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Water-spraying forced ventilation during holding improves the
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meat from summer-transported broiler chickens
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ABSTRACT Heat stress is a broiler welfare issue
and economic deficit to the broiler industry. Water
atomizing with three-dimensional forced ventilation, a
holding treatment after summer transport for broiler,
has been proved to significantly improve water hold-
ing capacity of fresh meat. However, effectiveness of
this treatment on water retention after freeze-thaw
needs to be conducted. Therefore, the objective of
this study was to assess whether water atomizing with
forced ventilation could increase freeze-thaw meat
quality after birds slaughtering. Arbor Acres broiler
(n 5 105), undergoing 32�C ambient temperature
transport, was randomly categorized into 3 treat-
ments: 1) T group, which underwent 45-min transport
without rest; 2) TR group, which underwent 45-min
transport with 1-h rest; and the 3) TWFR group,
which underwent 45-min transport followed by 15-min
water atomizing with three-dimensional forced venti-
lation and 45-min rest. All birds were hot-deboned
within 30-min postmortem. A total of 105 breast fil-
lets were collected and split into halves, which left
part fillets were kept in 4�C and for meat analysis,
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the other part fillets, marked with T-F, TR-F, and
TWFR-F, were frozen (218�C) for 1 mo and then
thawed overnight for meat quality analysis. Regard-
less of fresh or frozen treatment among 3 groups,
TWFR has the highest pH which was more than 6.01
(P , 0.05). The L* value, drip loss, and cooking loss
of TWFR were significantly lower compared to T and
TR groups in both fresh and frozen breast fillets
(P , 0.05). Compared with the T group, the TWFR
meat shows closely microscopic structure which means
less water loss channel. The impedance amplitude of
the fresh meat was significantly higher than that of
the frozen-thawing meat (P , 0.05). TWFR-treated
meat has significantly higher impedance module than
T and TR meat at 50 Hz frequency region, for both
fresh or thawed meat. Among 6 treatments, TWFR
fresh meat has significantly highest Q (modulus
change ratio) value (P , 0.05). These results indicate
that TWFR treatment for 15 min after transport can
improve meat quality, which may be due to the
improved welfare of broilers transported in hot sum-
mer months.
Key words: water atomizing spray, forced ventilation
, frozen-thaw, water retention, impedance properties
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INTRODUCTION

Freezing is one of the most important and widely used
preservation methods to prolong the shelf-life of meat,
which can retain meat quality and safety for processors
and consumers. However, some detrimentally physical,
biochemical, and physicochemical changes, such as
freeze-thaw water loss, may happen after thawing of
frozen meat. Meat species and freezing rate rank high
for the possibility of causing poor water retention of
thawed meat (Leygonie et al., 2012). Other research
showed that freeze-thaw can be used on breast meat
before portioning and vacuum-tumbling marination
without negative effect on marinade absorption, mari-
nade retention, or cook loss (Bowker and Zhuang,
2017). However, little is known on the preslaughtering
measure to the water retention quality of poultry meat
after freeze-thaw, compared to the knowledge on the
impact of preslaughter treatments on the fresh meat
quality (Jiang et al., 2015).
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Among possible preslaughtering factors of decreasing
water holding capacity of meat, heat stress is one of
the most important environmental stressors that lead
to deterioration of meat quality including pH, cook
loss, shear value (Holm and Fletcher, 1997; Zhang
et al., 2012; Song and King, 2015; Zaboli et al., 2019).
Preslaughter chronic heat stress could result in skeletal
muscle damage with greater myosin and sarcoplasmic
proteins denaturation as well as collagen weakening
(Sandercock et al., 2001; Li et al., 2015). Reductions in
meat protein functionality lead to reduced yield during
further processing procedures such as marination,
tumbling, and cooking. Controlling stress response is
crucial to animal welfare and meat quality (Jacobs
et al., 2017; Zhang et al., 2019). Therefore, we
constructed a novel facility (Wang et al., 2016), which
is a closed area equipped with forced ventilation and wa-
ter atomizing sprays, as a strategy to improve broiler
welfare during transportation by reducing the effects of
heat stress during holding at the processing plant.
This research is the further application of our device in

poultry meat freeze-thaw quality assurance. Freeze-
thaw processes are known to have negative impacts on
the water holding capacity of meat through tissue dam-
age by the formation of extracellular ice crystals. This
structural change of biological tissues can be reflected
by changes in impedance characteristics (Chen et al.,
2016, 2017). Electrical impedance detection is fast and
nondestructive to solid, liquid, semi-liquid food samples.
In recent years, more and more studies have taken
impedance properties as an index to detect the quality
of meat (Yu et al., 2004; Chen et al., 2016, 2017). The
study of impedance characteristics of pork shows that
freezing damage to biological tissues can cause
significant changes in their impedance characteristics
(Yu et al., 2004).
With the aim to assess the effects of forced ventilation

cooling system during holding of broilers transported un-
der heat stress on breast meat quality, we conducted this
study using water atomizing and 3-dimensional forced
ventilation facilities after summer transportation with
the detection methods of electrical impedance and
microscopic structure.
MATERIALS AND METHODS

