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Abstract

This study assesses the potential of incorporating ultrasound as a processing aid in the
production of whole cooked brown craBacer pagurus). The FDA recommended heat
treatment to reduckisteria monocytogenes by 6 logo cycles in this product is afiro’ > of 2

min. An equivalenE value was applied at 75 °C in presence and absence of ultrasound in water
alone or in water with 5% w/v NaCl added. Heat penetration, turbidity and conductivity of the
cooking water and also salt and moisture content of the crab meat (white and brown) were
determined. Ultrasound assisted cooking allowed a reduction of the cooking time by up to 15%
while still maintaining arF7o"° of 2 min. Ultrasound also enhanced the rate and total amount

of compounds released from the crab, which suggests that crabs cooked in the presence of
ultrasound would be expected to be cleaner. Ultrasound also proved to be effective in reducing

the salt content but hardly affected the final moisture content of the crab meat.

Keywords: Ultrasound; Cooking; Brown crab; Ready-to-eat; Heat transfer; Mass transfer.
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1. INTRODUCTION

Crustaceans are highly appreciated worldwide, and also most crustacean-based products
are considered a healthy choice for consumers due to their high-quality protein, amino acid
composition [1,2] and their low saturated fat content [3, 4]. Brown ¢ahcér pagurus) is
one of the most consumed crustaceans in southern European countries and the market is
expanding to the United States and Japan where consumption of processed ready-to-eat crab
products is increasing [5]. Ireland is one of the top three producers of brown crab and brown
crab products in the world [6]. Two-thirds of brown crab landings are exported with 42% of
these exports in the form of live crabs though there can be significant associated losses during
transportation (up to 50%) [7, 8, 9].

By contrast, exporting crabs in a ready-to-eat format avoids losses during transportation
and also adds value to the final product. Ready-to-eat whole brown crab is exported mainly as
a cooked, frozen product. The production of cooked-frozen crabs involves an initial cooking
step followed by a washing/cooling step, packaging and a second heating step in-pack prior to
freezing [5]. The processing of ready-to-eat crab has not evolved in line with current
technological developments. Many producers still use traditional techniques and define their
own cooking conditions in terms of time and temperature which leads to heterogeneity in the
quality of marketable products (e.g. over or undercooking). The size of these companies is
usually small and their investment in technology and process optimisation is generally low.
However, novel processing technologies such as ultrasound have many benefits to offer them.
For example, ultrasound technology is widely used in the food industry to enhance heat and
mass transfer processes [10, 11] which could have great relevance and be easily adopted to

improve traditional immersion cooking processes used in the production of ready-to-eat crab.
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High-intensity ultrasound involves intensities greater than 1 Wamd is performed at
frequencies ranging from 18 to 100 kHz. Cavitation is considered the main mechanism by
which this form of ultrasound enhances heat and mass transfer phenomena [12] though other
effects such as acoustic steaming are also involved [13]. The effects of ultrasound on heat
transfer have been extensively studied since the 1990s in model systems such as water, metal
tubes, metal balls, etc. [14, 15, 16] and its ability to enhance heat transfer in foods, mainly in
processed meat products, during cooking processes has also been proven [17,18]. The potential
for ultrasound to assist different processes such as extraction [19, 20, 21], cooking [22] and
marinating [17, 23, 24, 25] have been assessed in vegetables tissues, meats and fish. However,
its effects on the industrial heat processing of ready-to-eat crustaceans products has never been
explored. Therefore, the aim of this study was to assess the potential of ultrasound for the
cooking of brown crab by accelerating heat and mass transfer processes. The increase of heat
penetration should lead to a reduction in cooking times which in turn should enhance product
guality whilst ensuring adequate levels of safety. In addition, the production of ready-to-eat
brown crab involves a cleaning/cooling step which is needed to remove crab dirt and cook
exudate deposits before packing. This step takes 3-4 h and constitutes a microbiological risk
due to a possible re-contamination of the product, hence requiring a subsequent pasteurization
step with the sole purpose of eliminating microbial contamination [26, 27]. The ability of
ultrasound to enhance mass transfer could also be used to remove dirt and exudate from crab
shells during cooking thus eliminating or reducing the severity of the subsequent pasteurization
ultimately resulting in greater yields, less energy input and a milder heat- treated higher quality
product.

Therefore the objective of this research was to evaluate the potential improvements induced
by the application of ultrasound in the cooking process of ready-to-eat whole brown crab, with

particular reference to the benefits of associated heat and mass transfer phenomena.
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2. MATERIALSAND METHODS

2.1. Raw material and cooking conditions

All experiments performed, during this research, were carried out with female crabs, landed
in Ireland in the winter of 2014, with weights ranging from 375 to 732 g,. Those were obtained
from a local fishmonger and maintained alive at 4 °C in dry conditions for a maximum of 48 h.
After storage, crabs were euthanized in a humane manner [28] while maintaining the integrity
of the carapace. Before cooking each crab was characterised by measuring weight (grams) and
dimensions (cH) (assuming that the crab shape was oval, the area of which was multiplied by
two in order to account for both sides of the crab). After cooking the two kinds of crab meats
were evaluated separately, namely white meat which was located in claws and legs and brown
which was located inside the carapace. This separation were considered due to the different
composition of the two kinds of meat, their location and respective market values.

