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Abstract: The aim of this work was to assess the effect of fish gelatin–citric acid nucleophilic
substitution and agar–citric acid esterification reactions on the properties of agar/fish gelatin films.
Since temperature is an important cross-linking parameter, films were treated at 90 ◦C and 105 ◦C
and film properties were compared to those of non-cured films. It was observed that temperature
favored the aforementioned reactions, which induced physical and morphological changes. In this
regard, darker films with a rougher surface were obtained for the films with a higher cross-linking
degree. While mechanical properties were slightly modified, the barrier properties were enhanced
due to the reactions that occurred. Therefore, these agar/fish gelatin films cross-linked through two
different reactions can be considered to be promising materials as active films for different purposes,
such as active packaging or pharmaceutical applications.

Keywords: fish gelatin; agar; citric acid; cross-linking

1. Introduction

The valorization of biowastes and their utilization as raw materials leads to a more efficient use of
resources and promotes a more circular economy [1,2]. Biopolymers obtained from biowastes can be
employed to prepare novel materials for a wide range of purposes, such as food packaging, biomedical,
and cosmetic applications [3–5]. In addition to biopolymers, additives that are capable of improving
the functional properties and versatility of biopolymers can also be obtained from biowastes [6,7].

With regard to food processing wastes, fishery residues are promising candidates from which
to extract biopolymers and bioactives. According to recent findings, fishery discards account for
slightly less than 10% of total annual catches, which correspond approximately to 10 Mt/year [8].
Furthermore, fish processing wastes include large quantities of substandard muscles, viscera, heads,
skins, fins, frames, and trimmings, which generally account for 30–50% of the total weight of the starting
material [9]. These fish wastes represent a source of several potentially valuable molecules [2]—among
them, gelatin [10], a protein with unique functional and technological properties. This protein is an easily
processable material due to its linear structure and limited monomer composition, leading to excellent
film forming properties [11]. However, gelatin is moisture-sensitive [12,13] and has weak mechanical
properties [14]; therefore, some modifications are necessary to enhance the mechanical behaviour and
water stability of gelatin-based materials and, thus, to extend their application domain [15].

Besides fishery residues, other biowastes that can give rise to diverse environmental issues are
generated in nature. For instance, marine algae are washed ashore on beaches and they can alter
the sedimentary balance along the overall transverse beach profile [16]. In order to prevent possible
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problems, this biowaste can be valorized to obtain agar, a fibrous polysaccharide that consists of two
main components: agarose and agaropectin [17]. This hydrophilic colloid is extracted from marine
algae of the Rhodophyceae class, such as Gelidium sp. and Gracilaria sp. [18,19]. Agar has shown
the ability to form very hard gels at very low concentrations and, thus, is widely used in food and
pharmaceutical industries as gelling and thickening agents [20]. This polysaccharide has excellent film
forming abilities, thermoplasticity, biocompatibility, and moderate water resistance [21].

In this context, different cross-linkers, such as citric acid [22], have been employed towards the
enhancement of the biopolymer’s functional properties. In this regard, citric acid is biocompatible,
water soluble, non-toxic, and inexpensive [23–25]. This mild organic acid is a polycarboxylic acid that
occurs naturally in citrus fruits [26,27]. The cross-linking of polysaccharides with citric acid occurs
mainly through the hydroxyl groups of the polysaccharide and the carboxyl groups of the acid; it is
known as an esterification reaction [28]. In regards to the cross-linking of proteins, the mechanism lies
in the nucleophilic substitution falling between the carboxyl groups of the acid and the amino groups
of the protein, forming stable amide bonds [29].

Taking the above into consideration, the aim of this work was to cross-link fish gelatin and agar
with citric acid in order to obtain agar/fish gelatin films with improved properties. Even if agar/gelatin
blends have been previously analyzed, this is the first study—to the best of our knowledge—that
deals with the cross-linking of both polymers with citric acid. Furthermore, since temperature is
known to be an important cross-linking parameter, different thermal treatments were compared and
the physicochemical, mechanical, morphological, and optical properties were assessed.

2. Materials and Methods

2.1. Materials

The gelatin from fish skin (Pangasius hypopthalmus), with 250 bloom and 11% moisture content,
was purchased from Vinh Hoan Collagen’s Factory (Dong Thap province, Vietnam). Agar, with 12%
moisture content and 4.63 g SO4

2−/kg, was provided by Hai Long Robika Factory (Dong Thap
province, Vietnam). Glycerol, with a purity of 99.01%, and anhydrous citric acid were obtained from
Panreac (Barcelona, Spain). All chemicals were of food grade and they were used as received without
further purification.