Birds Management and Sample Preparation

In this experiment, total number of 105 (5 replicates
with 7 birds ! 3 treatments) 45-D old mixed-sex Arbor
Acres broilers were used. The broilers were transported
in a truck for 45 min from the farm to the processing
plant under 32�C ambient temperature. Upon arrival
at the slaughterhouse, 5 fully loaded containers trucks
(5 replicates, all on the same day but from different
farms) were treated with 3 approaches: the broilers of
T group was slaughtered without rest, and the TR group
was rested for 1 h with temperature of 29�C and a rela-
tive humidity of 60% under quiet area, while TWFR
group was treated with 15 min water atomizing sprays
with forced ventilation (0.05 mm diameter water droplet
and wind speed of 2.5 m/s) and 45-min rest. The water-
misting spray with forced ventilation treatment was
conducted in a closed shed. Three-dimensional forced
ventilation is characterized by the coordination of 2 pro-
cesses: 1) supplying air from 6 fans placed on the right
and left sides of the shed wall and 2) providing
updraught air from a fan placed on the roof. Water
atomizing sprays were completed with 6 sprinkle nozzles
that permit a 0.05 mm size of water-misting sprays at a
pressure of 0.6 MPa. The ambient temperature of the
water-misting sprays with forced ventilation shed was
26�C with a relative humidity of 70%. All procedures
were approved by the Animal Care and Use Committee
of the Food Science College of Nanjing Agricultural Uni-
versity. All birds were stunned electrically (15 V: alter-
nating current, 750 Hz for 10 s for each one) and
slaughtered immediately. Within 30-min postmortem,
both pectoralis major muscles were removed at 4�C
and then were brought to the laboratory for the detec-
tion of meat quality at 24-h postmortem. Whole-breast
fillets were split into right and left parts; all right-part fil-
lets were tagged as fresh group with 3 different transpor-
tation groups (T, TR, TWFR), and all left-part fillets
were frozen under 218�C for 1 mo, followed by thawing
at 14�C for 16 h, marked with T-F, TR-F, TWFR-F,
respectively.
pH

The pH of breast meat was determined at 24-h post-
mortem for fresh meat or thoroughly thawed meat.
Approximately 5 g of minced breast meat was homoge-
nized in 45 mL of ice-cold buffer containing sodium
iodoacetate (5 mmol/L) and potassium chloride
(150 mmol/L) with pH 7.0 using an Ultra Turrax T25
(IKA, Germany) at 6,000 rpm for 30 s. The pH of the ho-
mogenate was detected using a pH meter (FE-20,
Mettler-Toledo Instruments Co., Ltd., Zurich,
Switzerland).
Color

The meat color of cranial, medial surface (bone side)
was assessed at 24-h postmortem or the time of complete
thaw using Minolta CR-400 (illuminate D and 65� stan-
dard observer) device (Minolta Camera Co., Osaka,
Japan). The color values L* (lightness), a* (redness),
and b* (yellowness) were expressed as average of these
3 measurements.
Drip Loss

Each fresh meat sample was trimmed into a specific
shape (1 cm ! 1 cm ! 3 cm) and then suspended on a
hook from the lid of an air-tight container for 24 h at
4�C. Drip loss was expressed as a percentage of the
weight loss in 24 h compared with the initial sample
weight.



Table 1. Effects of preslaughtering TWFR treatment after trans-
port during summer on water holding capacity of broiler muscle.

Treatments Drip loss (%)m Thawing loss (%) Cook loss (%)

T 7.67 6 0.54a - 17.47 6 2.40c

TR 5.12 6 0.28b - 15.25 6 2.20d

TWFR 3.65 6 0.35c - 12.66 6 1.54e

T-F - 11.67 6 1.51a 23.79 6 2.21a

TR-F - 10.49 6 1.32a,b 22.24 6 1.65a,b

TWFR-F - 4.27 6 0.66c 18.13 6 2.02c

a,b,c,d,eMeans (n 5 9) in the same column with no common superscript
differ significantly (P, 0.05). Error bars represent the standard deviation
of 3 determinations.