Cooking experiments with and without ultrasound were performed immediately after
euthanasia in an ultrasonic bath (Guyson mod. KS MK3 525, North Yorkshire, UK) with a tank
capacity of 55 L, a maximum ultrasound power of 900 W and a heating power of 2000 W. All
trials were carried out by using the maximum volume of water (55 L). Once the temperature of
the water in the bath reached 75 °C, eight crabs were submerged and cooked for 45 min. For
those experiments applying ultrasound, the maximum ultrasonic power of the tank was used,
900 W (of ultrasonic energy consumption). In order to standardize the cooking conditions as
much as possible, the total weight of all batches ranged from 4 to 4.3 kg. Preliminary
experiments (data not shown) showed that 45 min was a sufficient cooking time to apply an
equivalentFzo’° of 2 min, which corresponds to the FDA recommended heat treatment for

ready-to-eat seafood products. This heat treatment ensures the inactivation of at least 6 log
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cycles ofListeria monocytogenes, the target microorganism in pasteurised seafood products
[29]. At least three replicates of these cooking experiments with and without ultrasound were

performed on different days.

2.2. Heat transfer study

To assess the effect of ultrasound on the heat transfer phenomena in crabs two different
comparisons, based on mathematical models, were carried out.

2.2.1. Heat penetration curves

Heat penetration curves were obtained by placing a K type thermocouple (Alhorn,
Holzikirchen, Denmark) in the abdomen of the crab which corresponds to its cold spot which
had been previously identified in preliminary experiments (Figure 1). The temperature was
recorded using a data logger (Alhorn Type 2590-2) connected to a laptop with the data control
software version 4.3 (32-bit). The heat penetration curves were subsequently fitted to the Ball

& Olson equation [30] (Equation 1A and 1B):

logf = fih X logj (Equation 1A)
— Teook=To :
0= — (Equation 1B)

Wherefh is the maximum rate of heating up (dimensionlgss,the lag phase of the heat
penetration curve (dimensionlessjok is the cooking temperature, i.e. 7&€], To is the initial
temperature in the crab’s cold sp®€C) andT: is the temperature reached in the crab’s cold
spot at specific times during the cooking procée€y.(
2.2.2. Lethality and F value
From the temperatures recorded during cooking, the equivalent lethalitgnd
cumulativeF equivalent values at each temperature were calculated using Equations 2 and 3,

respectively.
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L=10 =z (Equation 2)
F=Y%,LxAt (Equation 3)
whereT is the temperaturéC) reached in the crab’s cold spot at specific timgsl(ring the
cooking processlie is the reference temperature considered for the target microorganism,
monocytogenes (i.e. 70°C), z is thez value for the target microorganisin, monocytogenes
(i,e. 7.5°C), andAt is the slot of time (min) during which the crab’s cold spot is at the
temperature T

2.3. Microbiological examination of fresh crab meat

To assess the microbial reduction during the cooking process, crabs of a similar size (£ 20
g) were euthanized as described in Section 2.1 and stored at 4 °C for 72 h to allow the growth
of the natural microflora in the crab tissues (initial microbial load in crab meatW&s
CFU/qg). Following this, five crabs were cooked at 75 °C with and without ultrasound in the
ultrasonic bath as described above. After 5, 10, 15, 30 and 45 min of cooking one crab was
removed from the tank and submerged immediately in ice water in order to cool it down as
quickly as possible. Following that, the white and brown meat from each crab was removed
under aseptic conditions in a laminar flow cabinet (Faster, Mod. Bio 48. Ferrera, Italy). To
assess the antimicrobial effect of sonication at temperatures below 30 °C (at this temperature
the effect observed would be solely attributed to ultrasound and not to heat), the water from
the bath was recirculated through a heat exchanger with a coolant to avoid temperature
increases during treatment. Once the treatment conditions were stahl@ (23, two crabs
were submerged in the ultrasonic bath for 45 min and then their white and brown meat were
extracted. Each treatment was performed three times on different days.

Total bacterial counts (TBC) were quantified by diluting 5 g of each type of meat from each
crab in Maximum Recovery Diluent (MRD) (Oxoid, Hampshire, UK) and stomaching (400
circulator, Seward Stomacher, UK) for two min at 300 rpm. Then, 1 mL of the appropriate

7



151  serial dilution was pour-plated in Tryptone Soya Agar (Oxoid), supplemented with 0.6% Yeast
152  Extract (Oxoid), and incubated for 48 h at 30 °C. Longer incubation times did not increase the
153  number of colonies observed on plates (data not shown). Microbiological assessment of raw
154  crab meat was performed using the same procedure.

155 2.4. Mass transfer study

156 Conductivity and turbidity of the cook water were measured to assess the effect of
157  ultrasound on mass transfer during the cooking of crabs (Method 1). In addition, the final salt
158  and moisture content of the crab meat were also assessed after cooking (Method 2).

159 2.4.1. Method 1: Measurement of cook water turbidity and conductivity

160 Cook water turbidity was used as an indicator of the degree of exudate deposits removal
161  during cooking. A volume of 10 mL of the cook water was taken at 5 min intervals during the
162 45 min cooking of each batch of eight crabs and the turbidity was measured using 1 cm of path
163 length cuvettes in a spectrophotometer (UVmini-1240, Shimadzu). Measurements were
164  performed at 515 nm, which was the wavelength at which the cook water showed the maximum
165 absorbance (data not shown). Results were expressed in absorbance units at 515 nm. Cook
166  water conductivity was also used as an indicator of particulate loss, which is likely to be
167 associated with the release of ionic compounds from the whole crab. Measurements were
168  performed every 5 min during the 45 min cooking process of crab batches using a conductivity-
169 meter (CyberScan mod. CON 400/410 & TDS 400). Each measurement was performed once
170  the water had been allowed to cool down below 30 °C. Results were expressed in pS/cm.

