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Abstract
This study focused on the development of novel active packaging methods based on natural compounds. Its main objective was
the quality enhancement of refrigerated packaged fish. For it, the effect of the inclusion of a protein concentrate (PC) extracted
from microalga Spirulina platensis into a crosslinked gelatine-based biofilm was investigated during the preservation of hake
(Merluccius merluccius) muscle. Thus, microbiological and chemical analyses related to quality loss were monitored throughout
a 7-day storage at 4 °C. Statistically significant (p < 0.05) lower counts (log CFU g−1 muscle) were obtained for aerobe
mesophiles, psychrotrophs, proteolytics, lipolytics, and Enterobacteriaceae in refrigerated fish muscle as a result of the
microalga PC presence in the packaging medium when compared with fish corresponding to the control batch. With respect
to the lipid fraction, an inhibitory effect on lipid hydrolysis development (free fatty acids formation) (p < 0.05) was concluded
and, furthermore, a higher (p < 0.05) polyunsaturated fatty acid retention (polyene index value) was achieved in the PC-treated
fish at the end of the storage time. Fish quality enhancement derived from the use of the spirulina PC in the packaging medium
was concluded, this result being linked to the presence of preservative water-soluble molecules in the PC extract. Further research
related to the optimisation of processing conditions ought to be addressed.
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Introduction

Marine foods rapidly deteriorate post-mortem as a conse-
quence of a variety of biochemical and microbial breakdown
mechanisms (Bondoc and Şindilar 2002; Özoğul 2010).
According to the increasing demand for high-quality fresh fish
products, different strategies have been tested to delay fish
damage as long as possible (Campos et al. 2012). One such
strategy has been the use of packaging films including antimi-
crobial and antioxidant compounds so that a marine product
with an increased shelf-life time is attained (Yerlikaya et al.

2020; Cai et al. 2014). Among preservative compounds, ad-
verse health problems (i.e. cancer development, toxicity)
resulting from persistent consumption of synthetic antioxi-
dants (butylhydroxytoluene, butylhydroxyanisole, propyl gal-
late, etc.) have recommended the use of natural antioxidants as
an alternative to synthetic ones (Tavakoli et al. 2017).
Therefore, the identification and isolation of novel natural
preservatives from aquatic and terrestrial sources are gaining
increasing interest.

Spirulina platensis is a prokaryotic microalga, order
Cyanophyceae, division Cyanophyta (Cyanobacteria). This
blue-green microalga is one of the most cultivated in the
world, and its use in aquaculture as a food in fish diets has
gained increasing importance in the last decade (Rosas et al.
2019). Its biomass nutritional value represents potential ex-
traction of high added-value biocompounds such as carbohy-
drates, vitamins, pigments, polyphenols, flavonoids, and pre-
servative protein-derived compounds (Budiyono et al. 2014;
Ovando et al. 2018). Interestingly, this filamentous microalga
is recognised for presenting GRAS (generally recognised as
safe) certification granted by the FDA (Food and Drug
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Administration) (Belay and Houston 2002). S. platensis bio-
mass has proven to stimulate important biological processes
related to remarkable antiallergenic, antibacterial, antifungal,
anti-inflammatory, antioxidant, and immunomodulating ac-
tivities (Khan et al. 2005). Furthermore, S. platensis has been
extensively used in biomedicine for its beneficial properties
such as cholesterol reduction, cancer protection, cardiovascu-
lar disease prevention, anti-aging, and immune system en-
hancer agent (Chu et al. 2010; Wang and Zhang 2015; Ngo-
Matip et al. 2015).

