opacity) for the galactomannan control
film  (A) and the films after immobilization of (B1) Lf 0.1% (w/v), (B2) Lf 0.2% (w/v),
(C1) Lowpept® 0.1% (w/v), (C2) Lowpept® 0.2% (w/v), (D1) Lowcol® 0.1% (w/v), and
(D2) Lowcol® 0.2% (w/v) in the film-forming mixture (values expressed as aver-
age  ± standard deviation).

Film L* a* b* Y (%)

A 95.59 ± 0.40a 0.917 ± 0.01b,c 7.037 ± 0.40a 11.83 ± 0.25a

B1 95.05 ± 0.42a 1.197 ± 0.13a,b 6.823 ± 0.78a 11.71 ±0.26a

B2 95.18 ± 0.09a 1.270 ± 0.01a 6.593 ± 0.04a 11.53 ± 0.15a

C1 95.47 ± 0.32a 0.903 ± 0.11b,c 7.607 ± 0.40a 11.84 ± 0.19a

C2 95.29 ± 0.24a 0.843 ± 0.19c 7.980 ± 1.08a 12.37 ± 0.16a,b

D1 95.30 ± 0.15a 1.040 ± 0.06a,b,c 7.257 ± 0.28a 13.43 ± 0.16b

D2 94.51 ± 0.90a 1.133 ± 0.11a,b,c 8.063 ± 0.91a 15.41 ± 1.40c

a–cDifferent superscript letters in the same column indicate a statistically significant
difference (p < 0.05).
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Table 4
Moisture content (MC), solubility (Sol), water vapour permeability (WVP) and con-
tact  angle (CA) values of the galactomannan control film (A) and the films after
immobilization of (B1) Lf 0.1% (w/v), (B2) Lf 0.2% (w/v), (C1) Lowpept® 0.1% (w/v),
(C2)  Lowpept® 0.2% (w/v), (D1) Lowcol® 0.1% (w/v), and (D2) Lowcol® 0.2% (w/v) in
the  film-forming mixture.

Films MC (%) Solubility (%) WVP x 10−7

(g h−1 m−1 Pa−1)
CA (◦)

A 29.33 ± 2.31a,b 74.00 ± 7.21a 5.60 ± 0.39a 68.72 ± 4.26a

B1 17.67 ± 5.51b,c 55.67 ± 7.02b,c 8.85 ± 1.37a,b 123.0 ± 4.27b

B2 15.67 ± 5.51c 51.67 ± 4.16c 9.39 ± 1.31b 122.8 ± 9.18b

C1 31.67 ± 4.04a 69.67 ± 7.77a,b 7.75 ± 0.75a,b 83.60 ± 3.46c

C2 26.33 ± 5.69a,b,c 63.67 ± 7.50a,b,c 8.72 ± 0.52a,b 93.05 ± 3.20c

D1 20.33 ± 3.79a,b,c 69.33 ± 4.93a,b,c 22.43 ± 0.21c 67.34 ± 7.07a

D2 18.00 ± 2.65b,c 56.00 ± 5.00b,c 21.29 ± 2.55c 62.06 ± 2.17a
ig. 3. Representative image of the galactomannan film with immobilized Lowpept®

t 0.2% (w/v) in black (A) and white (B) background (D2).

o a redness appearance of the film, even considering their evident
ellowness tendency.

All the films were slightly opaque (Table 3), however only galac-
omannan films with immobilized Lowcol

®
(D1 and D2) exhibited

ignificantly higher (p < 0.05) values of opacity when compared to
he control film (Fig. 3). This is in agreement with other published
orks [11,12,33], where it has been showed that the addition of

ioactive compounds to the films could lead to an increase of opac-
ty values.

.5. Moisture content (MC), solubility (Sol), water vapour
ermeability (WVP) and contact angle (CA)

Moisture-binding abilities of films can affect significantly their
hysical and barrier properties, thus the knowledge of the con-
ent and affinity of film matrix to water is a key parameter when

hoosing a film for specific applications [34].