Abbreviations: T-group, 45-min transport group; TR-group, 45-min
transport with 1-h rest; TWER-group, 45-min transport with 15-min wa-
ter atomizing sprays with forced ventilation and 45-min rest. T-F, TR-F,
and TWFR-F are the above groups frozen under 218�C for 1 mo.

ZHANG ET AL.1746
Cook Loss

All breast fillets were placed into a thin-walled plastic
bag and then cooked in an 80�C water bath until the in-
ternal temperature reached 75�C. After cooking, the
package was transferred from the water bath to tap wa-
ter for 20 min. The muscles were then obtained from the
bags, followed by drying with filter paper, and then
weighed. Cook loss was expressed as the percentage
change of weight before and after cooking and was calcu-
lated from the average of 3 measurements.
Thawing Loss

After 1-mo freezing, all frozen samples were thawed at
4�C for 16 h. Thawing loss was calculated as a percent-
age of weight loss before and after thawing.
Impedance Measurements

Impedance of fresh or frozen-thawed samples were
measured using an LCR electric bridge (AT2827-1,
Tonghui Electricity Technology Co., Ltd., Changzhou,
China) as described by Chen et al. (2016). Briefly, the
impedance at 15 frequencies from 50 to 200 kHz (0.05,
0.06, 0.08, 0.1, 0.12, 0.15, 0.2, 0.25, 0.3, 0.4, 1, 1.2, 50,
100, 200 kHz) was measured, followed by calculating
the magnitude and phase angle. Then, the modulus
change ratio (P value) was defined as Q 5 (ZL2ZH)
Table 2. Effects of preslaughtering TWFR treatment
broiler muscle.

Treatments pH L*

T 5.64 6 0.18b,c 57.18 6 2.
TR 5.73 6 0.14b 56.47 6 2.
TWFR 6.04 6 0.12a 49.75 6 2.
T-F 5.56 6 0.19c 56.85 6 1.
TR-F 5.70 6 0.15b 56.26 6 1.
TWFR-F 6.01 6 0.28a 49.30 6 1.

a,b,c,dMeans (n 5 9) in the same column with no commo
represent the standard deviation of 3 determinations.

Abbreviations: T-group, 45-min transport group; TR-grou
transport with 15-min water atomizing sprays with forced ve
the above groups frozen under 218�C for 1 mo.
! 100/ZH, where ZL and ZH are the modulus of the
samples at 50 Hz and 200 kHz, respectively.
Light Microscopy

Light microscopy of fresh or frozen-thawed sample
measurements were performed with the method
described in the following. Muscle samples at 24-h post-
mortem or the time of completely thawed were prefixed
in 10% formalin for 10 h, dehydrated in 75, 85, 95, and
100% ethanol solution followed by xylene. After embed-
ding in paraffin, samples were cut into 4- to 6-mm-thick
sections and then were stained with hematoxylin and
eosin. Observation of microscopic image was achieved
by using a light microscope with the magnification of
200! (Carl Zeiss, Axio Scope.A1, Germany).
Statistical Analysis

Using Proc MEANS and Proc ANOVA in SAS
(version 9.2; SAS Institute Inc., Cary, NC), descriptive
statistics and one-way analysis of variance with a signif-
icant level of P , 0.05 were performed with the mean
value of each broiler as a replicate. Two effects (holding
treatment and frozen treatment) were evaluated using
multiple comparisons by Duncan’s least significant dif-
ference, without regard to interaction.
RESULTS AND DISCUSSION

Water Holding Capacity

Although 7 birds/rep is a small sample size that is not
directly relevant on a commercial scale, our aim is to
discover the relationship between preslaughter proced-
ure and meat quality from the aspect of scientific
research. TWFR treatment shows relieving effect for
both fresh and frozen-thawedmeat (Table 1). This water
holding capacity increase should be attributed to the
preslaughter welfare improvement of thermal microenvi-
ronment on holding stage (Sandercock et al., 2001; Jiang
et al., 2015). Summer transportation, especially on
afternoon, plays an important role on the chicken heat
stress that can make 1.04% and 1.21% higher water
loss for drip loss and cooking loss, respectively (Zhu
after transport during summer on pH and color of

a* b*

78a 3.57 6 0.36c,d 10.54 6 1.27b

47a 4.34 6 0.56b,c 10.75 6 1.33b

13b 4.73 6 0.21b 8.66 6 1.12c

54a 3.24 6 0.22d 13.26 6 1.35a

75a 3.66 6 0.31c,d 11.23 6 0.97b

30b 5.92 6 0.27a 9.97 6 1.40b

n superscript differ significantly (P , 0.05). Error bars

p, 45-min transport with 1-h rest; TWER-group, 45-min
ntilation and 45-min rest. T-F, TR-F, and TWFR-F are