Concerning its application to food, S. platensis extracts
have attracted great attention because of their preservative
properties. Thus, in vitro studies have shown relevant antimi-
crobial (Mallikarjun Gouda et al. 2015; Sun et al. 2016) and
antioxidant (Yu et al. 2016; Andrade et al. 2018) properties. In
this sense, application to different kinds of foods such as cook-
ies (Onacik-Gur et al. 2018), yogurt (Barkallah et al. 2017),
and snacks (Lucas et al. 2018) has been described.
Additionally, bioactive compounds obtained from
S. platensis including proteins (phycobiliproteins), pigments,
and phenolic compounds have been tested successfully to pre-
pare preservative and novel biofilms (Larrosa et al. 2018;
Goettems Kuntzler et al. 2018). Concerning marine product
preservation, the employment of S. platensis extracts can be
considered scarce, previous research being limited to the po-
tential antimicrobial effect against fish bacterial pathogens
(Nanthini Devi et al. 2016) and their antioxidant properties
during rainbow trout (Oncorhynchus mykiss) refrigeration
(Taghavi Takyar et al. 2019) and during storage of dried-
salted fish (Bertolin et al. 2011). Furthermore, both antimicro-
bial (Najdenski et al. 2013) and antioxidant (Romay et al.
2001) activities have previously been reported for proteins
from S. platensis. Indeed, a protein extract from S. platensis,
with protein content higher than 60%, showed to increase the
antimicrobial and antioxidant activity of gelatine films in
in vitro studies (Stejskal et al. 2018, 2019). However, to the
best of our knowledge, no previous research has been con-
ducted related to the use of a biopackaging film incorporated
with bioactive substances from S. platensis or any other
microalga for fish conservation.

The current study was focused on the development of novel
active packaging methods based on natural compounds. Its
main objective was the quality enhancement of refrigerated
packaged fish. For it, the effect of the inclusion of a protein
concentrate (PC) extracted frommicroalga Spirulina platensis
into a crosslinked gelatine-based film was investigated during
the preservation of hake (Merluccius merluccius) muscle kept
under refrigerated (4 °C) conditions. A gelatine-based film
was chosen because of its abundance, acceptability, low
manufacturing cost, and great biofilm-forming properties
(Feng et al. 2017; Dehghani et al. 2018). In the current study,
microbiological and chemical analyses related to quality loss
were monitored throughout a 7-day storage.

Material and Methods

Materials

Commercially available Spirulina platensis (lyophilised pow-
der, Martin Bauer GmbH & Co, Vestenbergsgreuth,
Germany) was used as raw material without further treatment.
Bovine gelatine type B, isoionic point, pI 5.3, Bloom 150, was
kindly provided by Rousselot Argentina (Villa Tesei,
Argentina). Glycerol analytical grade (Gly, 98%) was pur-
chased from Anedra (Buenos Aires, Argentina) and used as
a plasticiser. Sodium alginate with moisture content ≤ 15.0%
and pH = 6.5–8.6 was purchased from Sigma-Aldrich (St.
Louis, USA). Potassium periodate (NaIO4, > 99.0%, Merck,
Germany) was used to synthesise oxidised alginate that was
used as crosslinking agent of gelatine. Phosphate buffer (pH
10), sodium hydroxide, and hydrochloric acid were obtained
from Anedra (Buenos Aires, Argentina).

All other solvents and chemical reagents used in the current
study were of reagent grade (Merck, Darmstadt, Germany).

Preparation of Biofilm Systems

S. platensis was submitted to an extraction protocol, based on
repeated aqueous, alkaline, and acidic extraction steps follow-
ed by several rounds of centrifugation and recovery using
precipitation and ultracentrifugation (Chronakis 2001;
Benelhadj et al. 2016a). For it, 5 g of commercially
lyophilised powder of S. platensis was dissolved in 100 mL
of phosphate buffer pH 10 (0.005 mol L−1) under agitation
(500 rpm, 60 min). Subsequently, the suspension was centri-
fuged (10,000×g, 10 min, 3 times) using an ultracentrifuge
(Sartorius 4-15). The supernatant was collected (batch A)
and the pellet was redissolved and centrifuged again under
the same conditions as above described, to obtain the batch
B. Both supernatants (batches A and B) were pooled together
and the pH was dropped from 10.0 to 3.0 by addition of
0.1 mol L−1 aqueous HCl solution to precipitate the protein
fraction. The suspension was centrifuged (10,000×g, 30 min),
and the precipitated proteins were freeze-dried (VirTis Bench
Top SLC lyophiliser, Warminster, PA, USA), this leading to
the spirulina PC.