2.2. Preparation of Films

The agar/fish gelatin films were prepared by solution casting. First, 5 g of fish gelatin was mixed
with citric acid (30 wt % on a gelatin basis) and 60 mL of distilled water at 80 ◦C and 200 rpm for 30 min,
while the agar (40 wt % on a gelatin basis) was dissolved in 40 mL of distilled water at 110 ◦C and
200 rpm for 30 min. Then, these two solutions were mixed, 20 wt % glycerol (on a gelatin basis) was
added as a plasticizer, and the mixture’s pH was adjusted to pH 10 with NaOH (1 M). The agar/fish
gelatin solution was heated at 80 ◦C and 200 rpm for 30 min. Finally, the solution was poured into
Petri dishes and left to dry for 48 h at room temperature to obtain the agar/fish gelatin films. Some
films were subjected to heating at 90 or 105 ◦C for 24 h. Non-heated films were designated as control
films, while thermally treated films were designated as 90 ◦C and 105 ◦C samples as a function of the
employed temperature. All films were conditioned at 25 ◦C and 50% relative humidity in a climatic
chamber before testing.

2.3. Moisture Content, Swelling, and Hydrolytic Degradation Tests

The films were weighed (w0) and then dried in an oven at 105 ◦C for 24 h. After this time,
the samples were reweighed (w1) to determine moisture content (MC):

MC (%) =
w0 −w1

w0
100.
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Then, the films were immersed into a phosphate-buffered saline (PBS) solution at room temperature
and weighed after immersion into the PBS solution for specific times (wt), until it reached a constant
value. Swelling (SW) was calculated according to the following equation:

SW (%) =
wt −w1

w1
100.

Once the swelling test ended, the samples were removed from the PBS, wiped with a paper, left
to dry at room temperature for 24 h, and reweighed (wf) to determine their hydrolytic degradation
degree (DD):

DD (%) =
w1 −wf

w1
100.

2.4. Cross-Linking Extent

The fish gelatin cross-linking extent was measured according to the method of Panzavolta et
al. [30]. Briefly, an UV assay of uncross-linked amino groups was performed on thermally treated films
and on non-cured films as a reference. After the reaction with 0.5% 2,4,6-trinitrobenzenesulfonic acid
(TNBS), the gelatin was hydrolyzed with HCl (6 M) and extracted with diethyl ether. The solution
absorbance was measured against a blank by UV-vis spectroscopy at a wavelength of 346 nm. The
moles of free amino groups per gram of gelatin were calculated by the following equation:

[NH2] =
2·A·V
ε·b·x

where A is the sample absorbance, V is the final sample volume (L), ε is the molar absorptivity of
TNP-lys (precisely 1.46 × 104 L·mol−1

·cm−1), b is the cell path length (cm), and x is the sample weight
(g).

The cross-linking extent was determined from the ratio between the moles of cross-linked amino
groups of thermally treated films (obtained as the difference between uncross-linked groups before
and after cross-linking) with respect to the amino groups measured in the non-cured film.

2.5. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis of films was carried out on a Nicolet 380 FTIR spectrometer (Nicolet Instrument,
Barcelona, Spain) using an ATR Golden Gate. A total of 32 scans were performed at a resolution of
4 cm−1 in the wavenumber range from 4000 to 800 cm−1.

2.6. Tensile Test

Tensile strength (TS) and elongation at break (EB) were determined using an Insight
10 Electromechanical Testing System (MTS Systems, Madrid, Spain), equipped with a tensile load cell
of 250 N. According to ASTM D638-03, the crosshead speed was set at 1 mm/min, and samples with a
length of 22.25 mm and a width of 4.75 mm were used.

2.7. Scanning Electron Microscopy (SEM)

The film’s inner and surface morphology was visualized using a Hitachi S-4800 field emission
scanning electron microscope (Hitachi High-Technologies Corporation, Madrid, Spain). Samples were
mounted on a metal stub with a double-side adhesive tape and coated under vacuum with gold
(JFC-1100) in an argon atmosphere prior to observation. All samples were examined employing an
accelerating voltage of 10 kV.

2.8. X-ray Diffraction (XRD)

XRD analysis was performed with a diffraction unit (PANalytic Xpert PRO, Madrid, Spain)
operating at 40 kV and 40 mA. The radiation was generated from a Cu-Kα (λ = 1.5418 Å) source.
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The diffraction data were obtained from 2θ values from 2◦ to 50◦, where θ is the incidence angle of the
X-ray beam on the sample.

2.9. Color Measurement

Color parameters (L*, a*, b*) were determined using a CR-400 Minolta Chroma-Meter colorimeter
(Konica Minolta, Valencia, Spain). Films were placed on the surface of a white standard plate (calibration
plate values: L* = 97.39, a* = 0.03, b* = 1.77) and color parameters were measured using the CIELAB
color scale: L* = 0 (black) to L* = 100 (white), −a* (greenness) to +a* (redness), and −b* (blueness) to
+b* (yellowness). The color difference (∆E*) was calculated with reference to the non-cured film:

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2.