Figure 1. Effects of preslaughtering TWFR treatment after trans-
port during summer on impedance value of broilers breast meat.
a,b,cMeans (n 5 9) at the same frequency with no common superscript
differ significantly (P , 0.05). T-group, 45-min transport group; TR-
group, 45-min transport with 1-h rest; TWER-group, 45-min transport
with 15-min water atomizing sprays with forced ventilation and 45-min
rest. T-F, TR-F, andTWFR-F are the above groups frozen under218�C
for 1 mo.
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et al., 2011; Zhang et al., 2012; Song and King, 2015). In
the summer, the high-temperature transportation before
slaughter will affect the metabolism of poultry and even-
tually lead to poultry meat inferior in texture, water
holding capacity, color, pH, and other basic quality
(Sandercock et al., 2001; Zaboli et al., 2019). Water
holding capacity is an important index to evaluate
meat quality, which is reflected by drip loss, cooking
loss, and thawing loss. Among 3 treatments, TWFR
exhibited highest water holding capacity value for both
fresh and thawed meat (P , 0.05). TR treatments
decreased drip loss and cook loss of fresh meat
compared with T treatments (P , 0.05). However,
there was no significant thawing loss and cooking loss
difference between T and TR treatments for frozen-
thawed meat (P . 0.05). In our study, T-treated meat
lost 4.81% and 5.66% more moisture than TWFR-
treated meat during cooking for fresh and frozen-
thawed condition, respectively. Therefore, it can be
found that the water holding capacity of the meat can
be improved by TWFR treatment after summer
transportation.
pH and Color

Means of pH and color parameters from breast meat of
T-, TR-, and TWFR-treated broiler chickens are pre-
sented in Table 2. The T treatment meat showed the
lowest pH (5.64) and highest L* value (57.18) and the
value of above 2 index for T treatment meat has signifi-
cant difference compared with the value of TWFR meat
(P, 0.05). TWFRmeat had significantly higher pH and
L* value compared with T and TWFR meat (P, 0.05).
According to the criteria values for normal (46 , L*,
53, 5.7 , pH24 h , 6.1) and PSE-like (L*. 53,
pH24 h , 5.7) meat, T-treated meat are consistent
with the general characteristic for PSE-like meat in
poultry (Zhang and Barbut, 2005). pH is a very impor-
tant factor in determining meat quality. Lactic acid is
excessively produced and accumulated in the muscle un-
der heat stress, resulting in rapidly declining pH (Zaboli
et al., 2019). Heat stress causes a decrease in meat pH
due to enzymatic changes in physiological metabolic pro-
cesses. For example, increased activity of creatine kinase
is an indicator of muscle damage (myopathy) and the
malfunction of sarcolemma in muscle cells, which could
be associated with the disturbance of intracellular
Ca21 homeostasis in the muscle (Zaboli et al., 2019).
Higher pH of TWFR treatment meat of our study sug-
gested that this treatment can reduce the initial rate of
glycolysis after slaughter and can reduce the rate of pH
decline. Researchers found that the higher pH of muscle,
the more molecular water that can be combined with
protein, and then the less water loss (De la Fuente
et al., 2010).

Meat color is an important indicator to distinguish
abnormal, PSE (pale, soft, exudative) or DFD (dark,
firm, dry) meat. In this study, the breast L* value of T
treatment for fresh and frozen-thawed group reached
57.18 and 56.85, respectively. According to the provi-
sions (Qiao et al., 2001), if 24-h slaughter meat L*
greater than 53, the sample can be determined as PSE
category. The L* values of TWFR group, for fresh and
frozen-thawed group, are 49.75 and 49.30, respectively,
which means that, TWFR treatment is effective to
improve the meat color of birds suffered from high tem-
perature transportation in summer. The results of our
study are similar to former researcher that found the
reduced brightness of chicken breasts and the decreased
incidence of PSE if shower was available (Guarnieri
et al., 2004).
Impedance

As shown in Figure 1, the impedance module of fresh
and frozen-thawed chicken breast meat samples
decreased with the increasing frequency from 50 Hz to
200 kHz. Compared to frozen-thawed meat, fresh meat
shows sharper downward trend with the increasing fre-
quency. Statistical analysis revealed that fresh meat
had significantly higher impedance module than that
of frozen-thawed meat at frequencies of 50 Hz and
200 kHz (P , 0.05). Previous studies on fish muscle
also found this impedance decrease phenomenon due to
frozen storage (Fuentes et al., 2013). Low-frequency re-
gion, between 400 Hz and 2 kHz, has been used to estab-
lish quality assessment relevance for process of meat
(Pliquett, 2010). In our research, TWFR-treated fresh
or frozen-thawed meat has significantly higher imped-
ance module than T and TR meat during low-
frequency region. However, impedance module of
200 kHz cannot effectively distinguish 3 fresh samples.