Biofilms were produced by casting from their film-forming
solutions (FFS) (Neira et al. 2019), using glycerol as
plasticiser and oxidised sodium alginate (OA) as efficient
crosslinking agent through side-chain amino groups in gela-
tine to stabilise gelatine films against moisture, thus reducing
swelling and solubility (Bonani et al. 2010). Oxidised sodium
alginate (OA) was obtained according to the method reported
by Balakrishnan et al. (2005) with an aldehyde yield of 4.2 ±
0.2 mmol aldehyde g−1 oxidised sodium alginate. Active
biofilms were produced by dissolving 8 g of gelatine and
2 g of the freeze-dried PC in 100 mL of phosphate buffer
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solution pH 10 under stirring at 40 °C. Glycerol (30% wt. on
dry protein basis) and OA (5% wt. on dry protein basis) were
incorporated to the FFS, the suspension being stirred at 40 °C
for 120 min. Then, the FFS were cast onto teflon-coated Petri
dishes (diameter 10 cm) and dried at 40 °C in a convection
oven for 48 h at controlled relative humidity, until constant
weight. Biofilms were conditioned for 48 h in a chamber at 4 ±
1 °C prior to analysis. The resulting biofilmwas named as GE-
SP.

Two different control-packaging systems were taken into
account in the current study. First, a control batch was pre-
pared as mentioned above, but consisting of the gelatine film
without spirulina PC (CT-GE packaging condition; gelatine
control). Second, a low-density polyethylene film was also
employed as control (CT-PE packaging condition; polyethyl-
ene control). For both control systems, 10-cm packaging films
were prepared as for the GE-SP condition. The low-density
polyethylene used to elaborate the packaging films (CT-PE
batch) had a water vapour transmission rate of 3.62 g m−2

day−1 when measured at 38 °C and 90% relative humidity,
its thickness being 140 μm (Rodríguez et al. 2012).

The content of spirulina PC employed in the present study
was based on several preliminary tests carried out in our lab-
oratory. Thus, higher concentrations than 20 g PC L−1 buffer
led to modifications in fish sensory descriptors such as muscle
colour and odour and to non-suitable mechanical properties of
the biofilms (data not shown).

Physico-chemical Characteristics and Preserving
Properties of Protein Concentrates and Biofilm
Systems

Previous research accounts for characteristics and properties
of PC and PC-derived biofilms obtained from S. platensis
(Stejskal et al. 2018, 2019). Thus, after PC lyophilisation,
the extraction efficiency as determined gravimetrically proved
to be 22 ± 3%. The total protein content in PC determined by
the Biuret method as the sum of the amount of C-phycocyanin
and allophycocyanin was 61.55%. The total phenolic com-
pound estimated from the Folin-Ciocalteu analysis was
35.58 ± 0.15 mg gallic acid g−1 sample, and the in vitro anti-
oxidant activities of the PC, expressed as the radical scaveng-
ing activity and reduction power against ferric ion, were 76.35
± 3.02% and 12.6 ± 0.23 mg ascorbic acid g−1 sample,
respectively.

Interestingly, the incorporation of 2% of PC (dry-protein
basis) provided antimicrobial activity against E. coli and
S. aureus (inhibition halo for both pathogens 10 ± 1 mm)
and antioxidant activity (radical scavenging activity, RSA
121.5 ± 5.7 vs. 21.2 ± 6.8 μg ascorbic acid g−1 for gelatine
film) to the gelatine films (Stejskal et al. 2018). In addition, the
UV-visible barrier properties were enhanced by the presence
of PC in the films. The resulting GE-SP film was thicker (373