Table 4 shows the values of moisture content (MC), solubility,
ater vapour permeability (WVP), and contact angle (CA) of the
lms without any immobilized bioactive compounds (A) and of
a–cValues with the same superscript letters within a column are not significantly
different (p < 0.05).

the films with immobilized Lf (B1 and B2), Lowpept
®

(C1 and C2),
and Lowcol

®
(D1 and D2). MC  results showed that galactomannan-

based films with 0.2% (w/v) of Lf (B2) presented a significant
(p < 0.05) reduction of MC  values when compared to the control film
(A). Bourbon et al. (2011) [5] reported that incorporating bioactive
compounds in chitosan films led to an increase of MC,  however this
increase was  not significant for films with Lf. Our results showed
that the incorporation of Lf in its highest concentration decreased
the MC,  which can be explained by the fact that Lf presents both
hydrophobic and hydrophilic parts in its conformation. At neutral
pH, Lf has a net positive charge [35] with a hydrophobic domain
[36], thus the higher concentration of Lf in the galactomannan-
based film may  have reduced the availability of hydroxyl groups
to interact with water, resulting in a decrease of MC  values, as
confirmed by FTIR spectra analyses. Other explanation for the avail-
ability of hydroxyl groups on galactomannan composite films and
a lower interaction with water was advanced by Antoniou et al.
(2015) [6], who worked with tara gum-based films and showed the
influence of the addition of compounds in the MC.  They explained
that the films with composites, nanoparticles in this case, presented
a more compact structure, which allowed them to occupy more free
volume in the polymer matrix, thus reducing the MC  values.

Solubility results showed that the addition of Lf (B1 and B2)
and Lowcol

®
in its highest concentration (D2) decreased signifi-

cantly (p < 0.05) the solubility values when compared to the control
film (A). Nevertheless, it is important to mention that when Lf,
Lowpept

®
, and Lowcol

®
were added to galactomannan films, they

maintained their structure even after 24 h immersion in water. On
the other hand, the control film (A) became a cracked mass due to
a potential dissolution pattern. The reduction of the solubility for
the galactomannan-based films with immobilized Lf is in agree-
ment with the decrease of MC  values observed for B2, i.e., the film

could be considered more hydrophobic than the control film (A).

It is known that the presence of a plasticizer like glycerol leads
to a reduction of the hydrophobicity of polysaccharide-based films



l of Biological Macromolecules 96 (2017) 727–735 733

[
a
t
w
r
o
a
t
n
t
o
o
a
S
t
t
e
u
e
T
i
f
g
f
o

m
t
(
e
i
h
w
i
Q
t
o
g
b
t
r
c
(
t
a
F
s
p
t
a

a
s
[
c
t
r
B
l
n
a
e
B

h
w

Table 5
Effect of concentration on Young’s modulus (YM), tensile strength (TS) and elon-
gation at break (EB) of the galactomannan control film (A) and the films after
immobilization of (B1) Lf 0.1% (w/v), (B2) Lf 0.2% (w/v), (C1) Lowpept® 0.1% (w/v),
(C2)  Lowpept® 0.2% (w/v), (D1) Lowcol® 0.1% (w/v), and (D2) Lowcol® 0.2% (w/v) in
the  film-forming mixture.

Films YM (MPa) TS (MPa) EB (%)

A 0.29 ± 0.14a 4.73 ± 1.96a 18.06 ± 6.44a

B1 4.58 ± 1.12d 10.10 ± 1.13b,c 3.76 ± 0.93b

B2 5.08 ± 0.91c,d 9.40 ± 2.25b,c 3.37 ± 2.21b

C1 3.83 ± 0.049d 8.08 ± 1.05c 3.64 ± 1.42b

C2 6.24 ± 0.92b,c 11.37 ± 1.70b 3.16 ± 0.87b

D1 6.77 ± 1.10b 10.58 ± 1.97b,c 2.36 ± 0.69b

D2 4.51 ± 1.20d 8.25 ± 1.40c 3.29 ± 0.54b
P.B.S. Albuquerque et al. / International Journa

37,38], but also the proportion and distribution of galactose units
long the mannan chain can have an essential role in water con-
ent of galactomannans. The water solubility tends to increase
ith increasing content of galactose for galactomannans with M/G

atio up to 3; in turn, several studies reported that higher values
f M/G  ratio lead to films with lower solubility [39,40]. The MC
nd solubility values obtained for the control film (A) are higher
han the results obtained for the galactomannan studied by Anto-
iou, Liu, Majeed, Qazi, & Zhong (2014) [41], who evaluated how
he properties of tara gum-based films were influenced by poly-
ls, including glycerol at a similar concentration to the one used in
ur work. They obtained solubility values ranging between 14.37
nd 32.40% according to the glycerol concentration used. Cerqueira,
ouza, Teixeira, & Vicente (2012) [31] also reported that the addi-
ion of glycerol increased the solubility and MC  of films of Gleditsia
riacanthos galactomannan when compared with other plasticiz-
rs. The galactomannan extracted from the seeds of C. grandis
sed in this work has a mannose/galactose ratio (2.44:1) differ-
nt from the galactomannans used in the above mentioned works.
his molar ratio, in addition to the presence of glycerol may  have

nfluenced the galactomannan film structure, justifying the dif-
erences obtained for MC  and solubility when compared to other
alactomannan-based films; but also the extraction process (dif-
erent in this case) can lead to great difference in the solubility of
btained galactomannans.