171 2.4.2. Method 2: Measurement of salt and moisture content of crab meat

172 Salt content of white and brown crab meat was measured after cooking crabs in the presence
173 or absence of ultrasound in water with and without 5% NaCl added (w/v), following an
174  adaptation of the method described by [31]. In brief, 2 g meat samples were placed in glass

175  beakers (250 mL) to which 100 mL of a 0.1 N nitric acid solution (Fisher Scientific, Leicester,
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UK) was added. The mixture was then homogenized with an ultraturrax (DI 25 basic, IKA-
WERKE, Germany) for 20 s at 10,000 rpm. After homogenization beakers were placed in a
water bath (Davidson & Hardy LTD, Dublin, Ireland) at 65 °C for 15 min before cooling the
samples to room temperatur( °C). After cooling, samples were titrated against 0.1 N silver
nitrate solution (AgN®@) (Fisher Scientific) using a magnetic stirrer. During titration, silver
concentrations were continually monitored using a coupled silver electrode with a reference
electrode (calomel) and the potential difference was measured in mV on a pH meter (Jenaway
3505, Bibby scientific Ltd., UK). The end of titration was determined when the pH-meter
reached +225 mV. The salt content in brown and white crab meat was then calculated using

Equation 4.

mL AgN03x0.585

0 =
% NaCl weight of sample (g)

(Equation 4)

Crab meat moisture content was determined by oven drying following the AOAC (1995)
method. All analysis was carried out at least in triplicate.

2.5. Statistical analysis

T-tests p=0.05) and ANOVA testspE0.05) followed by Tukey’s test were used to define
statistical differences among samples. GraphPad PRISM 5.0 software (GraphPad Software,
Inc., San Diego, CA, USA) was used and differences were considered significes faf.

Error bars in the figures correspond to the standard error of the mean.

3. RESULTSAND DISCUSSION

3.1. Heat transfer

To facilitate the study of the effect of ultrasound on heat penetration during the cooking of
crabs, heat penetration curves were fitted to the Ball & Olson equation due to its simplicity and
goodness of fit (Table 1). The parametiérandj were calculated from the heat penetration

curves of crabs cooked in water at®@without (n = 27) and with ultrasound (n = 10, 900 W).
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For comparison purposes, crabs were grouped by weight into 3 categories, i.e. small (<450 g),
medium (450-600 g) and large (>600 g). Table 1 also show® #redRMSE coefficients used

as indicators of the goodness of fit of the model. In all casd® tmues were higher than 0.9,
indicating a good goodness of fit aRWMSE values ranged from 0.03 to 4.19. Regarding the
value, the ANOVA analysis revealed that there were no statistically significant differences
between crab weight categories regardless of whether ultrasound was applie@s0.0&)

The same was observed for jhealues p>0.05, Table 1). This result could be explained by
variations on the morphology and integrity of the crab carapaces. For example, whilst every
effort was made to maintain the integrity of the carapace during sample preparation, its integrity
and morphology can vary depending on different factors such as the physiological status of the
crab and the transportation [5, 32, 33]. This would result in the uptake of cook water which
could directly affect the lag-phase. When compared with the heat-only cooking process, the
application of ultrasound reduced tflrevalue by 5.4%, 14.9% and 29.2% for the ‘small’,
‘medium’ and ‘large’ crabs, respectively. These results indicate that the use of ultrasound not
only increases the heat penetration in the crab’s cold spot but also reduces the effect of crab
weight (and size by extension) on the heating ratio of the cold spot. In addition, a linear
relationship betweefh values and crab weight was noted in each cooking process indicating
that heat penetration in the crab cold spot is weight-dependent. Table 2 includes the first order
equations which correlate the increaséhinalues with the increase of the weight of the crab

in both cooking processes. Significantly different slopes were observed between equations
(p<0.05), indicating that the crab weight affected hpahetration to a differing extent
depending on the cooking process. When ultrasound was used to assist the cooking the slope
was 2.6-fold smaller, meaning that the weight of the crab had a much smaller effect on increases
in fh value. Hence, the larger the crab the greater the impact of ultrasound in enhancing the

heating rate as indicated in Table 2.
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Much of the work published to date attributes the ultrasonic enhancement of heat transfer
to the formation of cavitation bubbles [34], although other authors have also suggested that
improvements in convection heat transfer may also be due to acoustic streaming [15, 35]. Either
way, it is generally accepted that ultrasonically induced heating is a result of energy dissipation
from the accumulation of cavitation bubbles at the interface of the submerged body [36, 37].
Additionally it is accepted that the number and density of cavitation bubbles can play an
important role in the heat transfer caused by ultrasound and also that the cavitation of bubbles
increases the micro-convection effect at the product surface [12].

In relation to the surface area, some researchers have reported a relationship between the
weight and dimensions (width and length) of the carapace of a crab [38]. In the present study
a linear relationship (represented by Equation 5) was found between the surface gref (cm
the carapace and the crab weight (g) (Figure 2).

Surface (cm?) = 0.362 X weight (g) + 54.83 (R =0.85) (Equation 5)

This relationship indicates that heavier crabs had higher carapace surface areas (Figure 2).
Therefore the greater impact of the ultrasonic field on the reductifimwa@iues in heavier
crabs could be attributed to their larger surface areas and as a consequence a greater amount of
cavitation bubbles around their surface.

The effectiveness of a heat treatment in terms of microbial inactivation is given by the
appliedF value. As indicated before, the cooking processes applied in the current study were
designed following FDA recommendations [29] to ensure a 6o logduction of L.
monocytogenes in seafood products$¢o’°= 2 min). A cooking process of 45 min in water at
75 °C was previously demonstrated to achieve this minimum recommEmnvaduak in all crabs
irrespective of their weight (data not shown). For each cooking process, either with or without
ultrasound, the actual equivaléit’°value applied was calculated based on the corresponding

heat penetration curves. Figures 3A, 3B and 3C showF#fé values attained during the
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cooking of crab at 75 °C without ultrasound (block line) and with ultrasound (dashed line) in
small, medium and large crabs, respectively. Figure 3 also shows the threshold for the target
F70° of 2 min (horizontal dotted line).