2.10. Gloss Measurement

Film gloss was determined using a Multi Gloss 268 Plus gloss meter (Konica Minolta, Valencia,
Spain). Gloss values were measured at a 60◦ incidence angle, according to ASTM D523-14.

2.11. UV-Vis Spectroscopy

Light absorption was measured in the UV-vis range (200–800 nm) using a V-630 UV-vis
spectrophotometer (Jasco, Barcelona, Spain).

2.12. Statistical Analysis

Analysis of variance (ANOVA) was used to determine the significance of differences among
samples. The analysis was performed with a SPSS computer program (SPSS Statistic 23.0, IBM, Armonk,
NY, USA) and Tukey’s test was used for multiple comparisons. The differences were statistically
significant at the p < 0.05 level. A minimum of five samples were analyzed.

3. Results and Discussion

3.1. Physicochemical Properties

Since low MC values are desirable for some applications in order to prevent the microorganisms’
growth, the MC of films was measured, and the values are shown in Table 1. MC values were
around 12% for control films and slightly (p < 0.05) lower for thermally treated films due to moisture
evaporation during film heating—although moisture was absorbed again during conditioning, reaching
a MC value of around 11%. The heating temperature did not significantly (p > 0.05) affect MC values.

Table 1. Moisture content (MC) of control and thermally treated films.

Film MC (%)

Control 12.05 ± 0.36 a

90 ◦C 11.23 ± 0.28 b

105 ◦C 11.22 ± 0.09 b

a,b Two means followed by the same letter in the same column are not significantly (p > 0.05) different through
Tukey’s multiple range test.

In a similar way, control films showed the highest swelling values (Figure 1) as well as the highest
hydrolytic degradation degree (50%), which was significantly (p < 0.05) decreased for thermally
treated films, with DD values of 26% and 22% for the films heated at 90 ◦C and 105 ◦C, respectively.
The swelling behaviour observed and the DD values measured are indicative of cross-linking and,
thus, the cross-linking extent was calculated. The cross-linking extent values confirmed the effect of
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temperature, since the cross-linking degree significantly (p < 0.05) increased from 45 ± 4% for the films
heated at 90 ◦C to 67 ± 7% for the films heated at 105 ◦C.
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Figure 2. FTIR spectra of control and thermally treated films. 
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and amide II (N-H bending). The amide I band at 1635 cm−1 did not change, while the amide II band 

Figure 1. Swelling behaviour of control and thermally treated films.

In order to further assess physicochemical interactions among the components of the film forming
formulation, FTIR analysis was carried out. As seen in Figure 2, all films showed the broad absorption
band characteristic at 3500–3000 cm−1. This can be attributed to the free and bounded -NH groups of
gelatin and -OH groups of both gelatin and agar that were able to form hydrogen bonds [31].
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Figure 2. FTIR spectra of control and thermally treated films.

Since pure agar does not have characteristic bands at around 1500–1700 cm−1 [32], the two bands
that arose in this area were related to fish gelatin, which is associated with amide I (C=O stretching)
and amide II (N-H bending). The amide I band at 1635 cm−1 did not change, while the amide II band
shifted from 1549 cm−1 for control films to 1537 cm−1 for the films treated at 105 ◦C. This shift confirms
the fact that the temperature promoted cross-linking, as previously shown by the cross-linking degree
values. Moreover, there was no presence of the two characteristic bands of citric acid at 1690 cm−1 and
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1743 cm−1 assigned to the C=O stretching of citric acid [22]. This fact suggested the cross-linking of
citric acid with the biopolymers used in the film forming formulation. In this regard, agar molecules
form double helices at low temperatures (30–40 ◦C), but they exist as random coils when dissolved in
water at high temperatures (above 85 ◦C) [33]; therefore, the temperatures (80–110 ◦C) employed to
prepare films in this work made the agar chains more accessible when reacting with citric acid by an
esterification reaction. An almost inappreciable shoulder, located at around 1740 cm−1, can be related
to the residual citric acid [34]. Such an esterification would improve the water resistance of films [35],
as shown by the swelling curves in Figure 1. Furthermore, since the films were prepared at basic pH,
the nucleophilic substitution between carboxylate groups in citric acid and amine groups in gelatin
was favored [36].

