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Abstract: This study investigated the effects of modified atmosphere packaging (MAP), storage temper-
ature, and the use of absorbent pads (PAD) on the quality attributes of Cape hake (Merluccius capensis)
fish fillets. Fresh Cape hake fillets were packaged under active-MA (40% CO2 + 30% O2 + 30% N2) or
passive-MA (0.039% CO2 + 20.95% O2 + 78% N2), with and without PAD, and stored at 0 ◦C, 4 ◦C, and
8 ◦C (to mimic abuse temperature). The control fresh fillets were stored under passive-MAP without PAD
at 0 ◦C, 4 ◦C, and 8 ◦C. Headspace O2 gas composition continuously decreased below critical limits under
passive-MAP, with an increase in storage temperature. Similarly, O2 levels decreased under active-MAP
but did not reach critical levels, with the lowest being 9.5% at 0 ◦C. The interaction of storage temperature
and modified atmosphere had a significant effect on quality attributes of Cape hake fillets. Drip loss was
higher in active-MAP packaged fillets without PAD (0.64%) than passive-MAP packaged fillets without
PAD (0.27%). Drip loss was significantly reduced when using absorbent pads (p < 0.05). Firmness, color,
and pH were better maintained under active-MAP at the lowest temperature of 0 ◦C. Firmness (work of
shear) of active-MA packaged fillets on day 12 at 0 ◦C and 4 ◦C was 527 N/s and 506 N/s, respectively.
Fillets packaged under active-MAP at 0 ◦C had longer shelf-life than control passive-MAP fillets.

Keywords: Cape hake; fish fillets; modified atmosphere packaging; absorbent pads; storage temperature

1. Introduction

Cape hake is a lean fish rich in poly-unsaturated fatty acids (PUFAs), such as omega-3
fatty acids, eicosapentaenoic (EPA) acid, and docosahexaenoic acid [1,2]. These fatty acids
have been reported to increase fish nutritional value and guard against disease conditions
in humans [2–4]. Poly-unsaturated fatty acids have been reported to lower blood pressure
and cholesterol levels in humans [5–8]. Due to its high protein content, fish is regarded
as a healthy alternative to fatty meat products, making it advantageous in reducing the
occurrence of non-communicable illnesses such as heart attacks and strokes [3,7,9].

Generally, fish is a high-quality product with considerable economic importance and
accounts for about 17% of the global population’s intake of animal protein [10–12]. However,
only around 60% of palatable fish is utilized by end-users, with the remainder being con-
verted into animal feed or lost [13]. Post-harvest loss due to decay is ~10–12 million tonnes
annually and this is estimated as 10% of the total global captured and cultured fish [13,14].
Post-harvest losses of fish are a matter of great importance to the fishing industry [15].
Researchers have proposed numerous post-harvest solutions to maintain the fish quality
after harvest, extend shelf-life, and increase the marketability of fresh fish [15]. These
include salting, drying, smoking, cold storage, frying, and innovative packaging [15–17].

Due to a shift in consumer lifestyles globally, there is an increase in the demand
for fresh ready-to-cook (RTC) fish and fishery products [6,18,19]. Modified atmospheres
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packaging (MAP) combined with optimum cold storage offers the possibility to inhibit the
normal spoilage flora and extend the shelf-life of fish and fishery products [3,15,20–26].
This involves changing the proportions of gases in a food package by withdrawing O2 or
by replacing the atmosphere with a controlled mixture of gases, such as carbon dioxide
(CO2) and nitrogen (N2) [27].

Erkan et al. [21] reported that active-modified atmospheres packaging (70% CO2 + 5%
O2 + 25% N2) and vacuum packaging (VP) extended the shelf-life of chub mackerel stored at
4 ◦C for 12 and 9 days, respectively. Lauzon et al. [23] indicted that the aerobic mesophillic
bacteria were lower in cod fillets stored at −2 ◦C, in contrast to those stored at 0 ◦C, and
MA packaged fillets had a shelf-life of about 15 days at 0 ◦C and 21 days at −2 ◦C. More-
over, the use of active-MAP (A = 40% CO2 + 30% O2 + 30% N2; B = 50% CO2 + 50% O2;
and C = 95% CO2 + 0% O2) at 4 ◦C combined with natural preservatives on blue fish burger
(mackerel and hake) led to lower aerobic mesophillic bacteria in fillets when compared to
air-packed fillets at day 28 [3].

Similarly, the effects of vacuum and modified atmospheres on textural parameters
and structural proteins of cultured meagre (Argyrosomus regius) fillets were studied by
Sáez et al. [28]. Hernández et al. [29] evaluated the influence of modified atmosphere in
packing sous vide of pirarucu in tucupi and shrimp sauce under refrigeration. Lekjing and
Venkatachalam [27] explored the impact of MAP on the qualitative changes of pasteurized
oysters. Zhang et al. [30] investigated the effect of air packaging, vacuum packaging, and
MAP (75% CO2 + 25% N2) on the microbial composition and quality of lightly salted grass
carp. Lázaro et al. [31] studied the combined effect of MAP (50% CO2 + 50% N2) and
ultraviolet radiation type C (UV-C; 0.30 J/cm2) on the reduction of Salmonella typhimurium
and E. coli O157:H7 in tilapia fillets. The impact of Ar and N2 used individually for MAP
on the chemical, sensory, and microbiological qualities of refrigerated Asian sea bass slices
was studied by Olatunde et al. [32]. Wang et al. [33] evaluated the influence of nitric
oxide (NO)-MAP on the quality of tilapia fillets. Esteves et al. [34] assessed the impact of
different packaging types (in air (AIR), vacuum (VP), and MAP) on the physicochemical,
microbiological, and sensory qualities, as well as the shelf-life of gray triggerfish fillets
stored at refrigeration temperature for 15 days. Although the use of MAP is a widely used
and established technology, there is little or no information available related to its combined
effects with absorbent pads and storage temperature on the quality attributes of Cape hake
fish. Therefore, this study investigated the effects of MAP combined with absorbent pads
and storage temperatures on the physicochemical, microbiological, and sensory quality
attributes of Cape hake fish.