TheF value applied in the ultrasound-assisted cooking was 2.5-, 3.2- and 2.2-fold higher
than the conventional heat-only cooking for the small, medium and large crabs, respectively.
In other words, the cooking time was reduced by 15.5% (from 45 to 38 min), 16.9% (from 45
to 37.4 min) and 12.7% (from 45 to 39.3 min), respectively, while applying the Saalae
when ultrasound was used during cooking.

The efficacy of the two cooking processes was also evaluated by enumerating total bacterial
levels in white (Fig. 4A) and brown crab meat (Fig. 4B). After 5 min of ultrasound-assisted
cooking the microbial load in white meat was 0.6 é@ycles lower than in samples which had
undergone regular cooking (2:41.8 logo cycles), while brown meat needed a 10 min longer
treatment to achieve similar reductions (2.3 vsldéd3o cycles). These results indicate that the
microbial reductions in crab are significantly higher in products exposed to an ultrasound
assisted cooking. In addition, the effect of ultrasound alone was evaluated by measuring
microbial loads in white and brown meat treated at temperatures below 30 °C for 45 min. In
this case no differences were detected in the microbial loads regardless of the meat type
(p>0.05).

Some authors have suggested that the higher microbial inactivation levels often observed
when ultrasound and heat are combined (i.e. thermo-sonication) is due to additive or synergistic
effects between the two technologies [39, 40]. However, in the case of crab cooking, when
ultrasound was applied at low temperatures the microbial loads did not decrease. Therefore,
the greater microbial reduction observed could be attributed to the fact that ultrasound
improved heat penetration in the crab rather than as a result of the effect of ultrasound itself.

For example, as a consequence of more rapid heat penetration the curRulatueincreased
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at a higher rate which would result in greater reduction in microbial loads during ultrasonic
cooking. Furthermore, ultrasound may have sub-lethally damaged bacterial cell envelopes thus
reducing heat tolerance and therefore resulting in greater microbial reduction values compared
to those samples that received the heat only treatment [41].

3.2. Masstransfer

Ultrasound technology is widely used in the food industry to improve processes involving
mass transfer phenomena such as cleaning, extraction, brining, pickling, marinating and curing
[11, 24]. In this section the effect of ultrasound on the mass transfer phenomena occurring
during the cooking of crabs is quantified using two different methods.

3.2.1. Method 1: Turbidity and conductivity of cook water

Figure 5A illustrates the mean cook water turbidity value after cooking with and without
ultrasound. It is very clear that the turbidity of the cook water increased more rapidly after 15
min when ultrasound was used to assist the process. After 40 min of cooking with ultrasound
the turbidity of the cook water reached a maximum of 1.04 absorbance units which constitute
a 113.7% increase compared to turbidity in conventional cook water. The conductivity of the
cook water (Fig. 5B) also increased in the presence of ultrasound after 10 min indicating a
faster rate of ionic compound release from the crab. The maximum increase in cook water
conductivity was reached after 35 min of cooking, being 55.7% higher than values observed in
water used for the cooking without ultrasound. Regular commercial practice in the Irish crab
industry involves a cleaning/cooling step with fresh water immediately after cooking. This step
is critical in terms of microbial safety as recontamination can potentially occur. As a result,
immediately after the cleaning/cooling step crabs are packed and pasteurized [5, 42]. If the
turbidity of the cook water is considered as an indicator of the removal of dirt from the crab’s

surface, as Image 1 suggests, the results obtained with ultrasound indicate that the use of this
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technology may have the potential for eliminating the cleaning step as this ultrasonically
induced cleaning would be done concurrenly with the cooking.

3.2.2. Method 2: Salt content of the crab meat

The salt content in both white and brown crab meat was measured to assess the potential
of ultrasound to transfer substances from the cook water into the crab meat. The initial salt
content for raw crab was 1.43% in the white meat, which is located mainly in claws and legs,
and 0.89% in the brown meat, which is located inside the carapace.

Salt content before and after cooking with and without ultrasound and in the presence or
absence of 5% NaCl in the cook water is shown in Table 3. When the crabs were cooked in
water without NaCl added the final salt content in white meat was reduced by 33.6% using
regular cooking and by 46.1% for the ultrasound-assisted cooking. When 5% NaCl was added
to the cook water, the salt content in white meat remained stable after regular cooking and was
reduced by 21.1% following ultrasound assisted cooking. For brown meat, the salt content
remained the same when crabs were cooked either with or without ultrasound in water without
5% NaCl added as opposed to white meat. However, when crabs were cooked in water with
5% NaCl added, the salt content in brown meat slightly increased from 0.89% (raw) up to
1.34% in the absence of ultrasound and remained unchanged with the application of ultrasound.
Our results suggest that ultrasound did not facilitate the uptake of salt during cooking in water
with 5% NaCl added. This effect may be due to the physical barrier of the crab carapace which
could act as a resonant box on which cavitation bubbles are produced on the internal surfaces.
These bubbles could create micro-currents which could aid in the release of the salt from the
meat to the cook water even against an osmotic gradient.

The effect on white meat when crabs were cooked in water without NaCl added suggests
that ultrasound enhances the release of salt from the meat. Some authors observed a similar

effect with enhanced extraction when vegetable tissues such as tomato peel were treated with
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ultrasound [20,43]. Other studies assessing the effectiveness of ultrasound for accelerating the
marinating of meats reported contrasting findings to those in the current study [22, 23, 24]
showed that the content of salt in slices of pork tenderloin increased when they were soaked in
a saturated salt solution for 45 min with increasing ultrasound intensity. Also Sir6 et al. [44]
showed a significant improvement in salt difussion in pork loins when ultrasound was applied.
A similar effect was observed by Turhan et al. [25] who reported enhanced rates of marinating
in anchovies when ultrasound was used.