WVP  is the most extensively studied property of edible films
ainly because of the importance of the water in deteriora-

ive reactions [12]. WVP  values ranged from 5.60 ± 0.39 × 10−7

A) to 22.43 ± 0.21 × 10−7 g h−1 m−1 Pa−1 (D1) (Table 2). The pres-
nce of phytosterols into galactomannan-based films (D1 and D2)
ncreased significantly the WVP  results, leading to values 3.9-fold
igher than the control film (A). The same happened when Lf
as added in a high concentration (B2), however in this case the

ncrease was lower (1.7-fold). According to Antoniou, Liu, Majeed,
azi, & Zhong (2014) [41], the high degree of hydrophilicity and

he water attracted into the matrix contribute to create regions
f higher water mobility, with greater inter-chain distances in the
alactomannan film. Regarding the results for the film with immo-
ilized Lowcol

®
in its highest concentration (D2), one can observe

hat it is more hydrophobic than the control film (A) in result of its
educed solubility, thus the increase in the WVP  value can be asso-
iated to the irregular surface of the film, confirmed by SEM results
see Section 3.1). The presence of voids on the irregular surface of
he film could function as site for water binding during moisture
bsorption, also allowing the water vapour to pass through the film.
inally, the increased WVP  values reported in our results demon-
trated that the contents of Lf in its highest concentration (B2), and
hytosterols from Lowcol

®
(D1 and D2), in addition to the interac-

ion with the galactomannan film, were the most significant factors
ffecting the WVP.

The determination of the contact-angle (CA) of films surface is
 simple way to evaluate the degree of hydrophobicity of the films,
ince the CA values will increase for higher hydrophobic surfaces
42]. Generally, if surfaces have CA values less than 90◦, they are
onsidered hydrophilic. The CA of the control film (A) indicated that
his film is essentially hydrophilic, which was quite similar to that
eported for other galactomannan-based films [41,42]. Lf (B1 and
2) and Lowpept

®
(C1 and C2) immobilized in galactomannan films

ed to an increase (p < 0.05) of CA values of the control film (A), while
o difference (p > 0.05) was observed for Lowcol

®
(D1 and D2). It is

lso important to note that the concentration effect did not affect
ach batch-film, i.e., there were no differences observed between

1 and B2, C1 and C2, and D1 and D2.

The results confirmed that the presence of Lf increased the
ydrophobicity of the films at all concentrations (B1 and B2)
ith CA values almost 40◦ higher than the control films. The
a–dValues with the same superscript letters within a column are not significantly
different (p < 0.05).

hydrophobic pattern observed for CA is also in agreement with
the results obtained for MC  and solubility of galactomannan-based
films with immobilized Lf. Relatively to the addition of Lowpept

®
,

the hydrophilic nature of the films (C1 and C2) remains unclear
since their CA values were approximately 90◦. A different behaviour
was observed for the addition of Lowcol

®
: the results showed

a higher water affinity for D1 and D2. CA provides information
regarding the sorption of water molecules to the film structure [39],
being related with the capacity for water binding during moisture
absorption for films with immobilized Lowcol

®
, as confirmed by

WVP  results.
It is important to mention that, depending on the application of

the films with immobilized bioactive compounds, the substantial
differences in its physicochemical properties may  be relevant for
the biomolecules and the display of their activities, for instance,
the relative hydrophobic pattern of the films with immobilized
bioactive compounds allows its graduated release, once the com-
pound guarantees its permanence into the film until the complete
solubilisation of the matrix.