± 42 vs. 320 ± 40 μm), 35%more stretchable (195 ± 8 vs. 145
± 27%), 78% more mechanically resistant (2.5 ± 0.1 vs. 1.4 ±
0.2 MPa), and less permeable to water vapour (WVPGE-SP =
7.2 ± 0.3 10−15 kg m h−1 Pa−1 and WVPCT-GE = 8.8 ± 0.3
10−15 kg m h−1 Pa−1) than control counterpart (CT-GE). Such
improvements were associated with the presence of interac-
tions between matrix components and PC (Stejskal et al.
2019). RSA of GE-SP films could not be determined because
active and control film dramatically reduced their solubility in
water and methanol up to 90% due to crosslinking induced by
OA. Conversely, the antimicrobial activity of GE-SP films
and the UV-visible barrier properties showed to remain unal-
tered after crosslinking (Stejskal et al. 2019).

Fish Material, Processing, and Sampling

Fresh hake (Merluccius merluccius) (63 specimens) were
caught near the Galician Atlantic coast (north-western
Spain) and transported to the laboratory. Throughout this pro-
cess (10 h), the fish were maintained in ice. The length and
weight of the fish specimens ranged from 39 to 44 cm and
from 465 to 575 g, respectively.

Upon arrival to the laboratory, 9 individual fish specimens
were separated and analysed as initial material (day 0). These
fish specimens were divided into three different groups (three
specimens per group), the white muscle being analysed inde-
pendently in each group (n = 3). The remaining fish specimens
were distributed into three batches. Then, fish were filleted,
cut into pieces (round 35 g), and sealed-packaged individually
in any of the three above-mentioned packaging systems (CT-
PE, CT-GE, and GE-SP; 36 fish pieces for each packaging
condition), respectively. All batches were placed inside a re-
frigerated room (4 °C). Fish samples from all batches were
stored for a 7-day period, being sampled and analysed on days
4 and 7. At each sampling time, 18 fish samples were taken
from each batch for analysis and divided into three groups (six
fish samples in each group) that were studied independently (n
= 3).

Analysis of Microbial Development

Portions of 10 g of fishmuscle were dissected aseptically from
refrigerated fish, mixed with 90 mL of 0.1% peptone water
(Merck, Darmstadt, Germany), and homogenised in sterilised
stomacher bags (AES, Combourg, France) as previously de-
scribed (Ben-Gigirey et al. 1998; Ben-Gigirey et al. 1999).
Serial dilutions from the microbial extracts were prepared in
0.1% peptone water in all the cases.

Total aerobes were determined on plate count agar (PCA)
(Oxoid Ltd., London, UK) after incubation at 30 °C for 48 h.
Psychrotrophs were determined in PCA, after incubation at 7–
8 °C for 7 days. Enterobacteriaceaemembers of the coliforms
group were investigated in Violet Red Bile Agar (VRBA)
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(Merck, Darmstadt, Germany) after incubation at 37 ± 0.5 °C
for 24 h. Microorganisms exhibiting proteolytic or lipolytic
phenotypes were investigated in casein-agar or tributyrine-
agar, respectively, after incubation at 30 °C for 48 h, as pre-
viously reported (Ben-Gigirey et al. 2000).

In all the cases, bacterial counts were transformed into log
CFU g−1 muscle before undergoing statistical analysis. All
analyses were conducted in triplicate.

Analysis of Lipid Damage Development

Lipids were extracted from the hake white muscle by the
Bligh and Dyer (1959) method, which employs a single-
phase solubilisation of the lipids using a chloroform-
methanol (1:1) mixture. The results were calculated as g lipid
kg−1 muscle.

Free fatty acid (FFA) content was determined using the lipid
extract of the fish muscle by the Lowry and Tinsley (1976)
method, which is based on complex formation with cupric
acetate-pyridine followed by spectrophotometric (715 nm) as-
sessment. The results were expressed as g FFA kg−1 lipids.