3.2.3. Moisture content

Table 3 shows the moisture content of both white and brown meat before and after cooking
with and without ultrasound in water with or without 5% NaCl added. Raw white meat had a
moisture content of 75% while that of raw brown meat was 49%.

Regarding white meat, the moisture content remained unchanged (70-75.8%) when cooked
in water without NaCl added regardless of the presence/absence of ultrasound. When NaCl was
added the moisture content decreased in both cooking processes though this reduction was less
evident in the presence of ultrasound.

In the case of brown meat, the moisture content increased at the same ratio, from 49% up
to 56%, when crabs were cooked in water without NaCl added regardless of the cooking
process. However, when cooking in water with NaCl added, the moisture content remained
unchanged with the regular cooking process but increased by up to 63.6% in the presence of
ultrasound.

These results revealed that overall ultrasound did not reduce the moisture content in any
type of crab meat and in most cases even increased it. Other authors also observed similar
effects when ultrasound assisted cooking or brining processes in meat [17, 45, 46]. Also in the
case of marinated anchovies Turhan et al. [25] observed that the lower ultrasound intensity

tested did not affect the final moisture content of the anchovy marinades although it decreased
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while ultrasonic intensity increased. Sanchez et al. [47] also reported that the use of ultrasound
increased water losses during cheese brining. These authors attributed the reduction of the
moisture to the cavitation phenomenon. This controversy could be attributed to the different
matrixes and ultrasonic power used. In the case of the crab the carapace could act as a barrier,
reducing the moisture losses. In addition, the low ultrasonic power used in this study (0.4
Wi/cm?) could explain the small effect of ultrasonic cooking on the crab’s moisture content.

The above literature has shown that ultrasound can either induce mass transfer in or mass
transfer out of a matrix depending on the ultrasonic conditions and matrix characteristics. In
our case, the cavitation of ultrasound that occurs in the interphase between the cook water and
the carapace would create water jets which would clean the surface of the crab producing the
increment of turbidity and conductivity. These implosions would limit the penetration of salt
observed when 5% NaCl was added to the cook water and also would reduce the water
movement from inside the crab to the cooking medium, as it has been described in other food
matrices. It is clear that these mass transfer phenomena require more research and a deeper
evaluation of each of them by studying the influence of different ultrasound parameters with
adequate equipment. What it is clear from this study is that there are potential practical benefits

for the crab cooking industry.
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4. CONCLUSIONS

The main objective of this research was to evaluate the potential of ultrasound to enhance
and optimize the cooking process of ready-to-eat brown €abcé pagurus). From the
results obtained it can be concluded that the application of ultrasound during the cooking
process enhanced the heat transfer to the crab’s cold spot (the abdomen) and also proved to be
useful to reduce the effect of the crab weight on the heating rate. This effect would allow a
reduction of the total cooking time while the safmgalue is applied or increase the total F
value applied by more than 100 % applying the same treatment time. The application of
ultrasound proved its efficiency to enhance the release of substances (dirt, cook loss deposits
and ionic compounds) from the crab to the cook water which would also allow for the omission
of the subsequent pasteurization routinely performed in the traditional procedure. Moreover,
ultrasound prevented the uptake of NaCl in the brown meat when cooked in water with 5%
NaCl which was in contrast with the conventional cooking. Despite the evident advantages in
economic and quality terms, more research needs to be done in this field to optimize the

ultrasonic conditions for the processing of crab.

Acknowledgements
The authors wish to acknowledge the financial support of the Food Institutional Research
Measure (FIRM) funded by the Irish Department of Agriculture, Food and the Marine (Project

no. 13F529).

17



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

References

[1] N. Gokodlu, P. Yerlikaya, Determinaton of proximate composition and mineral contents of
blue crab (Callinectes sapidus) and swim crab (Portunus pelagicus) caught off the Gulf of
Antalya. Food Chemistry 80 (2003) 495-498.

[2] A.L Maulvault, P.Anacleto, H.M.Lourenco, M.L.Carvalho, M.L.Nunes, A. Marques,
Nutritional quality and safety of cooked edible crab (Cancer pagurus). Food Chemistry
133 (2012) 277-283.

[3] S.Barrento, A.Marques, B.Teixeira, P.Vaz-Pires, M.L.Carvalho, M.L.Nunes, Essential
elements and contaminants in edible tissues of European and American lobsters. Food
Chemistry 111 (2008) 862-867.

[4] S.Barrento, A.Marques, B.Teixeira, P.Anacleto, M.L.Carvalho, P. Vaz-Pires, M.L.Nunes,
Macro and trace elements in two populations of brown crab Cancer pagurus: Ecological
and human health implications. Journal of Food Composition and Analysis 22 (2009) 65-
71.

[5] E. Edwards, J.C. Early, Catching, handling and processing crabs, Torry advisory note  No.
26 (2001), Ministry of technology, Torry research station, Her majesty’s stationery office.

[6] EUROSTAT _http://epp.eurostat.ec.europa.eu/portal/page/portal/fisheries/data/database.,

2009 (accessed 4.05.2016)

[7] R.F. Uglow, D.A. Hosie, I.T. Johnson, P.H. Macmullen, Live handling and transport of
crustacean shellfish: an investigation of mortalities. Seafish Technology SR280, MAFF R
& D Commission, 1986 London. 24 pp.

[8] S. Barrento, A. Marques, P. Vaz-Pires, M.L. Nunes, Live shipment of immersed crabs
Cancer pagurus from England to Portugal and recovery in stocking tanks: stress parameter

characterization. ICES Journal of Marine Science: Journal du Conseil 67 (2010) 435-443.