2. Materials and Methods
2.1. Preparation of Fish Samples and Packaging

Fresh Cape hake fillets (average weight of 200 g) were purchased from a local retail
market in Stellenbosch, South Africa. Fillets were iced with an appropriate quantity of ice
(with 1:3 parts w/w flake/ice) and packed in sterile padded polystyrene boxes. The fillets
were collected approximately 18 h after cutting and transported in an air-conditioned and
ventilated vehicle to the Postharvest Research Laboratory at Stellenbosch University, Stellen-
bosch, South Africa, within 15 min. On arrival, the fish fillets were kept on ice and packaged
into the following treatments: active-MAP (40% CO2 + 30% O2 + 30% N2) with and without
(control) absorbent pads, and passive-MAP (0.039% CO2 + 20.95% O2 + 78% N2) with and
without (control) absorbent pads.

All fish samples were packaged in polyethylene terephthalate (PET) trays with dimen-
sions of 280 mm × 190 mm (Zibo containers (Pty.) Ltd., Kuilsrivier, South Africa) and heat
sealed with bi-axially oriented polyester film (O2 permeability: 75 cm3 at 23 ◦C, 70% RH bar−1;
water vapor permeability: 2 g d−1 at 38 ◦C, 90% RH) from Knilam Packaging (Pty.) Ltd., Cape
Town, South Africa. A total of 380 packages were used in this study. Modified atmosphere
packaging was performed using a Multivac packaging machine (Multivac Traysealer T100,
Sepp Hagenuller GmbH & Co.KG, Wolfertschwenden, Germany) and food grade gases from
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Air products Pty., Kempton Park, South Africa, as well as absorbent pads (Dri-Fresh®, Sirane
Ltd., Telford, Shropshire, UK). Figure 1 depicts the fish samples, packing procedure, and
packaged fish fillet. The absorbent pads were made of an inert hygroscopic material according
to the manufacturer’s specification. Packaged fillets were then stored at 0 ◦C, 4 ◦C, and
8 ◦C ± 0.5 ◦C for 15 days. Samples for analyses were taken on days 0, 3, 6, 9, 12, and 15 from
each respective storage temperature. On each sampling time, three packs of fish from each lot
were taken from each treatment and storage temperature. Analysis of microbiological and
chemical parameters was terminated on the days sensory spoilage was observed (attributes
such as flesh color and off-odor) for packages stored at 8 ◦C and under passive-MA.

Figure 1. An illustration of the fish fillet packaging approach.

2.2. Headspace Gas Analysis and Temperature

Before the packages were opened, changes in CO2 and O2 levels in the headspace
of the tray were measured using a gas analyzer with 0.5% accuracy (Checkmate 3, PBI
Dansensor, Ringstead, Denmark) and reported as a percentage (%) of the atmosphere
composition inside the package. Three packages were measured for each treatment at
sampling day. After the gas composition analyses, packs were unwrapped for further
analysis of fillet quality attributes.

2.3. Physicochemical Analysis
2.3.1. pH

Fish samples from each package treatment were homogenized in milliQ water (Millipak®

express 40 filter unit, Merck KGaA, Darmstadt, Germany) and dilution was used to measure
the pH using a Crison pH meter Basic 20+ (Crison, Barcelona, Spain). The pH meter was
standardized using buffer solutions of pH 9.02 ± 0.01, 7.00 ± 0.01, and 4.01 ± 0.01 at 25 ◦C as
described by Erkan et al. [21].

2.3.2. Color

Color attributes of fillets were measured with a colorimeter (Chroma Meter CR-400,
Minolta corp., Osaka, Japan). To make representative measurements, approximately five
measurements were taken on each fillet. The CIELAB parameters were assessed: L* (de-
scribing lightness/brightness), a* (describing the balance of green to red), and b* (describing
blue to yellow). Total color difference (∆E) was calculated based on the magnitude of color
difference between the baseline sample and other sampling days using Equation (1):

∆E =

√
(a − a∗o )

2 + (b − b∗o )
2 + (L − L∗

o )
2 (1)

where ao*, bo*, and Lo* are the baseline values for unpackaged fresh Cape hake fillets at
day 0, and a*, b*, and L* are the values for fillets packaged under each treatment at each
sampling day [35].
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2.3.3. Firmness Measurement

The firmness of each fillet was determined by using a texture profile analyzer fitted
with the Warner Bratzler Blade-set (HDP/BS; TA-XT Plus, Stable Micro Systems, Surrey,
England). A test speed of 1.5 mm s−1 and distance of 30 mm was used for the study.
Firmness was expressed as the work of shear (N/s) based on the force required to shear
through the fish muscle and connective tissues [36–38].

2.3.4. Drip Loss

Fish samples were carefully removed from the tray, leaving behind the drip. The tray
containing the drip was then weighed to obtain the weight of the drip loss. Individual
package trays were weighed prior to packaging. Thus, drip loss was calculated based on
the difference between the gross weight of the package with drip and the known weight of
the tray, and expressed as a percentage loss based on the initial sample weight as shown in
Equation (2):

%DL =
Wi − Ws

Wi
× 100 (2)

where DL is the drip loss (%), Wi is the gross weight of package and drip (g), and Ws is
the known weight of tray (g). A conversion factor of 1 g = 1 mL was used to covert DL in
weight (g) to volume (mL) [39].

2.4. Microbial Quality Analysis

Approximately 1 g of fish samples was taken from randomly selected packaged fillets
for each treatment on the sampling day and mashed under aseptic conditions using mortar
and pestle. Mashed samples were then diluted in test tubes containing 10 mL of sterile
physiological saline solution (PSS; 0.85 g NaCl in 100 mL distilled water). Serial dilutions
up to four-folds were prepared by adding 1 mL of the homogenate sample to 9 mL PSS and
the vortex of each dilution. To count the microbial load, 1 mL of each dilution was plated
onto appropriate media in triplicates using the pour plate method. [40].

Aerobic mesophillic bacteria were counted using plate count agar (PCA) method
4833 [41]. The plates were incubated upside-down at 37 ◦C for 48 h [42]. For the screening
of Escherichia coli, violet-red bile glucose (VRBG) agar was used and plates were incubated
upside-down at 37 ◦C for 24 h [43]. Presence of Vibrio parahaemolyticus in fish fillet was
investigated using a combination of the thio-sulphate bile salt sucrose agar (TCBS) and
HiChrome vibrio agar method 21872-1 [44]. HiChrome vibrio Agar was used because color
development by Vibrio species is not affected by the presence of colonies of other bacteria
as the amount of color developed depends on the reaction of bacterial β-galactosidase with
the substrate contained in the media. The plates were then incubated upside-down at 37 ◦C
for 24 h [32]. After incubation, plates with 30–300 colonies were counted. The results were
transformed into a Log colony-forming unit (log CFU g−1).