3.6. Mechanical properties

Table 5 shows the mechanical properties (Young’s modulus –
YM,  tensile strength – TS and elongation at break – EB) of the
galactomannan films without and with immobilized bioactive com-
pounds. YM is a measure of the stiffness of a sample and a decrease
in this value means a reduction of the film stiffness, i.e., the reduc-
tion of YM increases the deformability of the films [43]. Films with
immobilized Lf (B1 and B2), Lowpept

®
(C1 and C2), and Lowcol

®

(D1 and D2) showed statistically significant (p < 0.05) difference in
YM when compared to the control film (A), which means that the
immobilized bioactive compounds improved the toughness of the
films. Regarding the effect of the immobilized bioactive compounds
concentration on the films, it is important to note that no significant
(p > 0.05) impact occurred to the films with Lf, while for films with
Lowpept

®
a concentration-dependent behaviour was observed,

where films with higher concentrations of this biomolecule (C2)
showed higher YM values than the films with 0.1% (C1). A distinct
behaviour was  observed for films with Lowcol

®
, where YM values

decreased for higher concentrations of the bioactive compound.
TS indicates the maximum tensile stress that the film can sus-

tain. It is a parameter related to the chemical structure of the
film and depends strongly on film composition, being directly
influenced by water, plasticizers, surfactants and bioactive com-
pounds immobilized in the film matrix [5]. Galactomannan-based
films with Lf, Lowpept

®
, and Lowcol

®
exhibited higher TS values
compared to the control film (A), which means that the immobi-
lization of bioactive compounds affected the structure of the films,
improving the tensile stress to which the films may  be subjected
before deformation occurs. In addition, increasing the content of
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owpept
®

leads to a significant increase of (p < 0.05) TS values of
he films. The concentrations of the other bioactive compounds did
ot show effects on TS values.

EB is related with the film flexibility and the obtained results
re presented in Table 5. Results show that films with immobilized
ioactive compounds were less flexible (p < 0.05) than the control
lm (A). Nevertheless, the increase of the concentration of them did
ot affect EB. This is in agreement with other works, as the EB of
alactomannan-based films decreased when biomolecules or other
ompounds were added to the matrix [7].

The M/G  ratio of galactomannans significantly affects the
echanical properties of the films. For example, Mikkonen et al.

2007) [44] reported that films prepared from locust bean gum
M/G ratio of approximately 3.33) were stronger and more flexible
han films prepared from guar gum (M/G ratio of approxi-

ately 1.67). Dos Santos et al. (2015) [39] produced films from
ve sources of galactomannans (Adenanthera pavonina, Cyamop-
is tetragonolobus,  Caesalpinia pulcherrima, Ceratonia siliqua and
ophora japonica, presenting mannose/galactose ratios of 1.3, 1.7,
.9, 3.4 and 5.6, respectively) and reported that EB increases with
he increase of the M/G  ratio for values up to 3.0. For higher molar
atios, the EB values showed a reduction. TS values generally follow
he inverse of those obtained for EB; they are high at low M/G  ratios,
ising again for high M/G  ratios. The result for TS of the galactoman-
an control film (A) is in agreement with published works for other
alactomannan-based films [45].

The galactomannan extracted from C. grandis seeds used in this
tudy (M/G ratio of 2.44) produced more flexible control films (A)
han the above mentioned galactomannans; in addition, the immo-
ilization of Lf, Lowpept

®
, and Lowcol

®
affected the structure of the

lms, already reported for the physical characterization by MC,  sol-
bility, WVP  and CA results, increasing the filmı́s stiffness (higher
M)  and tensile strength (TS), confirming the reinforcing effect of
he bioactive compounds into the film matrix.

. Conclusion

Lactoferrin, Lowpept
®

, and Lowcol
®

can be added to
alactomannan-based films maintaining their main structure
nd promoting significant variations on the physicochemical
roperties of the films. The incorporation of the bioactive com-
ounds increased the films’ stiffness and decreased their solubility,

eading to a reinforcement of the films. It has also been shown
ow the structure, the surface and the hydrophilicity character
f the films could be influenced by the presence of bioactive
ompounds through measurement of thermal properties (TGA),
urface microstructure (SEM) and chemical structure (FTIR).

The immobilization of Lactoferrin (Lf), peptides (from
owpept

®
) and phytosterols (from Lowcol

®
) in galactomannan-

ased films can be valuable for a great number of industrial
pplications. For example, in the pharmaceutical field,
alactomannan-based films with immobilized Lf can be tested as a
andidate for wound dressing by combining the physicochemical
roperties of the film and the excellent Lf biological activities. For
iotechnological applications in food, the health benefits associ-
ted to BAPs and phytosterols could be achieved in galactomannan
lms with immobilized Lowpept

®
and Lowcol

®
, respectively,

hich can be used as alternative for individuals with difficulties
or swallowing pharmaceutical solid dosage forms.
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