Lipid extracts were converted into fatty acid methyl esters
(FAME) by using acetyl chloride and then analysed by gas-
liquid chromatography (Perkin-Elmer 8700 chromatograph;
Madrid, Spain), as described elsewhere (Vázquez et al. 2018).
Peaks corresponding to FAME were identified by comparing
their retention times with those of standard mixtures (Qualmix
Fish, Larodan, Malmo, Sweden; FAME mix, Supelco, Inc.,
Bellefonte, PA, USA). Peak areas were automatically integrated.
C19:0 fatty acid was used as the internal standard for quantitative
purposes. The polyene index (PI) was calculated as the following
fatty acid content ratio: (C20:5ω3 + C22:6ω3)/C16:0.

Statistical Analysis

Data obtained from all microbiological and chemical analyses
were subjected to the ANOVA method to explore differences
resulting from the effect of the packaging system. The com-
parison of means was performed using the least-squares dif-
ference (LSD) method. In all the cases, analyses were carried
out using the PASW Statistics 18 software for Windows
(SPSS Inc., Chicago, IL, USA); differences among packaging
batches were considered significant for a confidence interval
at the 95% level (p < 0.05) in all the cases.

Results and Discussion

Analysis of Microbial Development

The initial microbiological quality of the fish specimens was
considered good, according to the low microbial counts deter-
mined on the initial day for aerobes, psychrotrophs, and

Enterobacteriaceae: 2.40 log CFU g−1, 2.51 log CFU g−1,
and 1.00 log CFU g−1, respectively.

The GE-SP fish batch exposed to the film including spiru-
lina PC exhibited better microbiological features than the oth-
er two batches, namely CT-PE and CT-GE, during refrigerat-
ed storage. In the case of the evolution of aerobes, the
S. platensis batch evidenced partial inhibition of the growth
of this microbial group as compared with the two control
batches (Table 1). Thus, such inhibition was slight at moderate
storage times (4 days) but rose up to microbial count differ-
ences (p < 0.05) of 1.67 log CFU g−1 and 1.38 log CFU g−1

units with respect to the CT-PE and CT-GE batches, respec-
tively, at advanced storage time (7 days). Remarkably, the
level of aerobe mesophiles in the batch containing spirulina
PC did not reach 6 log units, the value commonly used as limit
of acceptance (Bondoc 2014; Barros-Velázquez 2016).

Table 1 also displays the comparative evolution of
psychrotrophic bacteria in all the three batches. In this sense,
and as in the case of aerobic mesophiles, notable differences
were observed in the GE-SP batch as compared with the two
control batches, although such differences only resulted to be
statistically significant (p < 0.05) at advanced storage time.
Thus, after 7 days of chilled storage, the GE-SP batch exhib-
ited psychrotrophs counts that resulted to be 1.24 log CFU g−1

and 0.85 log CFU g−1 lower than the CT-PE and CT-GE
control batches, respectively (Table 1). As stated above, this
result was in agreement with that observed for aerobes, and
confirmed that the presence of spirulina PC in the film used
for the refrigerated storage of the fish material exerted a pro-
tective effect on the microbiological quality of fish muscle,
this being determined by a significant (p < 0.05) slower
growth of aerobes and psychrotrophs.

With respect to the development and growth of
Enterobacteriaceae in fish muscle, a protective effect derived
from the presence of the spirulina PC in the film was also
inferred. Thus, as in the cases of aerobes and psychrotrophs,
the evolution of Enterobacteriaceae in the packaging batch
including spirulina PC was remarkably lower as compared
with CT-PE and CT-GE control batches (Table 2). Such dif-
ferences were statistically significant (p < 0.05) and reached
maximum levels at advanced storage time (7 days), rising up
to 1.85 log CFU g−1 and 1.29 log CFU g−1 when comparing
the GE-SP batch with the CT-PE and CT-GE control batches,
respectively.