18



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

[9] S. Barrento, A. Marques, S. Pedro, P. Vaz-Pires, M.L. Nunes, The trade of live crustaceans
in Portugal: space for technological improvements. ICES Journal of Marine Science:
Journal du Conseil 65 (2008) 551-559.

[10] J. Chandrapala, C. Oliver, S. Kentish, M. Ashokkumar, Ultrasonics in food processing.
Ultrasonics Sonochemistry 19 (2012) 975-983.

[11] F. Chemat, H. Zill e, M.K. Khan, Applications of ultrasound in food technology:
Processing, preservation and extraction. Ultrasonics Sonochemistry 18 (2011) 813-835.

[12] H.-Y. Kim, Y.G. Kim, B.H. Kang, Enhancement of natural convection and pool boiling
heat transfer via ultrasonic vibration. International Journal of Heat and Mass Transfer 47
(2004) 2831-2840.

[13] M. Legay, N. Gondrexon, S. Le Person, P. Boldo, A. Bontemps, Enhancement of Heat
Transfer by Ultrasound: Review and Recent Advances. International Journal of Chemical
Engineering 17 (2011).

[14] L. Huamao, L. Yuhua, L. Zhouhua, The heating phenomenon produced by an ultrasonic
fountain. Ultrasonics Sonochemistry 4 (1997) 217-218.

[15] S. Hyun, D.R. Lee, B.G. Loh, Investigation of convective heat transfer augmentation using
acoustic streaming generated by ultrasonic vibrations. International Journal of Heat and
Mass Transfer 48 (2005) 703-718.

[16] Y.K. Oh, S.H. Park, Y.I. Cho, A study of the effect of ultrasonic vibrations on phase-
change heat transfer. International Journal of Heat and Mass Transfer 45 (2002) 4631-
4641.

[17] R.J. Vimini, J.D. Kemp, J.D. Fox, Effects of Low Frequency Ultrasound on Properties of
Restructured Beef Rolls. Journal of Food Science 48 (1983) 1572-1573.

[18] A.D. Alarcon-Rojo, H. Janacua, J.C. Rodriguez, L. Paniwnyk, T.J. Mason, Power

ultrasound in meat processing. Meat Science 107 (2015) 86-93.

19



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

[19] M.K. Khan, M. Abert-Vian, A.S. Fabiano-Tixier, O. Dangles, F. Chemat, Ultrasound-
assisted extraction of polyphenols (flavanone glycosides) from orange (Citrus sinensis L.)
peel. Food Chemistry 119 (2010) 851-858.

[20] E. Luengo, S. Condén-Abanto, S. Condon, I. Alvarez, J. Raso, Improving the extraction
of carotenoids from tomato waste by application of ultrasound under pressure. Separation
and Purification Technology 136 (2014) 130-136.

[21] Y.Q. Ma, J.C. Chen, D.H. Liu, X.Q. Ye, Simultaneous extraction of phenolic compounds
of citrus peel extracts: Effect of ultrasound. Ultrasonics Sonochemistry 16 (2009) 57-62.

[22] T.J. Mason, L. Paniwnyk, J.P. Lorimer, The uses of ultrasound in food technology.
Ultrasonics Sonochemistry 3 (1996) S253-S260.

[23] J.A. Cércel, J. Benedito, J. Bon, A. Mulet, High intensity ultrasound effects on meat
brining. Meat Science 76 (2007) 611-619.

[24] C. K. McDonnell, J. G. Lyng, J. M. Arimi, P. Allen, The acceleration of pork curing by
power ultrasound: A pilot-scale production. Innovative Food Science & Emerging
Technologies, 26 (2014) 191-198

[25] S. Turhan, S.F. Turker, F. Oz, The Effect of Ultrasonic Marinating on the Transport of
Acetic Acid and Salt in Anchovy Marinades. Food Science and Technology International,
Tokyo 19 (2013) 849-853.

[26] S. Ghazala, R. Trenholm, Development of pasteurization process for rock crab meat
(Cancer irroratus). Journal of Food Processing and Preservation, 20 (1996) 315- 330.
[27] S. Pagadala, S. Parveen, T. Rippen, J.B. Luchansky, J.E. Call, M.L. Tamplin, A.C. Porto-
Fett, Prevalence, characterization and sources of Listeria monocytogenes in blue crab
(Callinectus sapidus) meat and blue crab processing plants. Food Microbiology, 31 (2012)

263-270.

20



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

[28] B. Roth, S. @ines, Stunning and killing of edible crabs (Cancer pagurus). Animal Welfare
19 (2010) 287-294.

[29] FDA, Fish and Fishery Products Hazards and Controls Guidance, fourth ed.Technical
Report (2011) U.S .Department of Health and Human Services.

[30] P. Mafart, Ingenieria industrial alimentaria: Procesos fisicis de conservacibed.j1
Technique et Documentation-Lavoisier 1994.

[31] P.F. Fox, Potentiometric Determination of Salt in Cheese. Journal of Dairy Science. 46
(1963) 744-745.

[32] O. Tully, M. Robinson, E. O'Keefe, R. Cosgrove, O. Doyle, B. Lehane, The Brown Crab
(Cancer pagurus L.) Fishery: Analysis of the resource in 2004 - 2005. Fisheries Resource
Series, Bord lascaigh Mhara (Irish Sea Fisheries Board), Dun Laoghaire, Ireland Vol. 4,
2006, 48pp.

[33] A. K. Woll, Handbook: The edible crab-biology, grading and handling live crabs.
Mgareforsking Marine Volda, 2006 Norway.

[34] S.W. Wong, W.Y. Chon, Effects of ultrasonic vibrations on heat transfer to liquids by
natural convection and by boiling. AIChE Journal 15 (1969) 281-288.