2.5. Proximate Analysis

Proximate analysis was carried out only on day 0 and at the end of 12 and 15 days
of refrigerated storage. Crude protein analysis was carried out using a modification
of Association of Official Analytical Collaboration (AOAC) method 981.10 and AOAC
960.52 micro-kjeldahl methods [45]. Approximately 2 g of fish sample was digested with
H2SO4 using the heating digestion unit (DKL Automatic Digester, VELP Scientifica Srl,
Usmate Velate MB, Italy). The digested sample was then distilled with distillation unit
(UDK 129, VELP Scientifica Srl, Usmate Velate MB, Italy) using NaOH, Boric acid, and
5 drops of Bromo-cresol green indicator after cooling. The distillate was then titrated with
0.2 M HCl until the end point was reached, i.e., when the color changed from green to pink.
The titer volume of acid used in the titration was documented. A blank was set without
Cape hake fillets as the control. The percentage of protein content was calculated according
to Equation (3):
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%Nitrogen = Normality o f HCL × corrected acid vol. (ml)nx
g o f sample

× 14gN
mol

× 100 (3)

Percentage protein was calculated by multiplying the percentage of nitrogen with a
conversion factor of 6.25. The unit of normality is mol/100 mL. Corrected acid volume = (mL
standard acid for sample) − (mL standard for blank).

Fat content was analyzed using the AOAC method [46]. The solvent extraction unit
(SER 148, VELP Scientifica Srl, Usmate Velate MB, Italy) was used for fat extraction. About
3 g of the sample was extracted with the solvent extraction unit using petroleum ether
(B.P. 60 ◦C) as the extracting solvent.

The moisture content of fish fillets was measured using AOAC Official Method 934.01 [47].
Clean, empty porcelain crucibles were dried for 2 h at 100 ◦C. The crucibles were then allowed
to cool in desiccators for 30 min to 2 h. Approximately 2.5 g of the sample was weighed into the
dried crucibles and heated to 105 ◦C for 24 h in a Pro-Lab oven and incubator (OTE 160L Lab
tech. Separation Scientific, South Africa). The crucibles were allowed to cool down for 30 min
and then weighed. This was then expressed as a percentage of the sample weight [47]. Ash
content was then determined by continuing with dried samples obtained from the moisture loss
analysis and the samples were ashed using Muffle Furnace (LEF 115 P-1 Lab Tech. Separation
Scientific, Roodepoort, South Africa). Crucibles containing moisture-free fish samples were
placed in the furnace and incubated at 500 ◦C for 6 h. The crucibles were placed in a desiccator
and allowed to cool overnight. The crucibles were then weighed accurately and expressed as a
percentage of the sample weight [48].

2.6. Sensory Analysis

Consumer sensory analyses were based on a hedonic scale using untrained sensory
panels [49]. The panel consisted of 10 untrained researchers who were familiar with
fresh fish. The preferences and evaluation of the quality of Cape hake were determined
immediately after opening the containers with chilled fish. The appearance, odor, and
overall acceptability of the Cape fillets were scored on five-point hedonic scale: 1 = dislike
a lot and 5 = like a lot. The average score for each parameter was calculated and presented
as the sensory scores’ appearance, odor, and overall acceptability.

2.7. Statistical Analysis

Statistical analysis was carried out using Statistica software (Statistica version 11,
StatSoft Inc., Tulsa, OK, USA). Factorial analysis of variance (ANOVA) at the 95% confidence
interval was used to evaluate the combined effect of modified atmosphere packaging
(MAP), storage temperature, and absorbent pads on the quality of packaged Cape hake
fillets. When there was a statistical significance of the main factors and the interaction
between them, the Fischer LSD multiple-range post-hoc tests were used to determine the
significant differences. To establish correlation trends between physicochemical, microbial,
and sensory qualities of the examined Cape hake fillets, data were processed according to
principal component analysis (PCA) using XLSTAT software Version 2012.4.01 (Addinsoft,
Paris, France). Significant correlation coefficients were classified as strong, moderate, and
weak, corresponding to r > 0.7, r > 0.5–<0.7, and r < 0.5, respectively.

3. Results and Discussion
3.1. Headspace Gas Composition

Level of O2 decreased continuously across all treatments, with passive-MA packaged
fillets reaching critical levels of 2.7% at the end of the storage life (Figure 2). In active-MA
packaged fillets (Figure 2a,b), the levels of O2 decreased during storage; however, the
levels did not reach critical limits and the lowest level was 9.5% at 0 ◦C. Similar results
were obtained for cod fillets packaged with gas composition (37% CO2 + 63% O2) and
stored at 0 ◦C for 14 days [22]. The author reported that this decrease was associated
with utilization of O2 by microbes and biochemical interactions such as the oxidation of
lipids in the fillets packed [22]. High levels of O2 assisted in inhibiting the development of
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anaerobic environments and preventing the occurrence of pathogenic anaerobes, such as
non-proteolytic Clostridium botulinum [50].

Figure 2. Effects of absorbent pads, packaging, temperature (0 ◦C, 4 ◦C, and 8 ◦C), and time on oxygen
and carbon dioxide gas composition during storage: (a) MAP with no PAD, (b) MAP plus PAD,
(c) PMAP with no PAD, and (d) PMAP plus PAD. MAP = active-MAP and PMAP = passive-MAP.

Furthermore, an initial decrease in CO2 levels was observed for fillets stored under
active-MAP across all temperatures. The decrease was higher at 0 ◦C compared with 4 ◦C
and 8 ◦C on day 3 (Figure 2a,b). After day 3, there was a subsequent increase in CO2
levels and the highest increase was observed at 4 ◦C on day 12 with a value of 40.2%
(Figure 2a,b). The increase in CO2 may be ascribed to the increase in the metabolic activity
of the spoilage bacteria [51–53]. The initial drop in CO2 levels during first days of storage
for MA-stored fillets could be attributed to the dissolution of CO2 in muscle fluids of Cape
hake fillets [51–53]. This trend confirms that CO2 becomes more soluble in water at lower
temperatures [54]. Similar results were reported by Cyprian et al. [55] in their study on Nile
tilapia packaged in 50% CO2 + 50% N2 and 100% air, and stored at −1 ◦C and 1 ◦C for 27 and
20 days, respectively. The authors stated that CO2 levels dropped initially during storage
until day 3, although it stabilized later with fillets packed under MA [55]. Similarly, CO2
levels in fresh cod loins packaged with gas composition (50% CO2 + 5% O2 + 45% N2) and
stored at 1.5 ◦C and −0.9 ◦C for 21 days decreased rapidly in the first few days of storage
and then later increased [56]. The rate of decrease was higher at lower temperatures [56].