Bacteria exhibiting a proteolytic phenotype may cause the
breakdown of fish muscle structure, also generating undesir-
able metabolites and off-odours (Rodríguez et al. 2003). In
this study, the investigation of the development of this specific
spoilage microbial group indicated that the presence of spiru-
lina PC in the packaging film exerted a very intense protective
effect. Remarkably, statistically significant (p < 0.05) differ-
ences between the GE-SP batch and the two control batches
were observed at all sampling times (Table 2). Such
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differences were more intense on day 7: 2.13 log CFU g−1 and
1.79 log CFU g−1 with respect to the CT-PE and CT-GE
batches, respectively.

Bacteria exhibiting a lipolytic phenotype may induce lipid
hydrolysis in fish muscle, this generating the so-called lipo-
lytic rancidity (Sikorski and Kolakoski 2000). In this study the
development and growth of lipolytic bacteria was followed
and the results revealed a remarkably better control of this
specific spoilage microbial group in the batch including spi-
rulina PC in the packaging medium (Fig. 1). Such effect was
found to be statistically significant (p < 0.05) on day 4 but not
(p > 0.05) on day 7.

Current results are in agreement with previous research
showing antimicrobial effects of S. platensis protein extracts
against fish bacterial pathogens under in vitro conditions
(Nanthini Devi et al. 2016). In such study, bioactive com-
pounds extracted by a mixture of methanol/ethanol/acetone
(1:1:1) inhibited the growth of Proteus mirabilis, Bacillus

pumilus, and Staphylococcus sciuri in infected fish.
Furthermore, an antibacterial peptide (18 amino acid residues
with a molecular mass of 1878.97 Da) isolated from an alka-
line protease and papain hydrolysate of S. platensis, exhibited
in vitro antimicrobial activity against Escherichia coli and
Staphylococcus aureus (Sun et al. 2016). Also based on an
in vitro experiment, Mallikarjun Gouda et al. (2015) reported
the antimicrobial effect of a butanol extract from S. platensis
against several microorganisms (E. coli, S. aureus, Bacillus
cereus, and Yersinia enterocolitica); interestingly,
phytoconstituents such as phenolic and flavonoid compounds
were found to be responsible for this inhibitory effect.
Hydrolysis by trypsin and chymotrypsin enzymes of
S. platensis proteins revealed that approximately 20–22-kDa
proteins and their derivative peptides were able to decrease
in vitro bacterial growth (E. coli and S. aureus) (Sadeghi
et al. 2018). Finally, S. platensis protein isolates were also
included as components of an edible packaging system on

Table 1 Evolution of mesophile and psychrotroph counts (log CFU g−1 muscle)* in refrigerated hake muscle under different packaging conditions**

Refrigeration time (days) Aerobic mesophiles Psychrotrophs

Packaging condition Packaging condition

CT-PE CT-GE GE-SP CT-PE CT-GE GE-SP

0 2.40
(0.46)

2.51
(0.52)

4 5.59 b
(0.29)

4.42 a
(0.34)

3.84 a
(0.51)

5.56 b
(0.16)

4.93 a
(0.34)

4.21 a
(0.76)

7 7.35 b
(0.09)

7.06 b
(0.29)

5.68 a
(0.14)

7.91 b
(0.80)

7.52 b
(0.35)

6.67 a
(0.27)

*Average values of three replicates (n = 3); standard deviations are indicated in brackets. For each microbial parameter and refrigeration time, values
followed by different letters (a, b) indicate significant differences (p < 0.05)

**Packaging conditions: CT-PE (control polyethylene), CT-GE (control gelatine), and GE-SP (gelatine-spirulina)

Table 2 Evolution of Enterobacteriaceae and proteolytic counts (log CFU g−1 muscle)* in refrigerated hake muscle under different packaging
conditions**

Refrigeration time (days) Enterobacteriaceae Proteolytics

Packaging condition Packaging condition

CT-PE CT-GE GE-SP CT-PE CT-GE GE-SP

0 1.00
(0.00)

2.66
(0.10)

4 2.52 b
(0.24)

1.10 a
(0.17)

1.00 a
(0.00)

5.10 c
(0.09)

4.69 b
(0.08)

3.60 a
(0.52)

7 4.33 b
(0.65)

3.77 b
(0.63)

2.48 a
(0.60)

7.45 b
(0.06)

7.11 b
(0.46)

5.32 a
(0.69)

*Average values of three replicates (n = 3); standard deviations are indicated in brackets. For each microbial parameter and refrigeration time, values
followed by different letters (a, b, c) indicate significant differences (p < 0.05)

**Packaging conditions as expressed in Table 1
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the basis of their antimicrobial activity resulting from the pres-
ence of molecules such as polyhydroxybutyrate and phenolic
compounds (Benelhadj et al. 2016b; Goettems Kuntzler et al.
2018).