[35] R.K. Gould, Heat Transfer across a Solidquid Interface in the Presence of Acoustic
Streaming. The Journal of the Acoustical Society of America 40 (1966) 219-225.

[36] F. Baffigi, C. Bartoli, Influence of the ultrasounds on the heat transfer in single phase free
convection and in saturated pool boiling. Experimental Thermal and Fluid Science 36
(2012) 12-21.

[37] H. Kiani, D.W. Sun, Z. Zhang, The effect of ultrasound irradiation on the convective heat
transfer rate during immersion cooling of a stationary sphere. Ultrasonics Sonochemistry

19 (2012) 1238-1245.

21



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

[38] D.S. Klaoudatos, A.J. Conides, A. Anastasopoulou, XiQuge, growth, mortality and
sex ratio of the inshore population of the edible crab, Cancer pagurus (Linnaeus 1758) in
South Wales (UK). Journal of Applied Ichthyology 29 (2013) 579-586 33.

[39] J. Raso, R. Pagan, S. Condon, F.J. Sala, Influence of temperature and pressure on the
lethality of ultrasound. Applied and Environmental Microbiology 64 (1998) 465-471.

[40] C. Arroyo, G. Cebridn, R. Pagan, S. Conddn, Synergistic combination of heat and
ultrasonic waves under pressure @@nonobacter sakazakii inactivation in apple juice.

Food Control 25 (2012) 342-348.

[41] F. Sala, J. Burgos, S. Condon, P. Lopez, J. Raso, Effect of heat and ultrasound on
microorganisms and enzymes, in: New methods of food preservation. Springer (1995) pp.
176-204.

[42] K.V. Lalitha, N. Thampuran, Bacterial flora of farmed mud crab, Scylla serrata (Forskal,
1775) and farm environments in Kerala, India. Indian Journal of Fisheries, 59 (2012) 153-
160.

[43] E. Riera, Y. Golas, A. Blanco, J.A. Gallego, M. Blasco, A. Mulet, Mass transfer
enhancement in supercritical fluids extraction by means of power ultrasound. Ultrasonics
Sonochemistry 11 (2004) 241-244.

[44] I. SirG, C. Vén, C. Balla, G. Jonas, |. Zeke, L. Friedrich, Application of an ultrasonic
assisted curing technique for improving the diffusion of sodium chloride in porcine meat.
Journal of Food Engineering 91 (2009) 353-362.

[45] S.D. Jayasooriya, P.J. Torley, B.R. D’Arcy, B.R. Bhandari, Effect of high power
ultrasound and ageing on the physical properties of bovine Semitendinosus and
Longissimus muscles. Meat Science 75 (2007) 628-639.

[46] D. Smith, Effect of Ultrasonic Marination on Broiler Breast Meat Quality and Salmonella

Contamination. International journal of poultry science 10 (2011) 757-759.

22



520 [47] E.S. Sanchez, S. Simal, A. Femenia, J. Benedito, C. Rossello, Influence of ultrasound on
521 mass transport during cheese brining. Eur. Food Res. Technol., 209 (1999) 215-219

522

23



523  Table 1. Heat penetration parametefls &ndj, dimensionless) arising from the application of
524 the Ball & Olson model to the heat penetration curves in the cold spot of brownCaaber (

525  pagurus) of different weights and sizes cooked with or without ultrasound in water at 75 °C.

526
Weight (§)  Cooking type '-(ecnrg;h Vgc'gf)h fh | R RMSE
300.0 Conventional 13.0 80 1845 1 0.95 4.19
348.0 Conventional 14.0 9.0 2144 105 097 154
3755 Conventional 14.0 9.0 3148 1.21 0.99 1.15
388.0 Conventional 14.0 85 2068 1 0.95 347
398.0 Conventional 14.5 9.0 29.09 1.11 0.99 0.31
404.0 Conventional 14.5 85 26.45 1.02 0.99 0.55
411.4 Conventional 15.0 95 2279 1.07 0.99 0.59
428.0 Conventional 14.0 95 1712 1 098 1.09
432.0 Conventional 14.5 9.0 2415 147 099 1.01
455.4 Conventional 14.5 9.0 3399 14 099 0.91
462.8 Conventional 15.0 10.5 27.68 1.48 0.99 0.69
472.0 Conventional 16.0 9.0 2755 1.27 0.99 0.03
478.0 Conventional 14.5 9.0 30.12 1.36 0.99 0.21
484.0 Conventional 15.0 9.0 34.14 1.23 0.99 0.39
500.0 Conventional 16.5 10.5 35.45 158 0.99 0.47
538.0 Conventional 17.0 10.5 37.88 1.13 0.99 0.19
553.6 Conventional 16.0 10.0 40.62 1.11 099 0.31
586.9 Conventional 16.5 10.0 35 1.06 0.99 1.62
614.6 Conventional 16.0 10.0 39.91 1.47 0.99 0.48
630.5 Conventional 16.5 11.0 434 1.09 099 0.24
640.7 Conventional 18.8 11.0 43.67 15 099 0.47
714.0 Conventional 18.0 115 4135 1.4 099 0.69
732.7 Conventional 17.5 11.0 42.99 1.05 0.99 0.30
799.4 Conventional 17.5 11.0 40.91 1.06 0.99 1.91
816.8 Conventional 19.0 125 42.65 1.28 0.98 1.60
8290.7 Conventional 18.0 11.0 40.97 1.29 0.99 0.64
869.7 Conventional 19.0 135 6432 1 090 0.06
3945 Ultrasound-assiste:  14.0 8.7 29.79 1.01 0.99 1.19
422.0 Ultrasound-assister  14.3 89 28.85 1.45 0.99 0.63
432.0 Ultrasound-assiste:  14.5 85 25.03 1.46 0.99 0.38
485.4 Ultrasound-assister  15.1 9.5 36.07 1.52 0.99 0.58
624.9 Ultrasound-assister  16.7 10.6 36.94 1.13 0.97 1.62
660.0 Ultrasound-assister  16.0 95 3251 1.12 0.99 0.82
693.3 Ultrasound-assister 17.5 11.2 30.42 1.04 0.94 3.88
706.0 Ultrasound-assister  17.0 105 2842 1.0 099 1.24
822.0 Ultrasound-assister  18.0 11.5 43.04 1.07 0.99 0.61
842.0 Ultrasound-assister  19.3 125 37.39 159 0.99 0.46
527
528
529
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534