3.2. Proximate Composition

There were no significant changes in the proximate composition of active-MA packaged
fillets at 0 ◦C after 15 days in storage in comparison to day 0. In contrast, proximate com-
position of fillets stored under passive-MAP decreased due to the deterioration in fish flesh
(results not shown). Fat, protein, moisture, and ash content values ranged from 0.29 to 0.286%,
17.22 to 17.21%, 82.95 to 82.88%, and 4.90 to 4.80%, respectively, for active-MAP stored fillets
after storage. This agrees with findings reported by Del Nobile et al. [3] for blue fish burger
consisting of fresh hake and mackerel fillets stored under three different gas compositions of
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40% CO2 + 30% O2 + 30% N2, 50% CO2 + 50 % O2, and 5% O2 + 95% CO2 for 28 days at 4 ◦C.
The authors observed that the different gas compositions had no significant effect on the
fat, moisture, and protein content of hake and mackerel fillets. Results obtained were also in
agreement with findings on chub mackerel fish packaged with 50% CO2 + 50% N2 and stored at
3 ◦C and 6 ◦C for 15 days. In the study by Stamatis and Arkoudelos [57], MA did not influence
the proximate composition.

Nevertheless, the proximate composition obtained in this study differed from those
reported for hake fish from the Galician Sea, Spain, stored at −10 ◦C and −30 ◦C for
40 weeks. The values obtained were moisture (80.2%), ash (1.17%), total protein (18.7%),
and fat (0.9%) [58]. The difference in the proximate composition may be related to the
fact that the chemical composition of marine fish is dependent on the catching period,
fish diet, habitat, fish size, deviations due to season and gender, and other environmental
conditions [59].

3.3. Physicochemical Analysis
3.3.1. pH

Average pH at the end of storage was 6.3 and 7.1 for active-MAP and passive-MAP,
respectively (Figure 3 and Table 1). A significant increase in pH was observed for all
treatments during the storage period (p < 0.05). Temperature, packaging, and duration
had a significant impact on the pH of fillets (Table 1). Lower values of pH were observed
in active-MA packaged fillets stored at 0 ◦C (6.18) in comparison to 4 ◦C (6.43; Table 1).
However, pH was higher in active-MA packs without PAD than those with PAD and this
was consistent for all temperature conditions (Table 1). The pH values of fillets stored at
0 ◦C on day 15 for active-MA packages without PAD was 6.23 and with PAD was 6.13
(Table 1). In contrast, passive-MA packaged fillets had pH values of 7.96 and 7.94 for no
PAD and plus PAD fillets, respectively, on day 9 at 0 ◦C (Table 1). In addition, the fillets
stored under active-MAP exhibited an initial slow increase in pH at the start of the storage
period. This was due to dissolved CO2 in the liquid phase of the muscle tissue giving rise
to non-dissociated carbonic acid as observed by other researchers [20,22,25].

Figure 3. Effects of active and passive modified atmosphere packaging and storage temperatures
(0 ◦C, 4 ◦C, and 8 ◦C) on the change in pH on day 3. Different letters represent mean values that are
significantly different (p < 0.0001). MAP = active-MA and PMAP = passive-MA.
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Table 1. Effects of storage temperatures (0 ◦C, 4 ◦C, and 8 ◦C), duration (d), and modified atmosphere
packaging with/without absorbent pads on pH of Cape hake fillets.

Storage Days TEMP. (◦C) MAP − PAD MAP + PAD PMAP − PAD PMAP + PAD

0 - 5.7 ± 0.013 n 5.7 ± 0.013 n 5.7 ± 0.013 n 5.7 ± 0.013 n

3
0 5.8 ± 0.004 m 5.7 ± 0.006 n 6.1 ± 0.004 j 5.9 ± 0.004 l

4 6.1 ± 0.009 j 5.9 ± 0.006 l 7.2 ± 0.006 e 7.1 ± 0.003 f

8 7.4 ± 0.004 d 7.1 ± 0.005 f 8.2 ± 0.005 a 8.1 ± 0.004 b

6
0 6.0 ± 0.006 k 6.0 ± 0.006 k 7.9 ± 0.013 c 7.9 ± 0.013 c

4 6.4 ± 0.006 g 6.3 ± 0.006 h nd nd

9
0 6.2 ± 0.010 l 6.1 ± 0.003 j nd nd
4 6.4 ± 0.012 g 6.3 ± 0.005 h nd nd

12
0 6.2 ± 0.004 i 6.1 ± 0.004 j nd nd
4 6.4 ± 0.005 g 6.3 ± 0.006 h nd nd

15 0 6.2 ± 0.004 i 6.1 ± 0.004 j nd nd

nd = not determined due to sensory rejection. All values rounded off to one significant figure. Different
letters indicate a significant difference in pH values (p < 0.05). MAP – PAD = active-MA without absorbent
pad; MAP + PAD: active-MA with absorbent pad; PMAP − PAD: passive-MA without absorbent pad; and
PMAP + PAD: passive-MA with absorbent pad. Sampling was stopped on days when sensory spoilage and
critical bacterial counts were reached, thus sampling for fillets stored under MAP at 8 ◦C was stopped on day 3;
similarly, sampling for fillets stored under PMAP at 4 ◦C and 8 ◦C were stopped on day 3 as well. Additionally,
sampling for fillets stored under PMAP at 0 ◦C was stopped on day 6.

There was a subsequent increase in pH as storage progressed in fillets stored at 0 ◦C
and 4 ◦C under active-MAP. At the end of the storage, pH was higher in fillets packed
under passive-MA than active-MA. These results corroborate the report on active-MA
packaged ready-to-eat hake, chub mackerel, yellow gurnard, and cuttle fillets stored at
4 ◦C for 14 days. Lower pH was observed under active-MA in comparison to passive-
MA [19]. Thus, based on the role of pH in limiting microbial growth, gas composition
of 40% CO2 + 30% O2 + 30% N2 at 0 ◦C is ideal in storing Cape hake fillets due to the
observed lowest differences of pH during the trials.