The inclusion of macroalgae extracts in biofilms has also
provided antimicrobial activity. This is the case of the red
macroalga Gelidium corneum, whose presence in an edible
film also including persimmon peel and grape fruit seed ex-
tracts improved the physical properties and provided antimi-
crobial activity (Jo et al. 2014). Furthermore, lyophilised
Fucus spiralis was included in a polylactic-based film, this
leading to a reduced microbial development in megrim
(Lepidorhombus whiffiagonis) fillets kept under refrigerated
(4 °C) conditions for 11 days (García-Soto et al. 2015).
Previous studies have also shown the positive effect of red
macroalgae on the physicochemical properties of biodegrad-
able films. This accounts for polyvinyl alcohol-agar films
from Hydropuntia cornea (Madera-Santana et al. 2011) and
Gloiopeltis tenax and glue plant films fromGloiopeltis furcata
(Rhim et al. 2002).

Analysis of Lipid Damage Development

A marked hydrolytic activity could be observed in the muscle
of this lean fish species (4.7–6.1 g lipids kg−1 muscle)
throughout refrigerated storage (Fig. 2). Thus, FFA formation
increased with time in all the batches. However, the presence
of a gelatine-film (CT-GE and GE-SP batches) led to lower (p
< 0.05) FFA contents, so that a marked inhibitory effect of
gelatine on lipid hydrolysis development was concluded.
Interestingly, lower average FFA values were determined in
fish samples corresponding to the GE-SP batch when com-
pared with their counterparts belonging to gelatine films, al-
though significant differences were not observed (p > 0.05).

Chemical results obtained on FFA content agree with the in-
hibitory trend implied from the above-mentioned results relat-
ed to the lipolytic counts evolution throughout the refrigerated
storage (Fig. 1).

Previous studies on the effects of S. platensis protein ex-
tracts or extracts in general on lipid hydrolysis in a foodmatrix
are scarce. Thus, Taghavi Takyar et al. (2019) reported the
inhibitory effect of ethanol extracts on lipid hydrolysis (FFA
formation); such extract was added to rainbow trout fillets that
were packaged in polyethylene bags and kept at 4 °C up to 16
days. On the other hand, the inhibitory effect of gelatine on
lipid hydrolysis during fish products storage was also report-
ed. Thus, a chitosan-gelatine coating slowed down FFA for-
mation in rainbow trout (O. mykiss) fillets (Nowzari et al.
2013) and Belanger’s croaker (Johnius belangerii) fillets
(Saki et al. 2018) during refrigerated storage (4 ± 1 °C).

FFA formation has been reported to exert a direct effect on
lipid oxidation development, this effect being based on the
catalytic effect of the carboxyl group on the formation of free
radicals by breakdown of hydroperoxides (Aubourg 2001).
Furthermore, a lower oxidative stability in FFA than in their
corresponding methyl esters and triglycerides has been report-
ed as a result of a lower steric hindrance to oxidative reactions
(Miyashita and Takagi 1986).

Concerning lipid oxidation development in the current
study, the polyene content (i.e. PI) was measured and the
results displayed in Fig. 3. Thus, higher average values were
observed in fish samples corresponding to the GE-SP batch,
differences being significant (p < 0.05) at day 7. In this sense,
an inhibitory effect of spirulina PC in the packaging film on
lipid oxidation of the muscle was concluded.