3.2. Mechanical and Morphological Properties

Tensile tests were carried out for agar/fish gelatin films, and the TS and EB values are shown in
Figure 3. As seen here, there was no significant (p > 0.05) change of TS values between the control
films and those heated at 90 ◦C, while EB decreased (p < 0.05) for the thermally treated films due to the
cross-linking reactions of the biopolymers with citric acid, which led to a higher cross-linking extent for
the films heated at 105 ◦C, as previously shown. Comparing these results with the properties of other
agar/gelatin films [32], the cross-linking reactions with citric acid—and thus the increasing structural
cohesion—resulted in the reduction of the film’s flexibility and the decrease of the EB values.
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Figure 3. Tensile strength (TS) and elongation at break (EB) of control and thermally treated films.
Two means followed by the same letter for the same color are not significantly (p > 0.05) different
through Tukey’s multiple range test.

In order to relate mechanical properties and film structure, SEM analysis was carried out (Figure 4).
Overall, the films were compact and homogeneous. In fact, both the fish gelatin and agar chains have
hydroxyl groups available for intermolecular interactions by hydrogen bonding, which improved
the miscibility of the two phases [32]. Control films showed a smooth cross-section, while thermally
treated films presented rougher cross-sections, probably due to the interactions promoted by heating.
Roughness is an important factor for cell adhesion, proliferation, and differentiation [37], and since
a higher temperature of curing (105 ◦C) led to rougher cross-sections, this temperature could be
considered more appropriate for preparing materials for biomedical applications. Additionally,
microcrystals were observed on the film’s surface. These microcrystals are typically observed in
agar-containing materials [38,39].
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The crystalline/amorphous nature of agar/fish gelatin films was also analyzed by XRD and the
results are shown in Figure 5. The XRD pattern of the control film exhibited a distinctive diffraction
peak at a 2θ value around 8◦, corresponding to the triple-helix diameter of gelatin [40]. This peak
disappeared for the thermally treated films, indicating the effect of heating in the film structure. This is
in accordance with the decrease observed for TS values, indicative of the loss of the triple-helix structure
after heating. The other characteristic peak of gelatin, located at about 21◦, and the typical peak of agar,
centred at about 20◦, joined and became a wide band in all XRD patterns [41,42]. Moreover, an intense
narrow peak—a characteristic of agar [43]—appeared at around 12◦, indicating some crystallinity in
agar/fish gelatin films, as also shown by the SEM analysis.
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3.3. Optical Properties

Optical properties were also influenced by the interactions between fish gelatin, agar, and citric
acid. Color and gloss values were determined and are shown in Table 2. Thermally treated films
were darker, redder, and yellower (p < 0.05), and this increase with regards to the control film was
significantly (p < 0.05) higher for the films heated at 105 ◦C, which showed the lowest L* values and the
highest a*, b*, and ∆E* parameters. The yellow appearance is believed to occur due to the dehydration
of citric acid, producing a colored, unsaturated acid after heating [29].

Table 2. Colour and gloss values of control and thermally treated films.

Film L* a* b* ∆E* Gloss (GU)

Control 95.3 ± 0.3 a
−0.8 ± 0.0 a 11.9 ± 1.1 a - 8.9 ± 0.9 a

90 ◦C 87.0 ± 0.8 b 2.2 ± 0.3 b 32.7 ± 0.8 b 22.6 ± 1.0 a 6.9 ± 0.9 b

105 ◦C 82.8 ± 1.5 c 5.1 ± 0.9 c 44.3 ± 2.0 c 35.2 ± 2.6 b 6.5 ± 1.1 b

a–c Two means followed by the same letter in the same column are not significantly (p > 0.05) different through
Tukey’s multiple range test.

The films did not show glossy surfaces, with the gloss values lower than 10 GU. The control films
were glossier than those that were thermally treated (p < 0.05), and the temperature employed did
not significantly (p > 0.05) affect the gloss values. Since gloss is related to surface roughness, with
higher values indicating smoother surfaces [44], the decrease of gloss values for thermally treated films
indicated the formation of rougher surfaces, as also shown by SEM images.

Finally, UV-vis spectroscopy was employed in order to analyze the film’s light absorption. As seen
in Figure 6, all films revealed a high absorption of UV light in the range of 200–250 nm. This might be
due to the high content of tyrosine and phenylalanine, which are sensitive chromophores in fish gelatin
and absorb light below 300 nm, playing an important role in UV barrier properties [45]. Moreover,
pure agar has an absorption peak of around 221 nm due to the electronic transitions of agar [46],
which would also contribute to the UV absorption of films. Furthermore, UV-vis spectra presented
a particular absorption in the range of 250–400 nm, especially for thermally treated films, which
was probably due to the formation of new compounds resulting from the cross-linking reactions
mentioned above. This led to a higher UV absorption, preventing possible deterioration processes
caused by UV light. Therefore, citric-acid-incorporated agar/fish gelatin films showed better UV barrier
properties compared to conventional agar/gelatin films. This improvement could be interesting for
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food packaging applications, avoiding the food oxidative deterioration that leads to nutrient losses,
discoloration, and off-flavors.
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