3.3.2. Drip Loss

Drip loss increased significantly with storage time for Cape hake fillets stored under
active-MA as well as for those under passive-MA without the absorbent pad. Absorbent
pads were effective in preventing the accumulation of drips in other treatments (Figure 4).
Furthermore, the interaction of storage temperature, duration, and absorbent pads had
a significant influence on the drip loss in fillets packaged under active-MA (Figure 4).
Generally, it was observed that drip loss was highest at the lowest temperature. This might
be due to the increased solubility of CO2 at lower temperatures, resulting in lower pH,
which leads to a loss of the water-holding capacity in fish tissue and release of drips [20,22].

Similar results were obtained by Fletcher et al. [60] who studied the impact of two
different gas mixtures (100% CO2 and 40% CO2+ 60% N2) on the quality of fresh King
salmon stored at 0 ◦C for 90 days. The authors stated that drip loss increased with storage
time and higher drip loss was reported in the 100% CO2 packages [60]. This was also
corroborated by an investigation on the effect of MAP (37% CO2 + 63% O2) on cod fillets
stored at 0 ◦C for 14 days. Presence of CO2 in the MA packaged cod fillets resulted in the
formation of drips and the higher the levels of CO2 in a package, the higher the drips [22]
Studies have shown that dissolved CO2 in fish tissues leads to reduced pH in MA packaged
fillets. This initiates drip loss, which might be due to tissue pliability and loss of the
fluid-retaining ability [50,61,62]. The presence of drip loss in packaged fillets reduces the
freshness quality. Therefore, the use of absorbent pads assists in improving fillet quality.



Coatings 2022, 12, 310 9 of 18

Figure 4. Effect of the interaction of storage temperature, with or without absorbent pads, and
storage duration (d) on drip loss for active-MA packaged fillets; different letters indicate a significant
difference (p < 0.001).

3.3.3. Fillet Firmness

Firmness of fresh Cape hake fillets at day 0 based on the measurement of the work
of shear was 838.9 ± 34.1 N/s and this decreased over time during storage across all
treatments. Fillets stored under active-MAP maintained better firmness than those under
passive-MAP across all treatments. The interaction of the modified atmosphere gas com-
position (in packages) and storage temperature had a significant effect (p < 0.001) on the
firmness of the hake fillets (Figure 5 and Table S1). Passive-MA packaged fillets stored at
8 ◦C had the lowest firmness values of 512.7 ± 0.7 N/s by day 3. As storage time progressed,
the firmness of hake fillets reduced but the firmness at lower temperatures was better across
all treatments. This agrees with studies by Roth et al. [63] in which higher temperatures
and time causes stored fish fillets to lose their firmness. This is because the degradation
of fish muscles was better delayed under active-MAP at lower temperatures than under
passive-MAP at 0 ◦C, 4 ◦C, and 8 ◦C. A similar effect was observed for Atlantic salmon
stored at −3.6 ◦C and −1.4 ◦C for 34 days. Firmness decreased with storage duration and
lower temperature better helped to maintain firmness in stored salmon fillets [64].

Figure 5. Effect of temperature and packaging on firmness (work of shear (N/s)) on day 3 with
absorbent pads. Different letters indicate a significant difference in work of shear values (p < 0.001).
MAP = active-MAP and PMAP = passive-MAP.
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The use of absorbent pads had a significant impact on the firmness across all temper-
atures. Active-MAP with absorbent pads maintained better firmness at 0 ◦C than other
temperature conditions during storage (Table S1). This could be attributed to the ability
of the absorbent pad to better absorb drips in the pack and delay the degradation of fish
muscles, which results in tissue pliability and hastens the loss of fish freshness [62]. Firm-
ness is a vital attribute for fresh or ready-to-cook (RTC) fish but soft fillets are, however,
a drawback in the marketing of fresh RTC fish [65]. Therefore, the use of absorbent pads
offers a value addition to improve fillet quality.

3.3.4. Color Measurement

The total color difference (TCD) of fillets is presented in Figure 6 and Table S2. Tem-
perature and duration led to significant increases in TCDs during the storage of fillets
(p < 0.05). In addition, fillets stored under active-MAP had lower TCDs than those under
passive-MAP (control), with fillets stored under active-MAP at 0 ◦C having the lowest TCD
of 5.9 on day 12 (Figure 6). The change in fillets’ TCD is consistent with results obtained for
Atlantic salmon stored at −1.4 ◦C and 3.6 ◦C for 34 days [63]. The authors reported that
temperature and duration are vital indices in determining color changes in Atlantic salmon
fillets [63]. Similarly, Regost et al. [66] investigated the influence of essential oils and cold
storage at 4 ◦C and 20 ◦C on muscle quality attributes of Atlantic salmon. The color of
Atlantic salmon was shown to be dependent on both storage duration and temperature [66].

Figure 6. Effect of modified atmosphere packaging, temperature (0 ◦C and 4 ◦C), and duration (d) on
total color difference of stored Cape hake fillets. Different letters indicate a significant difference in
work of shear values (p < 0.02).

Oxidation of hemoglobin pigments is a major source of color change during the storage
of fish fillets [67,68]. Chaijan et al. [69] reported on pigment and color differences in tissues
of mackerel and sardine stored at 4 ◦C for 15 days. It was observed that levels of pigment
and heme iron reduced, while non-heme iron levels improved through ice storage [69].
Thus, fish fillet color is best maintained at lower temperatures. This corroborated our
results that lower temperature and active-MAP lowered the TCDs of fillets during storage.