Previous research has pointed out the antioxidant effect of
S. platensis extracts on the basis of the presence of a wide
range of antioxidant molecules (i.e. phycocyanins, polyphe-
nols, flavonoids) (Romay et al. 2001; Yu et al. 2016; Andrade

Fig. 1 Lipolytic counts determination (log CFU g-1 muscle)* in
refrigerated hake muscle stored under different packaging conditions**.
*Average values of three replicates (n = 3); standard deviations are
indicated by bars. For each refrigeration time, values accompanied by
different letters (a, b) indicate significant differences (p < 0.05).
**Packaging conditions: CT-PE (control polyethylene), CT-GE (control
gelatine), and GE-SP (gelatine-spirulina)

Fig. 2 Free fatty acid (FFA) assessment (g FFA kg−1 lipids)* in refriger-
ated hake muscle stored under different packaging conditions**.
*Average values of three replicates (n = 3); standard deviations are indi-
cated by bars. For each refrigeration time, values accompanied by differ-
ent letters (a, b) indicate significant differences (p < 0.05). **Packaging
conditions as expressed in Fig. 1
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et al. 2018). Thus, microalgae ethanolic extracts were added to
rainbow trout fillets that were then packaged in polyethylene
bags and kept at 4 °C up to 16 days (Taghavi Takyar et al.
2019); as a result, lower peroxide and thiobarbituric acid in-
dices were detected in treated fish fillets. Furthermore, phyco-
cyanin obtained from S. platensis showed antioxidant proper-
ties in dried-salted fish (Pacu, Piaractus mesopotamicus) dur-
ing a 60-day storage time at 25 °C (Bertolin et al. 2011). The
antioxidant properties of S. platensis extracts have also been
proved in different kinds of non-marine foods such as yogurt
(Barkallah et al. 2017), sausage (Luo et al. 2017), and snacks
(Lucas et al. 2018). Moreover, Carissimi et al. (2018) reported
the antioxidant properties of a starch-based film including an
ethanolic extract of microalgae Heterochlorella luteoviridis
and Dunaliella tertiolecta; this effect (thiobarbituric acid in-
dex decrease) was observed in salmon fillets stored at 6 ± 2 °C
for 6 days.

Previous research accounted for an antioxidant effect as a
result of the inclusion of macroalgae extracts in biofilms.
Thus, alginate-based films prepared from red macroalga
(Sargassum fulvellum) provided antioxidant properties
(ABTS and DPPH assays) to a biofilm also including black
chokeberry (Kim et al. 2018). Furthermore, the presence of
lyophilised F. spiralis in a polylactic acid packaging film also
showed a marked antioxidant effect during the refrigerated
storage (11 days at 4 °C) of megrim (Lepidorhombus
whiffiagonis) fillets (García-Soto et al. 2015).

Conclusions

Lower (p < 0.05) counts (log CFU g−1 muscle) were obtained
for aerobe mesophiles, psychrotrophs, proteolytics, lipolytics,
and Enterobacteriaceae in refrigerated hake muscle as a result
of the incorporation of spirulina PC in the packaging medium.

Concerning the fish lipid fraction, a protective effect on lipid
hydrolysis (i.e. lower (p < 0.05) free fatty acid formation) was
concluded. In agreement to the PI assessment, a higher (p <
0.05) polyunsaturated fatty acid retention was achieved in the
PC-treated fish at the end of the experiment.

A preservative effect derived from the use of a spirulina PC
in the packaging medium of a refrigerated muscle of a fish
species is concluded, to our knowledge for the first time. This
result is linked to the presence of preserving water-soluble
compounds in the microalga PC. In agreement with the avail-
ability of S. platensis, the present study opens the way to the
development of a novel biopreservation packaging strategy
for the refrigerated storage of commercial fish products such
as fish fillets or fish muscle portions in general. Further re-
search related to the identification of active components pres-
ent in S. platensis PC as well as the optimisation of processing
conditions (i.e. concentration of PC, as well as biofilm matrix
and marine species concerned) ought to be carried out to attain
the best quality degree of the fish product.
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