Table 3. Effects of preslaughtering TWFR treatment after transport during summer on Q value of broiler muscle
impedance.

Treatments T TR TWFR T-F TR-F TWFR-F

Q value 179.23 6 13.97b 187.83 6 18.62b 228.04 6 23.86a 110.79 6 13.55c 112.21 6 15.58c 95.80 6 12.77d

a,b,c,dMeans (n 5 9) in the same line with no common superscript differ significantly (P , 0.05). Error bars represent the
standard deviation of 3 determinations.

Abbreviations: T-group, 45-min transport group; TR-group, 45-min transport with 1-h rest; TWER-group, 45-min transport
with 15-min water atomizing sprays with forced ventilation and 45-min rest. T-F, TR-F, and TWFR-F are the above groups frozen
under 218�C for 1 mo.
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The Q value of the fresh and frozen-thawed samples is
shown in Table 3. The Q value of fresh meat was signif-
icantly higher than that of frozen-thawed samples.
Among 6 treatments, TWFR fresh meat has signifi-
cantly highest Q value (P , 0.05) that reaches 228.04.
This may be due to integrity of chicken tissue structure
brought by TWFR. By contrast, heat stress or frozen-
thawed will lead to the destruction of the tissue structure
and then relative change in impedance values. Research
on the impedance characteristics of frozen Tibetan
chicken shows that the impedance amplitude of the
same frequency decreases with the extension of frozen
storage time (Chen et al., 2017). Similar results were ob-
tained, and the impedance of frozen-thawed chicken was
significantly lower than that of fresh meat. Freezing de-
stroys the structure of biological tissue, damages the
structure of biological cell membrane (Hansen et al.,
2004), increases the number of free electrons in the tissue
fluid, and decreases the resistance of the cell membrane.
In the long process of freezing, ice crystal growth and
recrystallization may further damage the structure of
biological tissue, lipid oxidation, and protein denatur-
ation and dielectric environment of the organizations
Figure 2. Effects of preslaughtering TWFR treatment after transport dur
transport group; TR-group, 45-min transport with 1-h rest; TWER-group, 4
lation and 45-min rest. T-F, TR-F, and TWFR-F are the above groups froz
causes further changes, resulting in muscle tissue imped-
ance decrease after thawing.
Microstructure

Figure 2 shows the effects of TWFR after the summer
transportation on the microstructure of the muscle after
24-h postmortem or a month frozen storage. Loose struc-
ture of fresh meat muscle of T group can be clearly
observed. High contraction of the samples may form a
water channel, which allows water easily flow from the
myofibrillar compartment to the extracellular region.
When the discharged liquid is enough, a drop is formed.
By contrast, TRandTWFR can significantly reducemus-
cle contraction evidenced bymore closely arrangedmicro-
scopic structure.Freeze-thawcreated structure changes to
meat sample. After thawing, the fractured myofibrils
morphological became pronounced in the T group and
the interstices between the muscle fibers became larger
compared with nonfreezing T sample. Although the tissue
damage during the thawing process is inevitable, we can
still find that the tissue damage to the TWFR group
(frozen-thaw treatment) is not obvious. This may be
ing summer on light microscopy of broilers breast meat. T-group, 45-min
5-min transport with 15-min water atomizing sprays with forced venti-
en under 218�C for 1 mo.
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probably due to the avoidance of serious heat stress,
which can cause more shrinking and depolymerization of
myofilaments and Z-lines disorganization and leads to
increased collapse of the sarcomere structure compared
with normal meat (Wilhelm et al., 2010). This abnormal
structure indicates a great variation in the environment
of the water proton population of the meat system and
drive the migration of water to form water loss.
CONCLUSION

In conclusion, water-misting spray and three-
dimensional ventilation can significantly improve the
water retention of broiler by reducing drip loss，cooking
loss, and thawing loss of broiler. Further impedance and
microstructure study have found that the improvement
of water retention of meat is achieved mainly by more
intact structure even after frozen-thawed treatment,
and so fluidity of water in meat decreased.
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