3.4. Microbiology Quality

Fillets used in this study had initially good microbial quality, as evidenced by the low
initial aerobic mesophillic bacteria (1.2 log cfu/g) and absence of both Vibrio spp and E. coli.
The lowest aerobic mesophillic bacteria were observed in fillets stored under active-MAP
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while fillets stored at 0 ◦C had the least counts of 5.2 log cfu/g on day 12. The interaction
of MAP, absorbent pads, and storage temperature had a significant effect on the aerobic
mesophillic bacteria counts (Figure 7). In fillets stored at 4 ◦C and 8 ◦C under passive-
MA, the aerobic mesophillic bacteria count reached the critical limits of <5.5 log cfu/g
by day 3 [70], while fillets stored at 0 ◦C had lower counts. For fillets under active-MAP
storage at 0 ◦C and 4 ◦C, they did not exceed the critical limit until after day 12 and 9,
respectively (Table S3). These results agreed with the findings of Ordonez et al. [20] for
MAP conditions (40% CO2 + 60% air, 20% CO2 + 80% air, and 100% passive-MAP) for hake
fillets stored at 2 ◦C for 12 days. They reported that AMCs exceeded the microbial limits
faster in fillets stored under 100% passive-MAP than active-MAP-stored fillets and MAP
(40% CO2 + 60% air) was more efficient in hindering microbes [20]. This highlights the
importance of maintaining the optimum cold chain for packaged fresh RTC fish products,
as abusive handling temperature would result in a shorter shelf-life and compromise safety.

Figure 7. Effects of temperature (0 ◦C, 4 ◦C, and 8 ◦C) and packaging with/without absorbent pads
on bacterial growth of fillets on day 3. Different letters indicate a significant difference in aerobic
mesophillic count (p < 0.001). MAP = active-MA and PMAP = passive-MA.
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Furthermore, the use of pads led to lower microbial loads in fillets stored at 0 ◦C
and 4 ◦C for active-MAP (p < 0.001) but the use of pads was only effective at 0 ◦C for
fillets stored under passive-MAP (Figure 7 and Table S3). This could be attributed to
the ability of the absorbent pad to better absorb drip loss in the package, which limits
the exudates on which micro-organisms strive. Additionally, the lower microbial growth
observed at 0 ◦C during storage might be due to the increased solubility of CO2 at lower
temperatures, which increases acidity and inhibits microbial growth. This correlates with
results obtained during pH analyses in this study which showed a slow increase in pH
at 0 ◦C compared with 4 ◦C. Similar results were reported by Ordonez et al. [20] for hake
steaks as well as by Stamatis and Arkoudelos [57] for chub mackerel; they stated that aerobic
mesophillic bacteria were better hindered when a slow increase in pH occurred [20,57].
Research findings have indicated that CO2 hinders the growth of psychotropic, aerobic, and
Gram-negative microbes, and slows down the deterioration of fresh RTC fish fillets [57].

Previous studies have established that active-MAP lowers microbial loads by extend-
ing the lag phase of bacteria [23,52,71]. This effect was attributed to the dissolution of
CO2, which leads to the formation of carbonic acid, the undissociated form of carbonic
acid (bicarbonate ion) that changes cell permeability and hinders the metabolic processes
of microbes [50]. Hence, the use of active-MAP combined with absorbent pads under
optimum cold storage can assist in extending the shelf-life and maintain the microbial
safety of RTC hake fillets.

In this study, E. coli and Vibrio spp. growths were not detected throughout the du-
ration of storage and across all treatments. These microbes are indicators for spoilage
and pathogenic microbes. This indicates that during this study, adequate hygiene levels
were maintained and there was no cross-contamination from fecal material. Thus, for the
success of any post-harvest treatments on fresh or minimally processed fish products, good
agricultural practices (GAPs), hazard analysis, and critical control points (HACCP) along
the processing and packaging stage should be strictly adhered to.

3.5. Sensory Analysis

Sensory scores for packaged Cape hake fillets are summarized in Table 2. Overall,
the acceptability of fillets decreased with the increase in storage temperature across all
treatments. Additionally, MA had a significant impact on the sensory attributes evaluated
(p < 0.05), with active-MA packaged fillets stored at 0 ◦C having the highest scores for
overall acceptability in comparison to fillets packaged under passive-MA. Temperature and
time significantly influenced the appearance quality of fillets (p < 0.05). Like the findings
from the measured fillet drip loss, sensory scores of drip loss (watery discharge) were
higher in active-MA-packed fillets without pads than in passive-MA packages without
pads (p < 0.05). The freshness scores decreased significantly as the temperature and storage
time increased (p < 0.05). By day 12, active-MA packaged fillets stored at 0 ◦C had higher
freshness scores than fillets stored at 4 ◦C.

The interaction of MA, storage temperature, and duration had significant effects on
the overall acceptability of the fillets (p < 0.05). On day 6 of storage, the overall accept-
ability scores for passive-MA packaged fillets without pads were lower (2.1) than that of
passive-MAP with absorbent pads (2.54) for fillets stored at 0 ◦C. This low score observed
correlates with the aerobic mesophillic counts, which were higher than the microbial limits
of <5.5 log cfu/g by day 6. Thus, based on sensory evaluation and microbial data, the shelf-
life of passive-MA packaged Cape hake fillets stored at 0 ◦C was limited to <6, while 4 ◦C
and 8 ◦C were limited to <3 days. On the other hand, fillets under active-MAP with pads
stored at 0 ◦C had a higher overall acceptability score (3.02) than those stored at 4 ◦C (1.76)
on day 12. The sensory score obtained for active-MA packaged fillets was consistent with
the aerobic mesophillic counts reported on day 12. Aerobic mesophillic counts for active-
MA packaged fillets stored at 4 ◦C exceeded the microbial limits of 5.5 log cfu/g by day 9,
but those of 0 ◦C were within the microbial limits. Therefore, based on sensory attributes
and the microbial load, the shelf-life of active-MA packaged Cape hake fillets stored at 4 ◦C



Coatings 2022, 12, 310 13 of 18

was limited to about 9 days. The shelf-life reported for active-MA packaged Cape hake
fillets stored at 4 ◦C in this study was shorter than the shelf-life of 10 days, as reported by
Speranza et al. [19] for hake fillets stored at 4 ◦C. This could be due to the difference in the
fish habitat, season when fish were harvested, as well as the post-harvest treatment.

Table 2. Consumer perception scores of packaged Cape hake fillets during storage.