Table 2. First order equations correlating fh values (dimensionless) with the weight of brown

crabs (g) during conventional and ultrasound-assisted cooking.

Cooking type Equation RMSE Bf Af

Conventional fh =0.053 x weight (g) +49 557 1.01 1.14
Ultrasound-assisted  fh = 0.020 X weight (g) + 204 4.23 1.01 1.12
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Table 3. Salt content (%) and moisture content (%) in white and brown crab meat cooked with
or without ultrasound in water and water with 5% NaZdlues represent mean value +
standard error. Statistical analyses were performed by columns for white and brown meat

separately. Different letters indicate significant differenpg®.05).

White meat Brown meat
Water with Water with
HELES 5% NaCl SRS 5% NaCl
Salt Raw 1.43 (0.03) 1.43 (0.03) 0.89 (0.039 0.89 (0.03)
content cc 1.06 (0.03) 1.33 (0.03) 0.96 (0.1 1.34 (0.0

(%) usc 0.84 (0.0 1.17(0.05) 0.98 (0.02 0.81 (0.04)
Moisture Raw 75.83 (3.85) 75.83(3.85) 49.08 (0.54 49.08 (0.54
content cc 75.02 (1.65) 60.75 (0.9 56.61 (1.44) 45.20 (0.20)
(%)  yUsc  70.08(0.89 69.98 (2.85F 56.32(1.70) 63.60 (1.519

Raw: Raw meat, CC: Conventional cooking, USC: Ultrasound-assisted cooking. Superscript letters showed

significant differences observed between treatments in presence or absence of salt, for salt and moisture content

separately, in each quind of meat.
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FIGURE LEGEND

Figure 1: Time-temperature profiles over a cooking process at 75 °C in the claw (dashed line),
mandibula (dotted line) and abdomen (block line) of a 500 g crab in a conventional cooking
process without ultrasound.

Figure 2: Relationship between crab’s weight (from 300 to 870 g) and the total surface of the
crab’s carapace (cin

Figure 3: Fzo'® value (min) applied during the cooking process in the crab's cold spot (i.e.
abdomen), with (dashed line) and without (block line) ultrasound for the (A) small, (B) medium
and (C) large crabs. The horizontal dotted line represents the tasgedRwo minutes.

Figure 4: Microbial load over conventional (white bars) and ultrasound assisted cooking
processes (black bars) in (A) white meat and (B) brown meat. Dotted line shows the detection
limit for the counts.

Figure5: (A) Turbidity (ODs1s) and (B) conductivity (uS/cm) values for the cook water during
the cooking of brown crabs in water at 75 °C with (black bars) and without (grey bars)
ultrasound.

Image 1: Picture of the crab exudate reached after a conventional cooking (A) and ultrasound-

assisted cooking (B).

27



571  Figurel

D [ee)
g 9

Temperature (°C)
g

C T T T T T T 1

0 10 20 30 40 50 60 70
Cooking time (min)

572

573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

589

28



590 Figure2

591

1 1 1 1 1
0 200 400 600 800 1000

weight (g)
592

593
594
595
596
597
598
599
600
601
602
603
604
605
606
607

608

29



609 Figure3

610

611

612

613

Fyo"-® value (min)

)
T

N
o
1

F7o"-® value (min)
-—
a
1

L Taget P
0 T T T T T T T 1

0 5 10 15 20 25 30 35 40 45
Cooking time (min)

104
| Tt
o T T T T T T T T 1
0 5 10 15 20 25 30 35 40 4
Cooking time (min)
Cc
30-

N N
o (3]
1 1

-
(=} (3] o
1 1

Fyo"-® value (min)
—
(¢}
1

Target Fp'®

0 5 10 15 20 25 30 35 40 45

Cooking time (min)

30



614 Figure4

A
5_
4- iy
o
S 349
©
8 2-
-
il § Iﬁl T
C ] ] ] ] ] ]
I N I
Cooking time (min)
615
B
5_
ml:
(@)
S 34 }
E i
8 24 {.
-
C ) ) ) ) ) )
A S 4
Cooking time (min)
616
617
618
619
620
621
622
623
624
625

31



626  Figure5

A
1.54
E 101
9
A
3 05
<
0.0-
O PR P D P PP
Cooking time (min)
627
628
629
B
600+
3
92
& 4001
2
>
S 2004
©
[
8
0_
OO NP PP S PSP
Cooking time (min)
630
631
632
633
634
635
636
637
638

32



639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

Image 1:
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666 Complementary material

667 Figure 2.

668

669 Scheme of thermocouple locations during heat penetration experiments. Abdomen (1);
670 mandibular (2) and claw (3). Image adapted from: Brown crab (Cancer pagurus). Handling and
671 quality guide. Bord lascaigh Mhara/lrish sea fisheries board (BIM).
672  http://www.bim.ie/media/bim/content/publications/BIM%20Brown%20Crab%20Handling%
673  20and%20Quality%20Guide.pdf
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