Storage (Days) TEMP. (◦C)
Treatment - Appearance - Odor - -

- Color Watery Discharge Firmness Fish Freshness Not Fermenting Overall Acceptability

3

0

MAP − PAD 4.70 ± 0.48 b 2.50 ± 0.53 g 4.40 ± 0.52 b 4 80 ± 0.42 b 4.50 ± 0.53 b 4.18 ± 0.05 b

MAP + PAD 5.00 ± 0.01 a 5.00 ± 0.01 a 5.00 ± 0.01 a 4.90 ± 0.32 a 5.00± 0.01 a 4.98 ± 0.14 a

PMAP − PAD 3.90 ± 0.32 d 4.10 ± 0.32 c 2.20 ± 0.63 e 3.40 ± 0.52 e 3.20 ± 0.42 e 3.36 ± 0.14 d

PMAP + PAD 4.50 ± 0.53 c 4.80 ± 0.42 b 3.40 ± 0.52 c 4.30 ± 0.48 c 3.60 ± 0.52 c 4.12 ± 0.04 c

4

MAP − PAD 2.60 ± 0.70 f 1.70 ± 0.48 i 2.50 ± 0.53 d 2 80± 0.63 d 3.00± 0.47 f 2.52 ± 0.10 f

MAP + PAD 2.90 ± 0.57 e 3.90 ± 0.57 d 2.50 ± 0.53 d 3.80 ± 0.63 d 3.50± 0.53 d 3.32 ± 0.04 e

PMAP − PAD 1.50 ± 0.53 h 2.50 ± 0.85 g 1.60 ± 0.52 h 2.70 ± 0.48 2.50 ± 0.53 h 2.16 ± 0.15 h

PMAP + PAD 1.40 ± 0.70 i 2.30 ± 0.48 h 2.00 ± 0.67 f 3.00 ± 0.67 f 2.80 ± 0.42 g 2.30 ± 0.13 g

8

MAP − PAD 1.00 ± 0.01 k 1.60 ± 0.32 j 1.50 ± 0.71 i 1.20 ± 0.42 h 1.00 ± 0.32 j 1.26 ± 0.25 l

MAP + PAD 1.90 ± 0.91 g 2.30 ± 0.82 h 1.80 ± 0.79 g 1.40 ± 0.52 g 1 00± 0.32 j 1.70 ± 0.30 i

PMAP − PAD 1.00 ± 0.01 k 2.20 ± 0.63 f 1.00 ± 0.67 k 1.00 ± 0.01 j 1.00 ± 0.01 j 1.24 ± 0.36 k

PMAP + PAD 1.30 ± 0.82 j 3.30 ± 0.48 e 1.20 ± 0.42 j 1.10 ± 0.32 i 1.10 ± 0.32 i 1.60 ± 0.21 j

6

0

MAP − PAD 3.70 ± 0.48 b 2.10 ± 0.74 e 3.70 ± 0.67 b 4 50 ± 0.53 b 4.70 ± 0.48 b 3.74 ± 0.12 b

MAP + PAD 4.10 ± 0.57 a 4.80 ± 0.42 a 4.70 ± 0.48 a 4.60 ± 0.52 a 4.80± 0.42 a 4.60 ± 0.06 a

PMAP − PAD 2.80 ± 0.67 d 3.30 ± 0.67 c 1.40 ± 0.52 f 1.80 ± 0.42 f 1.70 ± 0.68 f 2.20 ± 0.11 f

PMAP + PAD 3.30 ± 0.48 c 4.10 ± 0.57 b 2.20 ± 0.42 d 2.20 ± 0.42 e 1.80 ± 0.42 e 2.72 ± 0.06 d

4
MAP − PAD 2.40 ± 0.52 e 1.70 ± 0.68 f 2.10 ± 0.57 e 2 40± 0.52 d 2.60± 0.52 d 2.24± 0.07 e

MAP + PAD 2.40 ± 0.52 e 3.20 ± 0.42 d 2.30 ± 0.48 c 3 20± 0.42 c 2.90± 0.32 c 2.80 ± 0.08 c

12
0

MAP − PAD 2.30 ± 0.48 b 1.50 ± 0.85 c 2.60± 0.52 b 2 90 ± 0.74 b 2.80 ± 0.42 b 2.42± 0.18 b
MAP + PAD 2.60 ± 0.52 a 3.10 ± 0.32 d 3.20 ± 0.42 a 3.10 ± 0.32 a 3 10± 0.32 a 3.02 ± 0.09 a

4
MAP − PAD 1.00 ± 0.01 d 1.00 ± 0.01 e 1.10± 0.03 d 1 40 ± 0.52 d 1.30 ± 0.48 d 1.16± 0.25 d
MAP + PAD 1.20 ± 0.42 c 2.40 ± 0.70 b 1.30 ± 0.70 c 2 00± 0.01 c 1.90± 0.32 c 1.76 ± 0.26 c

Data are the means of scores of 10 panelists. Superscript alphabets are significant differences between each pack-
aged fillet. Different letters indicate a significant difference in pH values (p < 0.05). MAP-pad = active-MA
without pads; MAP + PAD active-MA with pads; PMAP − PAD = passive-MA without pads; and
PMAP + PAD = passive-MA with pads. Sampling was stopped on days when sensory spoilage was observed,
thus sampling for fillets stored under MAP at 8 ◦C was stopped on day 3; similarly, sampling for fillets stored
under PMAP at 4 ◦C and 8 ◦C was stopped on day 3 as well. Furthermore, sampling for fillets stored under PMAP
at 0 ◦C was stopped on day 6.

However, for active-MA packaged Cape hake fillets stored at 0 ◦C, the shelf-life
and overall acceptability were at maximum after 12 days. Lauzon et al. [23] obtained
similar results in their study of unsalted cod fillets stored at 0 ◦C and −2 ◦C in MAP
(CO2/O2/N2:50/5/45). The authors also found that AMCs were below 5.5 log cfu/g on
day 12 but increased to 7.2 log cfu/g on day 15 for fillets stored at 0 ◦C. Based on these
findings, Lauzon et al. [23] concluded that the produce shelf-life was 14 to 15 days at 0 ◦C
and 21 days at −2 ◦C. The difference between the shelf-life at 0 ◦C and our findings could be
attributed to the microbial limits of <5.5 log cfu/g [70] used in our study, the geographical
location, or since cod was used in the study. This study is consistent with literature as lower
temperatures lead to greater dissolution of CO2 in fish tissues [51–53]. Furthermore, the
higher CO2 levels led to an increase in the bacteriostatic ability at 0 ◦C [22,23].

3.6. Correlation between Quality Indices

Pearson correlation was conducted to explore the relationships between the investi-
gated quality attributes of Cape hake fish (Table 3). Interesting significant relationships with
varying correlation coefficients were obtained. A weakly negative relationship (r = −0.40)
between work of shear and pH suggests that fillets stored in a weakly acidic (pH 5.6–6.5)
medium had better firmness quality than those stored in a basic (pH 7–8) medium (Table 3).
Results also showed that acidic medium (low pH) could influence the color of fillets as
evident by the positive correlation (r = 0.43) between pH and the total color difference
of fish fillets (Table 3). Although the relationship between CO2 levels and exudates was
moderately positive (r = 0.52), with the strong negative correlation (r = −0.78) between
CO2 levels and aerobic mesophillic counts, it is reasonable to hypothesize that CO2 levels
could minimize the effects of microbes on fish fillet. Another interesting relationship was
the moderately negative correlation between work of shear and aerobic mesophillic counts
(r = −0.62), suggesting that fillet firmness would be maintained when microbial activity
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was minimal. This was also buttressed by the moderately positive correlations between
the work of shear and all the sensory attributes, such as work of shear–color (r = 0.54),
work of shear–freshness (r = 0.51), work of shear–fresh fish odor (r = 0.51), and work
of shear–overall acceptability (r = 0.52; Table 3). It is also noteworthy that pH showed
negative correlations with most of the investigated sensory attributes, such as with color
(r = −0.43), firmness (r = −0.39), freshness (r = −0.48), fresh fish odor (r = −0.45), and
overall acceptability (r = −0.42; Table 3). This association suggests the importance of low
pH in stored fish fillet in maintaining the color, firmness, freshness, fresh fish odor, and
overall acceptability of Cape hake fillets.

Table 3. Pearson correlation coefficient matrix between quality indicators measured in Cape hake
fillets during storage.

Variables pH WS DL TCD O2 CO2 AMC Color Exudate Firmness Freshness Fresh Odor OA

pH 1
- - - - - - - - - - - -
- - - - - - - - - - - -

WS −0.40 1 - - - - - - - - - - -
Drip loss 0.19 −0.194 1 - - - - - - - - - -

TCD 0.43 −0.34 0.22 1 - - - - - - - - -
O2 −0.27 0.77 0.07 −0.36 1 - - - - - - - -

CO2 −0.25 0.17 0.29 0.37 0.36 1 - - - - - - -
AMC 0.52 −0.62 0.07 0.61 −0.77 −0.78 1 - - - - - -
Color −0.43 0.54 −0.27 −0.78 0.44 −0.24 −0.70 1 - - - - -

Exudate −0.08 0.23 0.46 −0.56 0.02 0.47 −0.22 0.59 1 - - - -
Firmness −0.39 0.48 −0.09 −0.66 0.62 0.09 −0.72 0.82 0.42 1 - - -
Freshness −0.48 0.51 −0.17 −0.68 −0.60 0.10 −0.80 0.86 0.40 0.89 1 - -

Fresh Odor −0.45 0.51 −0.15 −0.65 0.61 0.15 −0.77 0.82 0.32 0.90 0.97 1 -
OA −0.42 0.52 −0.27 −0.76 0.52 −0.09 −0.73 0.94 0.63 0.92 0.95 0.920 1

Correlation values in bold are significant at p < 0.05. WS = work of shear; DL = drip loss; TCD = total color
difference; AMC = aerobic mesophillic count; and OA = overall acceptance.

Furthermore, strong negative correlations between aerobic mesophillic counts’ AMCs
and the sensory scores for color (r = −0.70), firmness (r = −0.72), freshness (r = −0.80),
fresh fish odor (r = −0.77), and overall acceptability (r = −0.73) were observed (Table 3).
The relationships imply that minimal microbial activity is also essential in maintaining
the color, firmness, freshness, fresh fish odor, and overall acceptability quality attributes,
which are desirable in Cape hake fillets. This is validated by the strong positive correlations
observed between freshness and firmness (r = 0.89), fresh fish odor and firmness (r = 0.90),
fresh fish odor and freshness (r = 0.97), overall acceptability and firmness (r = 0.92), overall
acceptability and freshness (r = 0.95), and overall acceptability and fresh fish odor (r = 0.92).

4. Conclusions

The headspace gas compositions of O2 and CO2 were significantly influenced by the
storage time, temperature, and packaging conditions, and their interactions. The level of
O2 decreased continuously across all treatments and passive-MA packaged fillets reached
about 2.7% on the 9th day of storage. These results highlight the need for research to select
appropriate packaging materials with desirable gas permeability properties in the design
of MAP systems for RTC fish products.

Storage temperature, the use of absorbent pads, and MA had significant impacts on
changes in the physicochemical properties of Cape hake fillets during storage (p < 0.05).
Active-MA packaged fillets had lower pH values in comparison to fillets stored under
passive-MA across all temperatures. Drip loss was higher in fillets packaged without
absorbent pads. The use of pads, combined with low storage temperature, had a signif-
icant impact on the firmness of hake fillets across all temperatures (p < 0.05). Cape hake
fillets stored at 0 ◦C maintained better firmness than those at higher storage temperatures.
Based on the measured physicochemical, microbial, and sensory attributes, active-MAP
(40% CO2 + 30% O2 + 30% N2) combined with low temperature (0 ◦C) extended the shelf-
life and maintained the quality attributes of Cape hake fillets up to 12 days.
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These findings provide a useful guide for the fresh fish processing industry towards
improving the post-harvest handling, packaging, and storage of Cape hake fillets and other
fish products. The use of high-grade fillets, optimum processing and storage temperature
regime, good agricultural practices, good hygienic practices, and correct gas composi-
tion is needed to achieve the best results with MAP. As MAP has achieved commercial
acceptance over the years, active-MAP systems for handling fish can equally gain commer-
cial acceptance and become viable. The integration of gas lines into existing processing
and packing lines is practical and cost-effective. Under large-scale fish production, min-
imizing post-harvest and financial losses via shelf-life extension will provide additional
economic benefits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12030310/s1, Table S1: Effect of packaging with/without
absorbent pads, temperature (0, 4, and 8 ◦C) and storage time on firmness (work of shear (N/s)) of
Cape hake fillet; Table S2: Effects of packaging with/without absorbent pads (MAP + PAD, MAP −
PAD, PMAP + PAD, and PMAP − PAD), temperature (0, 4, and 8 ◦C), and storage time (3–12 days) on
total color difference of Cape hake fillet; and Table S3: Effects of packaging with/without absorbent
pads, temperature (0, 4, and 8 ◦C), and storage time (days) on bacterial growth of Cape hake fillet.
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